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ABSTRACT 

Correct interpretation of many kinds of observational evidence 

depends upon accurate knowledge of the structure, distribution, and 

properties of the Jovian clouds. Previous spectroscopic studies have 

established that at least two vertically distinct cloud layers exist in 

the equatorial latitudes, but have yielded only approximate values for 

the characteristics of these layers and no information about regional 

differences in cloud structure. This research makes use of new observa

tional and theoretical methods to derive parameters for three Jupiter 

regions having different structures. 

Regional observations were obtained by area scanning in two 

wavelength passbands (each 100 R wide), one centered at 8880 R and lying 

within a rather strong absorption band of methane, the other centered at 

'9215 8 and lying in a region free of significant molecular absorption. 

On May 10, 1971, during a 5-hour period between the rise and set of the 

Red Spot, Jupiter was repeatedly scanned along a line through the Spot's 

center and parallel to the equator, and intensity profiles of the South 

Tropical Zone containing the Spot at various stages of its transit of 

the disk were accumulated. After the Spot had set, the North Polar Re

gion was similarly scanned. Star observations were made to provide cal

ibration and to monitor seeing. 

Reduction of these observations yielded accurate limb-darkening 

curves on an absolute intensity scale for each region and wavelength. 

These were interpreted by finding theoretical, multiple-scattering 
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models (based on the "doubling" method) that would reproduce them. Tra

ditional reflecting layer and semi-infinite scattering models cannot ac

count for the observations; the two-layer cloud model is the simplest 

capable of doing so. A number of assumptions about the phase function 

of the cloud particles and the curve-of-growth behavior of the 8880 8 

band were examined, and parameters for the resulting families of models 

that fit the observations are included and discussed in this work. If 

the 9215 8 observations are used to fix the single-scattering albedo of 

the cloud particles, the number of free parameters is reduced to the 

point where only a few models are allowed by the observations. Particu

lar attention is given to these models in drawing conclusions about 

cloud structure. 

Values found for the cloud and gas layer thicknesses depend upon 

which phase function and degree of band saturation are assumed, but the 

relative thicknesses of the layers in going from one region to another 

are remarkably independent of such assumptions. For instance, the upper 

cloud layer is consistently found to be about 1/5 as thick in the North 

Polar Region as it is in the South Tropical Zone (where the optical depth 

is about 1 for isotropic scattering). The thicknesses of the two methane 

layers (located above and between the cloud layers) are nearly the same 

in the Zone and North Polar Region, indicating that the cloud layers oc

cur at about the same altitudes in the two regions. In both regions the 

upper methane layer is about 1/3 to 1/2 as thick as the lower. 

The Red Spot, which is a conspicuous bright feature at 8880 8 

but only barely distinguishable from its surroundings at 9215 8, is 

found to be a structural anomaly confined largely to the upper cloud 
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layer. This layer is thicker (by as much as 50%) in the Spot than in 

the Zone, and the cloudtops of the Spot extend to about 5 km greater al

titude than those of the Zone. 



INTRODUCTION 

Hess (1951) was the first to suggest that the distribution of 

brightness over the disk of a planet seen at the wavelength of an ab

sorption band might yield information concerning atmospheric structure. 

His proposal of photography using narrowband filters has been put into 

practice as rapidly as advances in the technologies of interference fil

ters, image tubes, and infrared film have permitted (Owen, 1969). Pub

lished pictures of Jupiter (Owen, 1969; Owen and Mason, 1969; Kuiper, 

1972) have been obtained in the strong methane band near 8900 8. They 

reveal much interesting detail, varying with latitude and time, but more 

important, they indicate general and persistent patterns of behavior for 

the various major cloud features seen previously at continuum wavelengths. 

In the equatorial and temperate latitudes there is generally a 

good correlation between the continuum belt-and-zone structure and the 

pattern of dark and bright bands seen at 8900 ft. At 8900 8 the belts 

are nearly always dark and the zones are nearly always light, just as in 

the continuum, but the pattern of relative brightness can be different 

from that seen in the continuum (Kuiper shows an excellent example of 

this effect), implying that the belts and zones represent not only re

gional differences in cloud albedo, but also differences in cloud struc

ture that result in differing amounts of absorption. One case of 

particular interest is noted by Kuiper (1972). In 1970 and 1971 he found 

that both North and South Tropical Zones (near latitudes 22° N and S) 

were relatively much brighter at 8900 8 than in the red continuum. On 

1 
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the basis of this, he speculates that the cloudtops reach greater alti

tudes in these zones than in the other equatorial zones and suggests 

that these regions may be similar to the tropical convergence zones of 

the Earth in some respects. 

The polar regions (actually latitudes higher than about 40°) 

show a different pattern of behavior. The lower polar latitudes appear 

darker in comparison with the equatorial regions, but considerably more 

so at 8900 8 than in the nearby continuum. In the highest latitudes 

bright polar caps (or polar "hoods") having indefinite lower-latitude 

boundaries are often seen at 8900 R. Sometimes only one pole is hooded, 

but more usually both are although there seems to be a tendency for the 

South Pole to have the brighter hood (Owen and Mason, 1969). There are 

no analogs of these surprising features in the continuum photographs. 

Their origins-are as yet unknown. Owen (1969) speculates that variable, 

high-level haze is responsible. This seems likely although it is puzz

ling that such haze is found only near the poles rather than more or 

less uniformly distributed over the disk (limb brightening at 8900 8 is 

not observed except at the poles). Perhaps the haze particles are not 

ammonia (as elsewhere), but methane. The solid could exist in equilib

rium with the vapor if the upper-atmospheric temperature falls below 

about 90°K in the polar regions. Condensation of methane would not oc

cur in more equatorial regions where the minimum temperature (that of 

the stratosphere) is known to be greater than 100°K (115°K seems the 

most likely value to Hunten, 1971). 

The Great Red Spot has appeared as a prominent bright feature in 

8900 8 photographs of Jupiter since the first was obtained during the 
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apparition of 1968; indeed, it is usually the brightest feature on the 

planet (Kuiper, 1972). Viewed at red and near infrared wavelengths in 

the continuum, however, the Red Spot is hard to distinguish from the 

South Tropical Zone, which nearly surrounds it, because the cloud albe

dos are so nearly the same. Clearly, the enhanced brightness of the 

Spot at 8900 R must arise almost entirely from structural differences 

between it and the Zone. Two extreme possibilities can be supposed. 

The first is that the clouds of the two regions are quite similar in 

structure and properties except that the cloudtops reach to greater 

heights in the Spot; hence there is a thinner layer of absorbing methane 

above the Spot to reduce its reflectivity at 8900 ft. A second possibil

ity is that the cloudtops everywhere occur at the same altitude but for 

one reason or another fa greater number density of scattering particles 

or a cloud layer of greater total optical thickness) sunlight is dif

fusely reflected at a smaller depth in the clouds of the Spot. The 

first explanation is adhered to by Kuiper (1972), who makes no mention 

of the second. Owen and Mason (1969) recognize that a combination of 

the two possibilities is probably the best explanation, but they are un

able to conclude which has the greater weight. They have obtained a 

rough value for the altitude difference in the cloudtops required by the 

first possibility. From a spectrogram of the Spot including the equato

rial regions, they estimate that the level of reflection for 8900 R is 

about 6 km higher in the Spot than in the Equatorial Zone. 

From what we have said about the qualitative features of the 

8900 ft photographs, it is clear that Jovian cloud structure must be con

siderably more complicated than was supposed before 1969. From 
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continuum observations it was known that cloud albedo varies from fea

ture to feature and changes with time and wavelength, but even here the 

underlying causes are almost entirely unknown. Now the 8900 8 observa

tions have added new variables to be considered along with cloud albedo. 

First, there is the possibility that we are dealing not with a single 

cloud layer, but with a "sandwich" containing two or more cloud and haze 

layers. Second, there is the possibility that some of these layers 

(like the haze of the polar hoods) are present in some regions but ab

sent from others. Third, there is the virtual certainty that the layers 

have different vertical thicknesses, optical depths, particle sizes, 

and volume densities, not only from one layer to another but also for 

the same layer from one location to another. Since all of these factors 

interact in a complicated way to produce the observed 8900 8 brightness 

distribution, it is not surprising that so little definite and quantita

tive information regarding structure has been extracted from the 

methane-band photographs. 

Because we are faced with such a complicated situation involving 

many free parameters to be evaluated simultaneously by radiative-transfer 

analysis of observational evidence, it is important that the observa

tions be made so as to satisfy two general requirements. First, they 

should be planned with the objective of maximizing sensitivity to the 

effects of structure and differences in structures. Second, the obser

vational method must minimize noise and be insensitive to systematic ef

fects other than those arising from atmospheric structure; the greater 

the accuracy of the observations, the better can we distinguish between 

the numerous possible structures that might reasonably be proposed. 



5 

The photographic method has the advantages that it is relatively 

rapid and provides comprehensive, two-dimensional information. However, 

because of the faintness of Jupiter in a passband only 100 to 200 8 wide 

centered on a spectral region where more than 80% of the incident sun

light is absorbed, and because of the generally low quantum efficiencies 

(particularly where image tubes are not used), longer exposures and 

emulsions of higher speed are required. As a result, 8900 8 photographs 

show more blur arising from seeing and from guiding problems and more 

"grain noise" than do continuum photographs. There are also problems 

with limited range of exposure, nonlinearity of response, and nonunifor-

mity of response characteristics that are usually encountered in photog

raphy. Hence the photographic method satisfies the first of our require

ments but fails the second on account of noise and the many potential 

sources of systematic error. 

The photographic method is probably most useful for reconnais

sance. It can be used to locate regions likely to have structural fea

tures that merit closer examination with more accurate methods, and it 

can be used to make qualitative surveys of regional differences at fre

quent intervals, i.e., to monitor the large-scale weather phenomena of 

Jupiter. The work of Kuiper (1972) demonstrates the usefulness of mak

ing nearly simultaneous photographs at 8900 8 and at nearby continuum 

wavelengths. Without information concerning differences in cloud albedo 

from region to region it is often difficult to tell whether a feature is 

bright at 8900 8 because of smaller methane absorption or merely because 

its continuum albedo is higher than that of its surroundings. 
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Another approach to making observations at the wavelength of a 

molecular absorption band was also pioneered by Hess (1953). He rea

soned that information concerning atmospheric structure is contained in 

measurements of the strength of absorption as a function of position 

across a planetary disk, and this led him to obtain spectra of a number 

of points in the Equatorial Zone of Jupiter (a region of presumably uni

form structure), from which he determined the center-to-limb variations 

of the weak CHtj 6190 8 and NH3 6441 ft bands. Almost no increase in 

strength toward the limbs was found, indicating that the simple reflect

ing layer model for line formation is not valid for these bands. Simir 

lar results (reviewed by McElroy, 1969) have since been obtained for 

most of the weak bands of methane and ammonia in the visible and near 

infrared. The stronger methane bands (including the 8873 8 band) seem 

to generally show more of an increase in strength toward the limbs than 

the weak bands do, but still far less than the increase required by the 

reflecting layer model. 

As McElroy points out, the observational material collected so 

far is rather confusing and sometimes contradictory. Evidently the 

center-to-limb variations depend upon which belt or zone is observed and 

which band is considered. Time variations are also likely to enter in. 

Still, there are some curious results that are not so easily accounted 

for. For example, Teifel (1969) found no difference in CHi» 6190 R ab

sorption between the Red Spot and the South Tropical Zone in February of 

1969, whereas Owen's 8900 8 photos taken in late 1968 and early 1969 

continue to show the Spot as a bright feature! In one sense this confu

sion is encouraging; it indicates that center-to-limb variations are 
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sensitive to what must be rather minor changes and differences in struc

ture and it shows that bands of differing strength can be used to probe 

for details of structure at different depths within the clouds. 

The usual method of approach in observational studies of 

center-to-limb variations of band strength is well illustrated by the 

recent work of Bergstralh (unpublished). He obtained coud6 spectra of 

the 3V3 band of methane at 11,000 R using 14 different positions and 

orientations of the spectrograph slit to obtain spatial resolution on 

the disk of Jupiter. Even though an image tube was employed to increase 

speed, each spectrum required guided exposures lasting from 3 hours 

(near the center of the disk) to 6 hours (near the limbs). Spectra were 

obtained between December 1969 and June 1970, requiring 16 nights' use 

of the McDonald Observatory 82-in. telescope. Equivalent widths of four 

rotational lines of the R branch of the band were measured by planimetry 

of microphotometer tracings of spectra obtained with the slit in the 

pole-to-pole orientation. Values representing averages over half the 

pole diameter (including both belts and zones) were obtained because 

this was "the minimum width that could be traced with signal/noise ade

quate for quantitative analysis." The final result for each line was a 

set of seven measures of the equivalent width corresponding to seven lo

cations along the equator between one limb and the other. The reader is 

referred to Bergstralh's paper for detailed discussion of the sources of 

random and systematic errors; for our purposes it is sufficient to cite 

his conclusion that, "as a conservative estimate, the accuracies of in

dividual equivalent width measurements from the photographic spectra 

should be better than 20 per cent." 
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Although the difficulties encountered in measuring individual 

lines of a strong band like the 3V3 are admittedly more severe than in 

most cases, this example makes clear the need for faster and more accu

rate methods of obtaining measurements of center-to-limb variations. 

Teifel (1969) has introduced some improvements. For example, he has 

substituted photoelectric spectrophotometry for photographic spectros

copy in some of his work, and he has investigated the use of measure

ments of the depth of bands like CHi^ 6190 S in place of equivalent 

widths. Our observational method (described in detail in the next sec

tion of this paper) extends these approaches still further. We have 

used photoelectric ccrea scanning to measure center-to-limb variations 

of brightness in fixed-wavelength passbands similar to those used in 

8900 8 photography, one of which lies in the infrared continuum near the 

band wavelength. This method takes.full advantage of the greater speed, 

accuracy, and spatial resolution possible with photoelectric photometry, 

yet it yields the same kind of information as gotten from the spectro-

scopically determined equivalent widths. Our observations of the limb 

darkening of the South Tropical Zone at 8880 R and at 9215 R were ob

tained in just 4 hours with accuracy better than a few per cent and spa

tial resolution on the order of an arc second. Our observations of the 

Red Spot and North Polar Region obtained on the same night show that it 

is possible to obtain results with poorer but still useful accuracy in 

even shorter periods of time. 

Analysis and interpretation of the limb-darkening observations 

was done by matching the observational curves with theoretical curves 

derived from three types of structural models: (1) reflecting layer 
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models of the kind used in past years to determine molecular abundances 

from spectroscopic observations, (2) semi-infinite scattering models 

(e.g., McElroy, 1969), and (3) two-layer cloud models of the kind sug

gested by the work of Danielson and Tomasko (1969), Lewis (1969), and 

Owen (1969). The first two types are now considered too unrealistic, 

but we considered it useful to demonstrate their complete inadequacy to 

account for our observations. The two-cloud model has recently found 

favor. It has been used successfully by Axel (1972) to interpret 

whole-disk measures of equivalent widths for the H2 quadrupole lines, 

and by Bergstralh (unpublished) in the interpretation of the 

center-to-limb measurements of equivalent width previously described. 

Unfortunately, nearly all interpretations now in the literature 

make use of rather approximate treatments of radiative transfer and as

sume unrealistic isotropic scattering. Only the theoretical study of 

line formation by Hunt (1973) includes consideration of the forward 

scattering suitable for realistic clouds. Others have made use of the 

method of van de Hulst-Grossman scaling to apply results derived from 

isotropic scattering to more realistic clouds, even though (as we shall 

see) this procedure is dubious in the case of the outer planets. Our 

models have been computed assuming not only isotropic scattering but 

also scattering like that of common types of terrestrial clouds. We 

have used the powerful "doubling" method of radiative transfer intro

duced by Hansen (1969a) to compute the reflection and transmission prop

erties of the cloud layers, and we have used these in turn in computing 

the reflectivity of multilayered inhomogeneous model atmospheres using 

methods similar to the "adding" method described, for example, by Lacis 



and Hansen (1974). Reflectivity obtained in this way is exact for all 

practical purposes and includes all orders of scattering and all possi

ble pathways of escape for incident photons. It is our hope that this 

work demonstrates the advantages of these methods to the extent that 

they come into general use, replacing the less rigorous approaches re

ferred to above. 

After describing the observational methods and results, the re

mainder of this paper will be concerned with the theoretical models. 

First we shall describe in some detail how reflectivity is computed for 

the various structures considered. Next, we shall concern ourselves with 

the fitting of the observational limb-darkening curves with theoretical 

ones based on various assumptions with regard to scattering and absorp

tion, examining the resulting models for similarities and differences 

with the aim of deriving generalities useful not only in our work but 

also in future investigations of atmospheric structure. Finally, we 

shall narrow our attention to the most likely possibilities for the 

three regions of Jupiter, comparing the structures found in order to de

termine what variables are significant in producing the pattern of 

brightness seen in the 8900 R photographs. 



OBSERVATIONS 

Instrumentation and Observational Methods 

Our observations of Jupiter were obtained with an area-scanning 

photopolarimeter used at the cassegrainian focus (//13) of the 61-in. 

telescope of the Lunar and Planetary Laboratory, situated in the Santa 

Catalina Mountains near Tucson, Arizona. This instrument (which we used 

as a two-channel photometer rather than as a polarimeter) was derived 

from that described by Gehrels and Teska (1960) and by Coyne and Gehrels 

(1967) by the addition of an aperture holder that is moved back and 

forth along a line in the focal plane by a motor-driven screw whose pre

cise position is measured as a voltage using a 10-turn potentiometer. 

The electronics were modified by replacing the current integrator with 

an amplifier and analog-to-digital converter that allowed sampling (and 

paper tape readout) of the signal at short intervals while the aperture 

scanned a line through the telescopic image. The two detectors were RCA 

7102 photomultipliers with S-l photocathodes suitable for the near 

infrared. 

Jupiter was observed in two wavelength bands, each about 100 8. 

wide, which were isolated by the interference filters whose spectral 

transmission curves are shown in Fig. 1. One of these is centered at 

8880 8 and lies within the limits of the CHij 8873 absorption band; the 

other is centered at 9215 8 and lies within a rather narrow region that 

is apparently free of any important molecular absorption lines (judging 

from the high resolution spectra of Owen, 1969). 

11 
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Fig. 1. Transmissions of Filters Compared with the Jovian 
Spectrum. 

The percentage transmissions of the 8880 and 9215 8 
interference filters (solid curves) are presented 
on the same wavelength scale as the spectral flux 
densities (circled dots) from the whole disk of 
Jupiter measured by Taylor (1965). F\ is in units 
of 10"9 ergs sec"1 cm"2 ft-1. 
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All of the scanner observations discussed in this work were ob

tained within a 4-hour period during the night of 10 May 1971, at a time 

when the equatorial diameter of Jupiter was 44.9 arc seconds and the 

phase angle was only 2.7 degrees. The disk of the planet was scanned 

along two lines parallel to its equator (see Fig. 2). Each back or 

forth crossing required about 1 minute. A circular aperture with diame

ter slightly greater than 1 arc second was used for Jupiter. 

The schedule of observations (Table 1) shows that most of the 

observation period was used to repeatedly scan through the center of the 

Red Spot and along the South Tropical Zone, following the Spot's motion 

across the disk from shortly after its first appearance, through its 

transit of the central meridian at 7:51 U.T., and until it became indis

tinguishable near the sunset edge of Jupiter's disk. The scans were 

grouped in time and wavelength; each group was made up of four to eight 

single-pass scans where the same wavelength was measured in duplicate by 

the two channels. The time intervals between these groups were occupied 

with changing filters, adjusting centering of the aperture on the Red 

Spot latitude, photographing the planet, and the like. After the Spot 

set, the shadow of the satellite Ganymede was used as latitude reference 

for scans of the North Polar Region made parallel to the equator. 

The intensity-versus-distance profiles resulting from one-time 

scans are quite noisy because of the low signal strengths encountered in 

using such narrow wavelength passbands, in using photocathodes with rel

atively low quantum efficiencies, and (in the case of the 8880 R scans) 

in observing a wavelength region where the planet's surface brightness 

is greatly reduced by methane absorption. Hence the first step in the 
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Fig. 2. The Apparent Disk of Jupiter During the Observation Period. 

The appearance of Jupiter's disk on 10 May 1971, showing the 
Red Spot at central-meridian transit and in its foreshortened 
aspect near the limb. Dashed lines indicate latitudes 22°S, 
0°, and 50°N and also longitudes 0°, 45°, and 60° (measured 
from the central meridian). The line XX' is the scan line 
across the Red Spot and South Tropical Zone; the small circle 
within the Spot represents the size of the scanning aperture 
used. The line YY' is the scan line across the North Polar 
Region; the positions of Ganymede and its shadow at the 
time of scanning are indicated by open and filled circles, 
respectively. 
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Table 1. Schedule of Observations of the Night of 10 May 1971. 

Midtime 
(U.T.) Object scanned 

No. of Wave-
scans length Remarks 

5:53 

5:57 

6:05 

6:18 

6:28 

6:35 

6:40 

6:46 

6:54 

7:01 

7:08 

7:19 

7:25 

7:29 

.7:37 

7:46 

7:50 

7:56 

8:04 

8:11 
8:35 

8:46 

8:58 

9:09 

9:16 

9:20 

9:27 

9:35 

9:45 

9:55 

(10:30 

11:24 

11:27 

Lambda Serpentis 

fl 

Jupiter photography 

Spot and Zone 

Jupiter photography 

Spot and Zone 

Jupiter photography 

Spot and Zone 

Jupiter photography 

Spot and Zone 

Ganymede 

Spot and Zone 

Jupiter photography 

Spot and Zone 

I f  

North Polar Region 

Polariraetry of small 

Lambda Serpentis 

6 

6 

6 

5 

6 

5 

6 

6 

6 

6 

4 

6 

6 

6 

5 

6 

7 

9 

8 

6 

6 

5 

6 

5 

Star obs. for calibration 

II 

Kodak Panchromatic 140B film 

Red Spot just entirely risen 

8880 X 

9215 

(Blue) 

8880 

9215 

8880 

8880 

9215 

8880 

9215 

8880 

8880 

9215 

8880 

Red Spot close to central meridian 

8880 

8880 

9215 

8880 

(V filter) 

8880 

9215 

8880 

8880 

8880 

8880 

Red Spot beginning to set 

Shadow of Ganymede near central 
meridian 

3 9215 

white oval feature on Jupiter) 

8 8880 Star obs. for calibration 

5 9215 " 



process of reducing the observations to useful form is to average to

gether the individual scans comprising each group, omitting those few 

scans showing obvious abnormalities arising from guiding errors, scin

tillation, passing clouds, etc. This averaging improves the signal-to-

noise ratio and permits calculation of the noise level as the standard 

deviation characterizing the scatter of individual measures about the 

mean. Figures 3, 4, and 5 are examples of the intensity profiles that 

result. They include sky and dark currents; intensity is uncorrected 

for the effects of varying extinction and detector sensitivity, and the 

duplicate measures in the two channels have not yet been combined, but 

they are useful for separating the Spot from the adjacent Zone and for 

observing changes in the Spot's profile as rotation carried it from limb 

to terminator. 

Comparison of Figs. 3 and 4 clearly shows that, although the 

Spot is hard to distinguish from the Zone at 9215 8, it is a conspicuous 

bright area at the wavelength of the methane band. Comparison of Figs. 

3 and 5 shows the fading of the Spot near the terminator. The profile 

of the Spot is also noticeably narrower near the terminator than it is 

near the central meridian because of foreshortening. 

Reduction of the South Tropical Zone Observations 

The objective of reduction is to put the observations in a form 

such that they can be directly and reliably compared with theoretical 

predictions. This means that Spot and Zone observations must be sepa

rated, duplicate measurements must be combined into single limb-darkening 

curves for each wavelength, the intensity scale must be converted from 



Fig. 3. 8880 8 Intensity Profiles across Jupiter at 7:19 U.T. 

Relative intensity profiles (one for each of the two channels) across the 
Red Spot and the South Tropical Zone for the wavelength of the methane 
absorption band. The profiles were obtained by averaging six individual 
scans (whose midtime was 7:19). Vertical lines along the profiles are 
standard-deviation error bars. Distance scale is in potentiometer units 
with an arbitrary zero point (one potentiometer unit is 0.1065 arc sec). ^ 
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Fig. 4. 9215 ft Intensity Profiles across Jupiter at 7:08 U.T. 

Relative intensity profiles across the Red Spot and South 
Tropical Zone for the infrared continuum wavelength. 
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Fig. 5. 8880 ft Intensity Profiles across Jupiter at 9:16 U.T. 



instrumental counts to absolute units, and the instrumental scan coordi

nates must be converted into the corresponding Jovian latitudes and lon

gitudes. The remainder of this section describes the methods by which 

these tasks were accomplished for the Zone observations, and following 

sections describe methods used for the North Polar Region and Red Spot. 

To start with, we have 14 Spot and Zone intensity profiles at 

8880 8 and six at 9214 8 derived from the first stage of reduction. Be

cause the Spot occupies only a small region of each profile, these are 

mainly repeated measures of the limb darkening of the Zone which can be 

combined into single curves having smaller noise levels. Furthermore, 

because the observations extend over nearly half of a Jovian rotation 

period, combining them largely averages out the effects of small longi

tudinal variations of cloud albedo in the Zone. 

The first step toward combination is the matching of the indi

vidual profiles in the scan direction. It is important that this be 

done accurately; otherwise, when the profiles are combined, the inten

sity values averaged at each point along the curve will not all refer to 

the same location on the planet, and a systematic broadening of the curve 

results. We took one of the 8880 R profiles and one of the 9215 8 pro

files (both with the Spot near the center of the disk) as standards; the 

x coordinate of the standard (in potentiometer units) becomes the stand

ard X to which the x coordinate systems of all the other profiles are 

related. The relation is found for each profile in turn by slide-fitting 

it to the standard profile, moving the profile in the x direction until 

the best over-all match of the two is found, then reading off the dif

ference between profile x and standard X. The end result is that every 



x value of every profile can be assigned a value of £(8880) or £(9215) 

that is uncertain by less than half an arc second at most. 

Once the profiles are matched in the X direction, the matching 

along the intensity axis becomes possible. Because slowly changing ex

tinction and instrumental sensitivity causes the intensity scales of the 

profiles to differ slightly, direct averaging of the ̂ -matched profiles 

would lead to a spuriously high noise level (standard deviation) being 

computed. To avoid this, we again make use of our standard profiles, 

but now comparing each profile with the standard along the intensity 

axis. The differences between the two profiles (now both having sky and 

dark signals subtracted and regions affected by the Red Spot excised) 

are computed at all corresponding points, then summed after squaring. 

This is done repeatedly, each time multiplying all the intensities of 

the profile being matched by a scale factor near 1.0, until a factor is 

found that makes the sum of the squares of the differences a minimum. 

When all of the profiles have been scaled in this way, they are 

averaged together to yield combined observational limb-darkening curves 

of the Zone. These are still relative curves (we have found it useful 

to normalize them to unity at the central meridian), but once the abso

lute intensity is known for one point, it is known for all. For obser

vational reasons the absolute intensity is most reliably determined at 

points near the center of Jupiter's disk; hence we have chosen the inter

section of the scan lines with the central meridian. Also, rather than 

measure intensity reflected at this point, we have found its reflectiv

ity, G, because this is more directly compared with theoretical results. 
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This reflectivity is defined by 

G = F0/F l  = S/ 4m, (1) 

where Fq is the observed flux density from a small region on Jupiter, F^ 

is the flux density that would be observed if the Jupiter region were to 

be replaced by a unit-albedo Lambert surface perpendicular to the direc

tion of the incident sunlight, S is Chandrasekhar's scattering function 

(which will be discussed in connection with theoretical models), and n = 

cosO. (Frequently used mathematical symbols are listed in the Appendix.) 

The Lambert flux densities (one for 8880 8 and one for 9215 R) 

are found from 

FL = 2.350 x 10"11 A Fs/vr2, (2) 

where A is the area of the circular.aperture used to scan Jupiter (found 

by photometric calibration to be 0.992 square arc seconds, corresponding 

to a diameter of 1.12 arc seconds), v is the distance of Jupiter from 

the sun in A.U., and Fq is the solar flux density at 1 A.U. distance 

(taken from the spectral irradiance tables of Labs and Neckel (1968), 

Fs(8880) = 9.23 x 10"2 and 2^(9215) = 8.63 x 10~2 Wcm^pm"1). 

The observed flux densities of Jupiter are found by making use 

of star observations to calibrate instrumental sensitivity. For this 

purpose we chose the solar-type star Lambda Serpentis because (1) the 

absolute flux density, £"*(A), is known from the 13-color photometry of 

Mitchell and Johnson (1969), (2) the apparent brightness of this star is 

about the same as Jupiter seen through a small aperture and hence the 

measured signals (J* and J, respectively) are similar and problems with 
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nonlinearity in the response of the photomultipliers are avoided, and 

(3) this star and Jupiter could be observed at similar zenith distances, 

thus minimizing errors arising from uncertainty in atmospheric extinc

tion characteristics. Observed flux densities were found from 

F0 = iqOAHx-X*} (3) 

where x and x* are respectively the air masses of Jupiter and the star, 

fc(X) is the atmospheric extinction coefficient (in magnitudes per air 

mass), 1^ and Ii* are signals measured in the -tth channel, and F* has 

the same units as Fq and F^. 

We used mean extinction coefficients [^(8880) = 0.058 and ?c(9215) 

= 0.055] taken from Mitchell and Johnson's values for many nights' pho

tometry at the Catalina observatories. and J2 values were taken from 

combined Jupiter observations (a: being that for the standard profile); 

they are judged to be accurate to within a few per cent. Because of 

somewhat higher noise levels in the star measures, uncertainties in J^* 

and I2* are probably the most important source of uncertainty in the G 

values derived. Even so, the internal agreement of values is always 

better than 10%, leading us to adopt values (with approximate ranges) of 

G(8880) = 0.12 + 0.01 and G(9215) = 0.68 10.05 for the South Tropical 

Zone at the central meridian. The ratio G(8880)/G(9215) is in very good 

agreement with the ratio of reduced fluxes F(8880)/f(9215) = 3/17 gotten 

from the whole-disk spectrophotometry of Taylor (1965). Rough values of 

G can be derived from Taylor's data by making the approximate assumption 

that Jupiter's limb darkening follows Lambert's law; they are G(8880) = 

0.1 and 6(9215) * 0.6. 



Let us now consider the question of converting the standardized 

scan coordinate (X) into the corresponding Jovian latitude and longitude 

(I and L). Since the scan line through the Spot and along the Zone (see 

Fig. 2) quite closely follows a circle of latitude, we have made the ap

proximation that the latitude is 22° South for all points on the 

limb-darkening curves of the Spot and Zone. For our purposes it is suf

ficient to define a relative longitude system with its origin fixed at 

the central meridian and with the positive L direction in the direction 

of planetary rotation. That is, L = -90° for all points along the ris

ing edge of the apparent disk, L = 0° for all points along the central 

meridian, and L = +90° for all points along the setting edge. Given 

this definition, X and L are related by 

X = XQ + Xi sinL, (4) 

where Xo is the value of X at the central-meridian point and X~i is half 

of the chordal width of the disk for a chord crossing parallel to the 

equator at latitude I. (Rigorously speaking, Xi = Ri cosI, where Ri is 

the radius of the oblate planet at latitude I.) 

The most direct method of applying Eq. (4) involves determining 

the constants X0 and X% by simply measuring them from the intensity pro

files. The results, however, are not very accurate, mainly because the 

blur due to seeing makes it hard to definitely locate the positions cor

responding to the edges of the disk. We have instead found these con

stants by a novel method that makes use of measurements of the location 

of a feature on the disk as a function of time. In our case, 14 values 

of X(t) of the center of the Red Spot were measured, one from each of 



the 8880 8 profiles, then 14 corresponding values of £(£) were calcu

lated by making use of the Red Spot's known rotation period and time of 

t 

central-meridian transit. These were then used in a least-squares solu

tion for Xq and Xl with Eq. (4) as the "equation of condition." The 

constants determined in this way are so precise that Eq. (4) can be used 

to convert .£(8880) into L with an uncertainty of less than 1° (when the 

absolute value of L is less than about 70°). Longitudes derived for the 

9215 R observations are somewhat less precise because Eq. (4) is used 

with a different X0> one found by slide-fitting of the 9215 and 8880 R 

combined limb-darkening curves, which is uncertain by a few tenths of an 

arc second. 

Our final consideration under the heading of reduction of the 

Zone observations actually has more to do with the question of the re

liability of the reduced values. Here we will be concerned with the 

perturbations due to astronomical seeing. The ever-present turbulence 

of the earth's atmosphere leads to blurring and spreading of the tele

scopic image, which can introduce systematic errors into the observa

tional limb-darkening curves. It is important to assess these errors 

before undertaking theoretical analysis of the observations. 

Seeing conditions during the observation period were good, and 

the quality of the seeing remained almost constant. This qualitative 

judgment by the observer is borne out by actual measures of the seeing 

blur gotten by observing the star Lambda Serpentis at the beginning and 

end of the Jupiter observation period. A rectangular aperture (6.0 by 

30 arc seconds) large enough to contain the entire seeing-blurred image 

of the star was repeatedly scanned across the center of it along a line 
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perpendicular to the aperture's longer axis. When the entire image lies 

within the aperture, the total brightness of the star (J*) is measured 

for use in calibration as already described. When the star moves out of 

the aperture, an increasing fraction of its image is cut off by the ap

erture's edge. The measurements of signal strength versus aperture 

position that result contain detailed information about the radial dis

tribution of brightness within the star image. That is, when these mea

surements are inverted by one means or another, they tell us precisely 

how seeing blurs the image of a point source, and hence we obtain the 

jblur function or point spread function empirically. 

For the degree of accuracy required in our case it is sufficient 

to assume that the blur function is approximated by a Gaussian form 

where a = (x-%u)/r0, b - [x + hu>)/rQ, w is the width of the (long) slit, 

and a?o is the Gaussian parameter whose size characterizes the quality 

of the seeing. Fitting curves derived from Eq. (6) to our observations 

of Lambda Serpentis yields 2>o = 1.0 and 0.9 arc seconds for the start 

and end of the Jupiter observation period. These values are typical of 

very good seeing. 

Comparison of ro with the apparent size of Jupiter's disk (about 

40 arc seconds wide at latitude 22°S) makes it clear that no large-scale 

distortions of the limb-darkening curves by seeing are possible. Seeing 

J(r) = J0 exp[-(r/ro)23 > (5) 

then the shape of the signal-versus-position curve is given by 

(6) 
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blur is short-range in its effects; when considering a given point in 

Jupiter's image we know that only points nearer than about 2 arc seconds 

can have any measurable perturbing effect. Furthermore, if the surface 

brightness is changing slowly over the distance scale of 2*0> the net 

effects of seeing are negligible. In this case blur transfers about as 

much brightness to a given point from all surrounding points as it trans

fers from the point to the surroundings. Seeing can cause significant 

differences only between true and observed brightnesses in regions 

where true brightness changes rapidly on the distance scale of FQ, that 

is, near brightness discontinuities like the boundaries of the Red Spot 

and the limb or terminator of the planet. 

scan across Jupiter's limb. We have taken a hypothetical true brightness 

distribution to simulate that of Jupiter and blurred it with Gaussian 

seeing (ro = 1.065 arc second), using the convolution equation 

where r2 = (x-x'")2 + (y -y')2. The results show that blurred and un-

blurred intensity profiles virtually coincide at points interior to the 

disk, but when the limb is closer than 2 arc seconds the effects of see

ing are important in proportion to the nearness to the limb. Applying 

these results to the case of our combined observational limb-darkening 

curves of the South Tropical Zone, we find that the points 2 arc seconds 

from limb or terminator lie at longitudes -63° and +63°, and hence 

points having longitudes outside these limits are suspect because of 

seeing; these points were omitted from further consideration. 

Figure 6 illustrates these principles for the case of a chordal 

[ •ZtrueGs'.y') e~(r/ro)Z dx'dy 
J -00 

Jobs (x »y") 
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Fig. 6. Hypothetical Intensity Profiles Illustrating Seeing Effects. 

The dashed curve is the relative intensity profile along a 
scan line crossing the disk of Jupiter along latitude 22°S for 
the case of no blur due to seeing. The solid curve represents 
the case where the intensity distribution is affected by Gaus
sian seeing blur having rg equal to 10 potentiometer units. 
The x coordinate is in potentiometer units, and x is measured 
along the scan line from the point of intersection of the scan 
line with the limb. The intensity scale is relative to the 
absolute brightness at the scan line's central-meridian point 
(not shown). 
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The observational limb-darkening curves of the Zone in their 

final forms are shown in Figs. 7 and 8. Since there is little scatter 

in the points, smooth mean curves (not shown) can be drawn through them 

with confidence. Table 2 contains 13 values of G/Gq for each wavelength 

taken from such curves. We have fitted theoretical limb-darkening curves 

(whose derivation is described beginning on page 39) as closely as pos

sible to these few points (rather than to the 140 or so observation 

points), reasoning that the best fit' to them is also very nearly the 

best possible fit to all of the observation points. 

Table 2. Observational Mean Values Used in Fitting 
Models to the South Tropical Zone. 

8880 K 9215 8 

L G/Gq aQ G/G0 °0 

-60° 0.610 0.012 0.586 0.007 

-54 0.695 0.015 0.667 0.007 

-45 0.810 0.012 0.778 0.007 

-30 0.938 0.015 0.913 0.010 

-21 0.982 0.015 0.964 0.012 

-9 1.001 0.010 1.000 0.015 

0 1.000 0.008 1.000 0.008 

9 0.984 0.010 0.989 0.007 

21 0.945 0.011 0.935 0.007 

30 0.897 0.009 0.867 0.010 

45 0.740 0.013 0.713 0.006 

54 0.607 0.012 0.605 0.004 

60 0.508 0.010 0.524 0.006 

Oo — 0.012 — 0.008 

Go 0.12+0.01 0.68±0. 05 
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Fig. 7. Combined 8880 R Observations of the South Tropical Zone. 

Combined methane-wavelength observations of limb darkening 
in the South Tropical Zone (dots) compared with a theoret
ical model (solid curve) fitted to the 13 points from the 
mean curve through the data. The J symbols are standard 
deviation error bars for the 13 observational-mean points. 
The model is of the two-layer cloud type and assumes 
cumulus/stratus scattering, saturated CH^ absorption, and 
too = 0.9958. Model parameters derived from fitting are 
Tyj = 0.550, = 4.70, and rg = 0.546 (with fit sigma of 
0.82 x 10"2). 
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Fig. 8. Combined 9215 ft Observations of the South Tropical Zone. 

Combined continuum-wavelength observations of limb darken
ing in the South Tropical Zone compared with a theoretical 
model curve. The model consists of a thin absorbing layer 
overlying a semi-infinite, cumulus/stratus-scattering 
cloud deck. The model parameters derived from fitting to 
the 13 observational-mean points are UQ = 0.9958 and ta = 
0.0215 (with fit sigma of 0.86 x 10"2). 
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Reduction of the North Polar Region Observations 

Scans of the North Polar Region (N.P.R.) were combined in much 

the same way as already described for the South Tropical Zone. Results 

are shown in Fig. 9. Because far fewer scans were made, and because the 

N.P.R. is less than half as bright as the Zone, the noise levels are 

higher. Also, since the period of observation was short, longitudinal 

albedo variations are not averaged out by combining; a small bright re

gion is probably responsible for the peak seen in Fig. 9a near L = +10°. 

The shadow of the satellite Ganymede transited the central me

ridian shortly before the N.P.R. scans were made, providing a means of 

accurately fixing the latitude observed. From the known spatial rela

tionships of the satellite, the sun and Jupiter, we find that Ganymede's 

shadow intersected the planet's surface at latitude 50°N. In our 

pole-to-pole 8880 K scans of 16 March 1971 this latitude is seen to lie 

near the center of a dark belt between the bright polar hood and the 

generally bright belt-and-zone structure of the equatorial regions. Our 

blue-light photographs show no recognizable belts or zones north of lat

itude 30°. 

Because the curve of the limb intersects the chordal scan line 

more obliquely in the case of the N.P.R. than in the case of the South 

Tropical Zone, points 2 arc seconds from the limb and terminator occur 

at L = ±45°, rather than at L=±63°, hence the smaller ranges of longi

tude in Fig. 9 and Table 3. Longitude assignments for the N.P.R. are 

uncertain by about 2 degrees because the constants X0 and X^ had to be 

measured directly from the intensity profiles rather than being found by 

the least squares method. 
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Fig. 9. Combined 8880 8 and 9215 8 Observations of the North Polar 
Region. 

Combined limb-darkening observations for (a) the methane 
wavelength and (b) the continuum wavelength. Dashed curves 
show the shadow of Ganymede. Solid curves are for theoret
ical models fitted to the observations. The model of (a) 
is of the two-layer cloud type, assuming cumulus/stratus 
scattering, saturated CH^ absorption, and UQ = 0.9958, and 
fitting yields = 0.551, T£ = 0.75, and T# = 0.737 (with 
fit sigma of 0.33 x 10"2). The model of (b) consists of a 
thin absorbing layer overlying a semi-infinite, cumulus/ 
stratus-pcattering cloud deck, and fitting yields too = 
0.9924 and ta = 0.102 (with fit sigma of 0.36 xl0~2). 



34 

Table 3. Observational Mean Values Used in Fitting 
Models to the North Polar Region. 

L 

8880 R 9215 8 

L G/G0 °o g/gq o<) 

-45° 0.790 0.020 0.702 0.020 

-30 0.916 0.020 0.879 0.030 

-21 0.965 0.025 0.944 0.015 

-9 0.999 0.020 0.944 0.015 

0 (1.0) - - (1.0) - -

9 0.986 0.050 CO.97) - -

21 0.927 0.020 0.908 0.015 

30 0.865 0.025 0.832 0.010 

45 0.730 0.020 0.638 0.010 

W - - 0.025 — 0.016 

c?o 0.04 — 0.33 — 

Reduction of the Red Spot Observations 

The case of the Red Spot differs from those of the Zone and 

North Polar Region in that the limb-darkening curve of the Spot must be 

built up, point by point, from single observations made at intervals 

while the Spot is carried across the disk by Jupiter's rotation. The 

reflectivity of the Spot as a function of longitude, G(L)g, is most eas

ily and accurately obtained from the intensity profiles by measuring the 
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ratio of the Spot's brightness to the brightness of the Zone at the same 

longitude: 

i?(L) = G(%/G(L)Z. (8) 

Because the reflectivity of the Zone is quite precisely known, the ac

curacy of the Spot's reflectivity depends mainly on the accuracy in mea

suring R. We have used two methods to obtain R, applying both to the I"i 

and I2 profiles separately. 

The first method is simply to measure Ig and Ig from the inten

sity profile. Obtaining 1% requires interpolation of the Zone profile 

through the point directly under the center of the Red Spot peak, and 

there is sometimes considerable uncertainty involved in this. This 

method gives good reproducibility in measurements of R when applied to 

8880 8 profiles where the Spot is not near the limb or terminator. 

Otherwise it is difficult to apply accurately, particularly in the case 

of the 9215 8 profiles, where the Spot is often barely distinguishable 

from the Zone. In such cases the second method yields the better R val

ues. In this method the appropriate combined limb-darkening curve is 

scaled along the intensity axis so that it matches as closely as possi

ble the Zone part of the profile being considered, and then the scaled 

curve is subtracted from the profile, leaving only a peak of height 

Ic- - Ig at the position of the Red Spot. Because Jg is already known 

from the scaled curve, R = Is/^Z immediately gotten. In cases where 

both methods could be applied, they yield similar R values. Final re

sults for i?(L) are shown in Fig. 10 and Table 4. The standard deviation 

values (a#) given indicate the degree of internal agreement in R 
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Fig. 10. Combined 8880 8 and 9215 8 Observations of the Red Spot. 

Limb-darkening observations (with standard-deviation er
ror bars) of the Red Spot at the methane wavelength (top) 
and the continuum wavelength (bottom). The observations 
are in the form of the ratio R of the Spot's brightness to 
the Zone's brightness at the same longitude. The 8880 8 
observation at L =63° is of doubtful accuracy (see text). 
The solid curves are for theoretical models. For 8880 k, 
the model assumes cumulus/stratus scattering, saturated 
CHij absorption, coo = 0.9958, and Tg = 0.547, and fitting 
yields TAS = 0.372 and TLS =5.70 (with ratio fit sigma of 
5.2 x 10"2). For 9215 R, the model has a semi-infinite, 
cumulus/stratus-scattering cloud deck and yields coos' = 

0.9967 and = 0.0001. 



Table 4. Observational Mean Values Used in Fitting Models to the Red Spot. 

Time (U.T.) L R aR Remarks 

8880 R 

6:18 -5692 1.70 0.08 

6:35 -45.9 1.72 0.07 

6:46 -39.3 1.72 0.04 Spot's intensity profile unusual 

7:01 -30.2 1.57 0.06 

7:19 -19.3 1.50 0.04 

7:29 -13.3 1.52 0.07 Unusually noisy intensity profile 

7:46 -3.0 1.55 0.04 

7:56 3.0 1.56 0.03 

8:04 7.9 1.59 0.03 

8:35 26.6 1.55 0.03 

8:58 40.5 1.61 0.01 

9:16 51.4 1.61 0.06 

9:27 58.0 1.74 0.06 

9:35 62.9 (1.53?) 0.08 Affected by seeing and foreshortening 

9215 & 

6:28 -50.2 1.11 0.02 

6:54 -34.5 1.09 0.02 

7:08 -26.0 1.12 0.01 

7:37 -8.5 1.10 0.01 

8:11 12.1 1.08 0.01 

9:09 47.1 1.15 0.01 
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measures from repeated trials, from Jj and 12 profiles, and in some 

cases from the two methods. In all cases the formal uncertainty of 

i?(8880) is less than 5%, but as noted in Table 4 there are cases where 

noise in the Spot profiles could have led to systematic errors. 

The value of R gotten from the last 8880 8 profile is highly 

suspect because the center of the Red Spot was only 2 arc seconds from 

the terminator. Convolutions of hypothetical Spot/Zone brightness dis

tributions with Gaussian seeing indicate that in this situation seeing 

is starting to blur the foreshortened Spot so severely that its center 

appears considerably fainter than it actually is, leading to the measure

ment of a low R value. 

Measurements of our photographs give 8.7 by 4.3 arc seconds for 

the Spot's dimensions. In the blue the Spot was a perfect oval extend

ing about 25° in longitude and having uniform albedo. At 8880 R the 

Spot also appeared to have uniform brightness, but the length derived 

from analysis of the intensity profiles is only about 7.1 arc seconds. 

The latter probably indicates that, on the average, the scan line passed 

through the Spot about 2 degrees in latitude away from its exact center, 

but considering that the Spot was about 12° wide in the north-south di

rection, this is not likely to have much effect. 



THEORETICAL MODELS 

The reflectivity of a given point on Jupiter depends on many 

factors. First, there are the usual, purely geometric variables related 

to longitude and latitude which specify how the point is illuminated by 

the sun and observed from the earth, namely: 

p = cos6 = cos1 cosL cosDg + sinZ sinDg , (9) 

Po = COS0Q = cosl cos(L - Aq + Ag) cosDg + sinZ sinZJg, (10) 

and 

^ X -1 COS (180° - i) + Wo no ̂  J. J. ^lono fi 1 •> 4> - 4>o = cos ^— J-—-—f, 0° < (j) - ((>0 < 180°, (11) 
[(1-p2) (1-Po2)]^ 

where i is the (absolute) phase angle, [A^,,D£) and (%»%) are planeto-

centric right ascensions and declinations of the earth and sun (available 

from planetary ephemerides), and the other quantities have their usual 

meanings (see Appendix). Second, reflectivity is determined by the de

tails of atmospheric structure. The vertical distribution of gas and 

clouds and the scattering and absorption properties associated with both 

all interact to produce the observed reflectivity behavior. Our task is 

to find the simplest structural model capable of reproducing this behav

ior, a model that it is hoped will reflect the essential features of re

ality in spite of the simplifications required for theoretical treatment. 

Toward this end, we shall describe the methods used to compute the scat

tering properties of homogeneous cloud layers, discuss selection of the 

39 
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scattering phase function, and finally show how reflectivity is computed 

from structure for the three model types that we have investigated. . 

its vertical structure, can be treated as a stack of individually homo

geneous layers, each layer being either a scattering/absorbing layer or 

a purely absorbing layer as may be required. The reflection and trans

mission properties of the whole stack can be found by "adding" the re

flection and transmission properties of all of the constituent layers. 

For the present, we will confine our attention to finding the properties 

of homogeneous scattering layers, since this is the first step toward 

any theoretical model including realistic clouds. 

butions of light diffusely reflected and transmitted by a homogeneous 

layer are specified by a scattering function (S) and a transmission func

tion (T). These are most generally defined by 

Scattering and Transmission Functions for the Clouds 

Any horizontally homogeneous atmosphere, no matter how complex 

Following the usage of Chandrasekhar (1960), the angular distri 

2ir 1 

(12) 
0 0 

2irl 

JrCn,*) = 4^7 | 2*Cp,<J>;p' ,<t>') A') dv' (13) 

o o 

where J^, J^, and Jy are the incident, reflected, and transmitted spe

cific intensities. In the special case of illumination by a point source 

in the direction (PO^O) emitting flux Fq, these reduce to forms that 
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more clearly reveal the rationale behind the more general definitions: 

<f>; v»o ,<j>0D/4iTy (14) 

= *b2'0J»<l>;Po»<l,o)/4ini* (15) 

5 and T functions can also apply to inhomogeneous layers, but here one 

must be aware that there are actually two sets of functions, one apply

ing when the illumination is from below and the other when the illumina

tion is from above. When we make subsequent references to S in the 

context of multilayered models, it is to be understood that illumination 

is from above. For a homogeneous layer of particles, S and T depend 

only upon the scattering optical depth of the layer, x, the single-

scattering phase function, p(0), and the single-scattering albedo, wo-

We have computed S and T functions using the thin-layer "doub

ling" method developed by Hansen (1969a). The functions are obtained as 

azimuth-independent coefficients of Fourier series like 

M 
»*<))• = I cos[m((J> - <J)0) ] , (16) 

m=o 

where m is the order of the coefficient and M depends largely upon the 

particulars of the phase function considered (M is zero for isotropic 

scattering). The doubling process is started with a layer of such small 

optical depth (2~25 to 2~15, depending on mi) that S and T are known be

cause they arise from single scattering only: 

SOT(T0;y,Po) = (£ + X{ 1 - exp[-T0(^- + ̂ )]}u>oPs(v,u0) 

(17) 
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2""(to;P,UOJ = (£-jf0) ̂ (^"^(ir)] 

(18) 

where 

and 

with 

1 f2ir 
Ps,T CM,V0) = 2v I p(-%T> d(t> t19) 

0 

1 f2U 
PSj™ (P,Uo) = - cos[m(<t> - (frcO-lcfy, m> 1 (20) 

0 

cosGg^y = ±Mti0 + EC1 " W2)(l - Po2)]^ cos(<t> - <j>0), (21) 

the minus sign being taken for S, the plus sign for T. These initial Sm 

and Tm are used with Hansen's "doubling" formulae (derived by finding 

all of the possible pathways for the escape of radiation from the top or 

bottom of a composite layer formed by two identical layers placed one 

above the other) to obtain Sm and Tm for 2xo» then 4tQ, and so on until 

t becomes as large as desired. The end results are sets of Sm(y,iio) and 

2,m(u,Po) i-n numerical form as square matrices, each L elements along a 

side. If S and T are required for optical depths that are not integer 

powers of 2, they can be obtained by layer "adding," for example, opti

cal depth 2.5 from 2 + h, 5 from 4 + 1, 7 from 4 + 2 + 1, and so on. 

Application of the doubling method to isotropic scattering 

(p(0) = 1) is straightforward and yields S and T accurate to about one 

part in 105. For realistic cloud scattering, however, one is forced to 

deal with strongly anisotropic phase functions (like that in Fig. 11), 

which often show variations of four or five orders of magnitude over the 



43 

3.0 

2.5 

Z0 

a> 
-0.5 

0.0 

-0.5 

-1.0 

-1.5 

0 20 40 60 80 100 120 140 160 180 
Scattering Angle, © 

Fig. 11. The Cumulus/Stratus Cloud Phase Function. 

The solid curve is the full phase function, including 
the forward-scattering peak. Dots are values of the 
Deirmendjian phase function (see text) where it dif
fers by more than 5% from the functional approximation 
(solid curve). The dashed curve at small scattering 
angles represents the cumulus/stratus phase function 
after truncation of the forward-scattering peak. 
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180° range of- scattering angle (0), and further, contain sharp features 

like the forward and backscattering ("glory") peaks. Use of the unmodi

fied doubling method in such cases requires herculean computational ef

fort because, to maintain accuracy of about 1% in the final S and T, 300 

to 500 Fourier orders must be doubled with L in the range of 50 to 100 

in order to maintain accuracy in the numerical integrations by Gaussian 

quadrature. To avoid this we have made use of two modifications that 

greatly reduce M and L requirements while still keeping 1% or 2% accuracy 

in S and T. 

The first of these is the forward-peak truncation (or delta 

function) approximation described by Hansen (1969b), by Potter (1970), 

and by Hansen and Pollack (1970). Photons scattered through small an

gles (0 s 10°) are treated as if they had not been scattered at all. In 

practice this approximation is made by removing the forward peak from 

the phase function (as in Fig. 11) to obtain the truncated function, 

PTi?(0)' then by using the new variables 

p'(0) = pTR(Q)/x (22) 

T' = xx (23) 

= CI + (l-wo)/^]"1 (24) 

(where x is the integral of Py^(0) over solid angle) in place of p(0), x, 

WQ in the doubling process. Since this modification in effect makes the 

phase function less anisotropic and removes one of the sharp features, 

both M and L can be substantially reduced. 

The second modification used is the renormalization approxima

tion of Hansen (1971), which slightly modifies the initial ym(y,Po) 
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matrices on the basis of the phase function so that L can be reduced by 

at least half without reducing the Gaussian quadrature accuracy. Since 

computational effort increases approximately as L3, this represents an 

important saving. The two modifications together reduce the doubling 

requirements for the phase function of Fig. 11 to M = 50 and L = 11. 

The Cumulus/Stratus Phase Function 

The light-scattering properties of the Jovian cloud particles 

are as yet unknown. Little information is available on which to base 

selection of a phase function, mainly because the 0° to 12° range of 

phase angle observable from earth is too small to allow inference of the 

phase function from phase-angle variations of polarization and bright

ness. Lewis (1969) applied the chemical thermodynamics of the NH3/H2O 

system to Jupiter's atmosphere and concluded that the uppermost clouds 

must be nearly pure solid NH3 and the lower-level clouds solid and liq

uid solutions of NH3 in H2O with some ammonium hydrogen sulfide. On the 

basis of the similar physical properties of NH3 and H2O, particularly 

with respect to refractive index, dielectric constant, heat of vaporiza

tion, etc., we speculate that Jovian clouds are similar to terrestrial 

ice and water clouds with respect to optical properties and average par

ticle size. 

Granted this premise, the logical first choice for a phase func

tion to represent the upper clouds of Jupiter would be one applying to 

terrestrial cirroform clouds composed of ice particles. Unfortunately, 

such is not yet available, even from theory (because of the difficulty 

of obtaining solutions from electromagnetic theory for scattering by 
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complex crystalline shapes). If the ice particles are spherical, it is 

likely that the phase function is generally similar to that of equivalent 

water droplets. Hansen and Pollack (1970) have successfully reproduced 

reflectivity measurements made on thick cirrus using spherical ice par

ticles of about 20 pm in radius, for example. However, if the particles 

depart much from spherical shape (as is likely the case if they form by 

direct condensation from the vapor phase), then features seen in water 

droplet phase functions (like the glory and rainbows) may be diminished 

or absent, and new features resulting from the particulars of crystalline 

geometry might appear (Coffeen and Hansen, 1973). 

water-cloud phase function. It is a close approximation to the cumulus 

cloud phase function of Table T.36 of Deirmendjian (1969), the latter 

computed using a purely real refractive index of 1.33 and a modified 

gamma distribution of droplet sizes with modal radius equal to 4.0 ym. 

This phase function is very similar to the "typical" cloud function used 

by Hansen (1969b), and is not much different from the fair-weather cumu

lus, altostratus, and stratus phase functions for wavelength 1.2 ym 

shown in Hansen (1971). The asymmetry parameter 

is 0.850, a value typical of strongly forward-scattering large particles 

with refractive index near 1.33. 

The function used to approximate the Deirmendjian phase function 

is given in Table 5. This function contains terms of two types (aside 

from the constant term), which are immediately represented as Fourier 

The phase function we have chosen (Fig. 11, Table 5) is a 

0 

(25) 
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series; that is, the Fourier-coefficient integrals of Eqs. (19) and (20) 

are known as explicit functions of m, V, and PQ> an^ so need not be 

found by numerical methods. This is advantageous for doubling because 

it simplifies and speeds up the initialization process. The approximate 

nature of the phase function is not a disadvantage in situations like 

the present one, where we are interested in typical behavior rather than 

in specifics. 

Table 5. Functions Representing the Full and Truncated Cumulus/Stratus 
Phase Functions. 

f-1 f WO- - Hz) r H 
PI" J - OQ I _ 2t£ COS0 + 2 1 + t^(cos0^ - COS0) 2 

i Ci H COS0.£ 

0 -0.250 _ _ «• 

1 1.70 0.80 --

2 0.107 -0.40 — 

3 0.01223 -0.95 — 

4 -0.243 2.00 0.50000 

5 0.190 295.0 -0.79335 

6* 1577.1 7.7 x 106 1.00000 

*Term No. 6 (representing the forward-scattering peak) is omitted 
from the truncated phase function, pjT?(®)• 
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The Reflectivity of Structural Models 

We have investigated three simple structures proposed for the 

Jovian atmosphere to account for various spectroscopic observations: (1) 

the semi-infinite scattering model, (2) the reflecting layer model, and 

(3) the two-layer cloud model of Danielson and Tomasko (1969). These 

types are shown and compared in Fig. 12. 
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Fig. 12. Schematic Vertical Structures for the Theoretical Models. 

The structures shown are (1) the semi-infinite scatter
ing model, (2) the reflecting layer model, and (3) the 
two-layer cloud model. 
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The semi-infinite scattering model is the simplest of the three. 

Its reflectivity is given by 

g{l,v) = 5(p,mo.*- *o)/4P, (26) 

where s is the scattering function for a homogeneous, semi-infinite 

scattering atmosphere. Aside from the choice of phase function, the 

model has only one free parameter, wq. No models of this kind with ei

ther isotropic or cumulus/stratus scattering were found that even came 

close to reproducing our 8880 8 observations. In every case, when any 

value of u>o was found that would make the model fit at the central me

ridian point of the observational limb-darkening curve, the model was 

too bright at other longitudes. The reflectivity of the models still 

decreases toward the limbs, but at a much slower rate than the observed 

reflectivity. 

Some practical considerations enter into the computation of s 

for a particular set of p, po, an<l <j> - <|>o values. For isotropic scatter

ing s is obtained from doubling as the square matrix S'0()i,Po)> so 

s for a particular u and pg can be found by interpolation first with re

spect to p, then with respect to Po, using the Lagrange method. For 

forward scattering we have m Sm(y,p0) matrices, and <t> - <|>o enters the 

picture. The most accurate and economical way to proceed is to first 

form the Fourier series for the particular value of (J> - <|>o and all Lz el

ements of the matrices so as to obtain the matrix S(p,po), then interpo

late for the desired p and Po in this matrix. 

A problem arises when the phase function has a sharp backscat-

tering lobe and the cloud surface is observed at phase angles smaller 
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than about 10°. In this case, y = wo an<l ~ *80° and we find that 

the S(vi,vi0) matrix formed has elements that rapidly increase near the 

diagonal, leading to poor results when Lagrange interpolation is used. 

Instead, we have interpolated for near-diagonal values of y and uo by 

fitting the function for single scattering, 

s(u,yo,+ -*o) = (^+1{1"exp["T(7+^)]}a)°p(05)' 

(27) 

to matrix elements lying on or immediately adjacent to the diagonal. 

The reflectivity of the reflecting layer model is given by 

g{l, v) = (28) 

where X(uo) and X(v0 are the effective air masses for entrance and exit 

paths through an absorbing gas layer of optical depth x^, and s is the 

scattering function for the semi-infinite cloud which serves as the re

flecting layer. In general there are two free parameters (aside from 

the choice of phase function), and UQ. We have been able to fit our 

observations at both wavelengths with such two-parameter models; results 

will be described later. For the present we are concerned with the more 

usual form of the reflecting layer model where the cloud surface serves 

only as a reflector and contributes only as much to the total absorption 

at the band wavelength as it absorbs by itself at continuum wavelengths. 

In this case OJQ is no longer a free parameter; it is fixed at the value 

found by fitting the 9215 % observations. 

In the general case the effective air mass, J?(y), is a line in

tegral over the optical path and includes curve-of-growth behavior for 
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the particular absorption band of interest. We have considered two sim

plified extremes for the CHi^ 8873 8 band. In the first case it is as

sumed that the band is "weak" in the sense that all absorption occurs on 

the linear part of the curve of growth; then absorption strength is 

directly proportional to the path length through the methane layer, 

leading to 

At the other extreme, the band is assumed to be fully saturated, with 

absorption strength proportional to the square root of the path length: 

Single-parameter reflecting layer models with linear or satu

rated CHif absorption and isotropic or cumulus/stratus scattering were 

compared with the 8880 8 observations, but none even came close to re

producing them. The sense of the deviations from the observational 

limb-darkening curve is opposite to that found in the case of the 

semi-infinite scattering models. When is adjusted so that the model 

correctly reproduces the observed central-meridian reflectivity, the 

model reflectivity decreases far too rapidly toward the limbs. In view 

of the rather large values of required (0.83 for the South Tropical 

Zone), such behavior is not surprising. 

The two-layer cloud model (No. 3 in Fig. 12) actually consists 

of four layers, an upper and a lower cloud layer (labeled L and C, re

spectively), and an upper and a lower layer of purely absorbing gas (A 

and B). (In the wavelength region we are considering, Rayleigh 

X(y) = l/y. (29) 

X(p) = /L7u. (30) 
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scattering by the gas is negligible.) Reflectivity is computed from 

equations similar in form and derivation to the layer "adding" formulae 

previously mentioned: 

1 M  

g{l,v) = 7 T T  Z  cos[ m C 4 > - * 0 ) 3  ( 3 1 )  
m=o 

e-^Cwo)|%n(u,Wo) 

+ g-TZ/P0 0-TB*(yo) e-TL/w 0-Tfl*OO ^(yfPo) 

0 

+ e~ t l /vo e-tb*(yo) c 

0 " 

+ e-T£/w e^OO c" f1 Xm(y,w') 
•'o 0 

s-LV.vo) 

c e~xBX^ [cj1 i™(y'.ji") 

r^Cw") a,m(p»fp0) ̂ £]^r} , (32) 

+ 

'0 

where 

{H if m = 0 

?s if m > 1 
(33) 

I0Oi,P0)  = s™ (u,Po) + s3 (VjWo) + 8$ (p,y0) + ... (34) 
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and Si 0,Po) = S<f(p,p0) 

sz (li,Uo) 

s3 (M,wo) 

s 5  ( u , u 0 )  

= c 

= c 

's^Cw.u') e-'8""'' s2(„',u0) ̂  
JO 

c  \0
s l  e~xbx^ -^3 cp '  > po) ^t" 

V (u.y') e-TByC'J,) ^(p'.uo) ̂ T-
A M 

etc. (35) 

The sm of Eqs. (31) and (32) refers to the scattering function of the 

whole multilayered structure, S™ and T^1 are scattering and transmis

sion functions for the upper cloud layer, and S™ is the scattering func

tion for the lower cloud. The S™ integrals apply to radiation diffusely 

reflected up and down between the cloud layers, n being the number of 

reflections. For n greater than 5 or 6, the ratio R = becomes 

constant, allowing termination of the series of Eq. (34) by adding the 

single term S™/(l-i?2). Z(y) is again the effective air mass, in our 

models given by either Eq. (29) or Eq. (30). 

Since the two-layer cloud models have five free parameters (t^, 

-rg, T£, wo£, and (UQC), it i-s not surprising that they can fit our obser

vations. We have found whole series of models whose parameters vary 

continuously over limited ranges that reproduce the 8880 8 limb-darkening 

curves. "Unique" model fits are obtained only when the 9215 8 observa

tions are used to fix UQ. In the next two sections we shall discuss 

these model fits in some detail, touching upon methods of fitting, giving 



results in organized form so that trends of behavior are apparent, and 

looking for similarities and differences among the three regions of 

Jupiter and between the results obtained by making different kinds of 

assumptions as to cloud scattering and methane absorption. 



MODELS WITH ISOTROPIC SCATTERING 

Until the recent introduction of practical techniques like the 

thin-layer doubling method, it was difficult and costly to compute the 

reflection and transmission of layers composed of particles having any 

desired phase function. The usual procedure in the treatment of light 

scattering by clouds was to assume isotropic scattering because this was 

one of the few simple cases where general solutions had been found by 

Chandrasekhar (1960), making it possible to compute scattering and trans

mission functions for particular layers without much computational ef

fort. Isotropic scattering is quite unrealistic for terrestrial clouds, 

of course, but there is one advantage (aside from computational simplic

ity) associated with it. The transformation equations of van de Hulst 

and Grossman (1968) allow x and wo parameters applying to an isotropic 

scattering layer to be scaled to X' and UQ ' parameters that apply to an 

approximately equivalent anisotropic layer. For example, these trans

formations have been used by Danielson and Tomasko (1969) to find the 

thickness of the upper cloud layer of their model in the case where the 

cloud particles scatter strongly in the forward direction as do terres

trial cloud particles, and to determine the higher single-scattering al

bedo necessarily associated with such particles. 

We have undertaken the fitting of our observations with models 

assuming isotropic scattering for several reasons. First, only isotropic 

results are available from previous work, requiring us to consider iso

tropic models in order to be able to make direct comparisons. Second, 
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our isotropic results can be compared with our corresponding results 

based on cumulus/stratus cloud scattering to yield some understanding of 

the effects of making a drastic change in the nature of the phase func

tion. Here we are interested particularly in testing the accuracy of 

van de Hulst-Grossman scaling in a specific case typical of those en

countered in studying the outer planets. Finally, since it will be 

shown that isotropic and forward-scattering models often show parallel 

trends of behavior when certain parameters are varied, these trends can 

be fully explored with the minimum computational expense by making inves

tigations with isotropic models only. 

The first step in the interpretation of the observations is the 

determination of the continuum single-scattering albedo by means of fit

ting models to the 9215 R limb-darkening curves. This albedo specifies 

the amount of absorption attributable to the cloud particles themselves 

as distinguished from absorption due to the methane gas in which the 

particles are distributed, so it will serve as the upper limit of the coo 

values considered in fitting the 8880 8 observations with models. 

If the spectral region passed by the 9215 8. filter could be 

safely considered to be rigorously pure continuum, then the model used 

to fit the observed limb darkening would simply be a semi-infinite scat

tering atmosphere. However, the passband is almost certainly contami

nated by a number of weak methane and ammonia lines. To allow for this 

additional absorption, the model we have used consists of a layer of ab

sorbing gas overlying a semi-infinite cloud deck. The optical depth of 

the absorbing layer ought to be small if the 9215 R region is actually 

close to being continuum. The results of fitting two-parameter models 



to the observations of the three Jupiter regions (see Table 6) show that 

this is indeed found to be the case. The somewhat larger value of 

found for the North Polar Region may not be significant because of the 

poorer quality of the observations in this instance, or more likely, be

cause observations lying outside of longitudes -45° and +45° were not 

included on account of the effects of seeing, and it is the near-limb 

observations that weigh most heavily in determining the values of the 

derived that are missing in this case. For the same reasons, the too 

value found for the North Polar Region is also somewhat suspect. The 

true value is probably smaller than the best-fit value of Table 6, which 

is very nearly the same as the best-fit value for the South Tropical 

Zone. This latter coincidence of values is unlikely because it implies 

that the N.P.R. and the Zone should appear to have about the same albedo 

at continuum wavelengths, whereas the N.P.R. appeared to be the darker 

region both visually and photographically. 

The wo derived for the South Tropical Zone, 0.987-0.989, lies 

well within the approximate range 0.94-0.993 indicated for 9200 8 by 

Axel's (1972) graphical summarization of the observational evidence. 

The fact that our value lies more toward the high end of Axel's range is 

not surprising for two reasons: (1) Our blue-light photos of Jupiter 

made coincidentally with our scanner observations show that the South 

Tropical Zone was the brightest large feature on the planet at this 

time, and (2) the lower limit of about 0.94 is derived from Taylor's 

(1965) spectrophotometry of Jupiter's whole disk, so it represents a 

weighted average of the belts and zones rather than a bright feature 

like the South Tropical Zone. The issue is further complicated 
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by the possibility of significant time variations of albedo both for 

individual features and for the planet considered as a whole. The some

what higher oiq found for the Red Spot is a consequence of the observation 

that it is slightly but definitely brighter than the surrounding South 

Tropical Zone at 9215 8. 

Table 6. Isotropic-Scattering Models Fitted to the 9215 8 Observations 
(Giving Best Fits and Approximate Limiting Cases Found). 

Region wo ax 102 Remarks 

South Tropical 0.9866 
Zone 

North Polar 
Region 

Red Spot 

0 1 .28  

0.9873 0.004 1.00 

0.9880 0.009 0.84 

0.9890 0.016 1.04 

0.981 0.06 1.6 

0.9874 0.074 0.39 

0.993 0.09 1.5 

0.9928 0 

0.995 0.02 

Model is too bright near the 
limb and terminator 

Exact fit at longitudes -45°, 
0°, and +45° 

Best over-all fit to the ob
servations 

Model is too faint at longi
tudes ±10 to 40° 

Model is too bright near lon
gitudes -45° and +45° 

Best over-all fit to the ob
servations 

Model is too faint near lon
gitudes -45° and +45° 

Approximately the best fit to 
the observations 

Model is too faint near the 
limb and terminator 



As a prelude to the discussion of fitting the 8880 R observations 

with models, it is necessary to consider how the properties of a scat

tering layer are changed when an absorbing gas is present between the 

particles. If the scattering optical depth of the layer is large enough 

that most of the diffusely reflected and transmitted photons have been 

multiply-scattered within the layer, then the effect of the gas is to 

reduce wo from the value wo* that would apply if there were no gas pres

ent approximately according to 

w o  =  t » o *  e x p ( - l 8 / l a ) ,  l a >  1 8 ,  ( 3 6 )  

where 18 and la are respectively the scattering and gas-absorption mean 

free paths. To decrease wo is, in effect, to distribute the scattering 

particles more sparsely in the gas matrix, increasing the probability 

that photons will be absorbed between successive scatterings. The pos

sibilities range from the case where the cloud is so compact that wo is 

only slightly smaller than WQ*, to the case where the cloud is actually 

a very thin haze in which gas absorption so dominates scattering that 

the "cloud" layer behaves much as if it were purely absorbing gas. 

The upper limit to wq is, of course, the value derived from the 

9215 8. observations as previously described. Let us consider the possi

ble existence of a practical lower limit where the implausible very thin 

haze is encountered. On the earth, scattering mean free paths are on 

the order of 10 to 100 m for the cumulus or stratus cloud types whereas 

much longer paths, on the order of a kilometer or more, occur for light 

fog, smog, and natural aerosol hazes. So let us somewhat arbitrarily 

take t8 = 10 km to represent the very-thin-haze limit. We can compute a 



value of oiQ corresponding to this limit if la, the absorption mean free 

path at the upper-cloud level of Jupiter's atmosphere, can be determined. 

This value depends upon the local density of methane, p, and upon the 

mass absorption coefficient for the 8880 R band, k: 

la = 1/KP- (37) 

An approximate value of p for the upper-cloud level can readily be ob

tained from published atmospheric models—for example, Model 1(130) of 

Savage and Danielson (1968) yields p - 8 x10"7 gm/cm3 for the 145°K 

level—but the value of k is not yet accurately known from laboratory 

measurements of the 8880 R band. However, we can derive a rough esti

mate of k from the following considerations. Our observations show that 

the central regions of Jupiter's disk are about 0.18 times as bright at 

8880 8 as at 9215 8, indicating a T - 0.85 for all absorption due to 

methane. We would like to know the abundance of methane giving rise to 

the observed degree of extinction, but this is complicated by the fact 

that the partial transmission of the upper cloud layer reduces the effec

tiveness of the methane below this level in comparison to that above it. 

Consider the extreme case where the upper cloud is so opaque that all of 

the observed extinction can be attributed to the methane above the 

clouds (20 meter-amagats according to Table 1 of Danielson and Tomasko, 

1969). This leads to an upper limit ic - 0.6 cm2/gm- At the other ex

treme, where the upper cloud has negligible effect, we attribute the ob

served absorption to all of the methane above the lowev cloudtops (67 

m-amagats), leading to a lower limit K a 0.2 cm2/gm. The intermediate 

value, k - 0.4 cm2/gm, seems most realistic. It yields la = 30 km and 
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indicates that the very-thin-haze limit occurs at about u>o = 0.7 (approx

imate range 0.6 to 0.85). 

Fitting of the 8880 8 observations with two-layer cloud models 

of the kind proposed by Danielson and Tomasko (1969) confronts one with 

the problem of dealing with the numerous model parameters. In addition 

to the uncertainty as to the scattering phase function of the cloud lay

ers and the uncertainty concerning the degree of saturation in the 8880 ft 

band, the completely general model contains the five free parameters 

Tg, X£, oiQ2>, and (Oqc- To consider all possibilities for all of these 

variables would be an impractical and unnecessary task. At the outset 

it seemed reasonable to suppose that the upper and lower cloud layers 

are not greatly dissimilar in terms of particle characteristics and num

ber densities and to set tooL = woC> dealing with cop as an independent 

variable within the limits previously discussed. This latter seemed 

justified by the finding of Danielson and Tomasko that the upper cloud 

is thick enough (x - 2 for isotropic scattering) to ensure the dominance 

of multiple scattering and hence the validity of Eq. (36) for the upper 

layer, as well as for the semi-infinite lower cloud. 

Our models of this kind (Table 7, Fig. 13) indicate a thinner 

upper layer than was expected, making questionable the assumption of 

dominance of multiple scattering. In particular, the optical thickness 

of about 0.7 found in the case of models with linear CH4 absorption im

plies that only about half of the photons incident upon the upper cloud 

are scattered at alt and that the multiple-scattering contribution is 

correspondingly minor (for near-normal angles of incidence and 

reflection/transmission). Because of this result we investigated a 
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second type of model more appropriate to the case of a thin upper cloud 

layer. In this case it«is assumed that the reflected and transmitted 

light arises predominantly from single scattering and that gas and par

ticle absorptions are "decoupled," that is, the photons scattered behave 

as if they have seen particles having wol=uo*» and absorption due to 

interparticular gas (presumably small on account of the thinness of the 

layer) can be attributed to the A and/or B gas layers. Hence uiq for the 

upper cloud is fixed at the value derived from the 9215 8 observations, 

whereas the wo for the lower cloud is treated as the independent parame

ter of the model. 

Table 7. Two-Layer, Isotropic-Scattering Models That Best Fit the 
8880 & Observations of the South Tropical Zone. 

Linear CH4 absorption Saturated CH4. absorption 

(DO T A  a x l O 2  
T A  TL TB a  x 102 

0.9873 0.300 0.71 1.03 1.03 0.525 1.40 1.25 0.60 

0.95 0.286 0.73 0.82 0.88 0.499 1.61 1.6 0.56 

0.90 0.269 0.78 0.63 0.84 0.455 1.90 ooa 0.63 

0.85 0.253 0.85 . 0.47 0.77 0.406 2.33 o=a 0.96 

0.8075 — — - - — 0.370 OO OO 1.28 

0.80 0.235 0.95 0.32 0.72 — — — — 

0.75 0.217 1.2 0.2 0.69 

0.6995 0.191 00 0 0.74 

aIn these cases » signifies a large but indeterminate optical depth. 
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13. Layer Thicknesses and Boundary Depths vs OJQ for the 
Isotropic-Scattering Models of the South Tropical Zone 
Having the Same u>o for Both Cloud Layers. 

Curves for the models assuming saturated CHL* absorption 
are shown on the right side of the figure; curves for 
linear absorption are shown on the left. Upper and 
lower methane layers are marked A and B, respectively; 
upper and lower cloud layers are marked L and C. 



Models of this second kind were computed for the linear-absorption 

case (where the thinnest upper layers were indicated). Comparison of 

these results (Table 8, Fig. 14) with the corresponding results from the 

first type of model indicates that the most significant difference is 

that the upper-cloud optical depth decreases with decreasing aio in the 

former case, but increases in the latter. Even so, the values do not 

diverge greatly except for u>o < 0.8 where, as we have indicated, the 

clouds become thinly dispersed haze. In any case, these two series of 

models clearly show that the effects of different assumptions about 

upper-layer u>o are minor compared to the effects of assuming saturated 

rather than linear CHi* absorption. Therefore, we considered it suffi

cient to restrict ourselves to the first type of model in subsequent 

work. 

Model results will generally be presented as in Table 7, where 

parameters are given only for the best-fitting models found for each 

value of uiq. It is to be understood that in every case there exists a 

range of models, having x^, xg, and x^ similar to the given values, 

which also fit the observations. To illustrate this for a typical case 

we have included the limits of these ranges of uncertainty in Table 8 

and Fig. 14. It should be emphasized that these are ranges of uncer

tainty in derived parameters arising from observational uncertainties, 

and are quite distinct from uncertainties arising from the question of 

which set of model assumptions is the most realistic. The location of 

such limits is naturally dependent on the precise meaning of the word 

"fit." Our usage requires that, if a model fits the observations, then 

at all points in longitude (L) along the limb-darkening curve the model 



Table 8. Two-Layer, Isotropic-Scattering Models Fit
ted to the 8880 ft Observations of the South 
Tropical Zone Assuming Linear CHi* Absorption 
and Upper-Cloud a>o of 0.9873 (with Best Fits 
and Approximate Limiting Cases Found). 

a>o tb a x 102 Remarks* 

0.9873 0.284 0.65 0.97 1.21 a 
0.300 0.71 1.03 1.03 B 
0.309 0.75 1.09 1.13 c 

0.95 0.273 0.60 0.76 1.24 a 
0.292 0.67 0.82 0.89 B 
0.312 0.75 0.94 1.18 c 

0.90 0.261 0.54 0.59 1.32 a,b 
0.289 0.64 0.66 0.88 B 
0.308 . 0.7-2 0.75 1.09 c 

0.85 0.250 0.48 0.44 1.37 a,b 
0.286 0.61 0.53 0.85 B 
0.306 0.70 0.62 1.07 c 

0.80 0.240 0.42 0.32 1.30 b 
0.284 0.58 0.41 0.76 B 
0.305 0.68 0.51 1.05 c 

0.75 0.210 0.28 0.19 1.29 b 
0.276 0.52 0.28 0.73 B 
0.299 0.63 0.37 0.95 c 

0.70 0.190 0 0 0.77 d 
0.258 0.36 0.11 0.63 B 
0.298 0.60 0.26 1.02 c 

0.677 0.250 0.26 0 0.60 B,d 

*B = best-fitting model for the given value of lower 
cloud albedo, mo 

a = model is too faint in the region of longitudes 
±20-30° 

b = model is too bright near the limb and terminator 
c = model is too faint near the limb and terminator 
d = physical limit of one or more parameters of the 

model 
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Fig. 14. Layer Thicknesses and Boundary Depths vs wo for the 
Isotropic-Scattering Models of the South Tropical Zone 
Having Fixed wo for the Upper Cloud Layer. 

Curves for the models assuming linear CH4 absorption are 
shown on the left side of the figure. On the right, the 
boundaries for the same models are shown as broken lines; 
the ranges of uncertainty in the boundary locations that 
arise solely from uncertainty in the observations are in
dicated by solid lines flanking each boundary curve. 



value cannot differ from the observational mean by more than 2ao(L), 

where ao(I) is the (somewhat approximate) standard deviation character

izing uncertainty in the observational mean. We consider this defini

tion to be somewhat overgenerous in that it occasionally admits fits 

that show small but definite systematic departures beyond the apparent 

limits allowed by scatter in the observations. Consequently,, the limits 

indicated in Table 8 and Fig. 14 are probably conservative. 

It will be noted from Table 8 that, as one moves through the 

range of fitting models (for a given coo) from one limit to the other, 

the three optical depth parameters are all changing simultaneously. This 

derives from the procedure used to locate models capable of fitting the 

observations, which it is appropriate to review at this point. First, 

having selected a value of wo, we compute a number of models, each with 

a different t^. For each of these models and tq are adjusted (if 

physically possible) so that the model limb-darkening curve is con

strained to intersect the observational curve at longitudes -45°, 0°, 

and +45°. Usually (but not always) a model fitting at these three points 

at least comes close to fitting at other points as well. We have used 

the quantity a as a generally reliable indicator of the closeness of the 

over-all match between model and observations. It is the standard devi

ation of residuals (observational mean minus model value) at 13 approxi

mately equally spaced longitudes on the interval -60° < L < 60°. The 

"best fitting model" is located by plotting a against and noting the 

value for which a is a minimum. (This minimum is clearly distinguisha

ble except when is large and/or too approaches the lower end of its 

range.) In most cases a for the best-fit model is considerably smaller 
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than ao", the average of oq(£) over all longitudes considered, which 

serves as an approximate indicator of the over-all uncertainty in the 

observed limb-darkening (OQ = 1.2* 10~2 for the 8880 R observations of 

the South Tropical Zone). 

Although our 8880 R observations of the North Polar Region are 

considerably noisier than those for the South Tropical Zone, they indi

cate clearly that, although the limb-darkening curves of the two regions 

are similar in shape, the North Polar Region is at all points about one 

third as bright. This result was surprising because the findings of 

Gehrels, Herman, and Owen (1969) suggest that the polar regions are 

areas where the clear atmosphere is unusually deep, possibly because the 

upper NH3 clouds are absent. If this latter were strictly true, then at 

8880 R one would expect to observe not only greater extinction due to 

methane absorption but also a steeper limb-darkening curve, one where 

the brightness drops much more rapidly going toward limb or terminator 

because there is no contribution to the scattered light due to diffuse 

reflection from the upper cloud. 

To investigate these possibilities, a series of models (Table 9, 

Fig. 15) were fitted to the observations of the North Polar Region using 

the same approach as for the South Tropical Zone models of Table 7 and 

Fig. 13. Models having u>o well below the thin-haze "limit" were computed 

in order to determine whether the observations could be fitted by any 

model having no upper cloud layer. Such models were found (they are the 

last listed in Table 9), but their u>o values require scattering mean free 

paths much greater than 10 km. On the other hand, two-layer models with 

very thin upper cloud layers and u>o = oiq* avoid this difficulty and are 
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very good fits to the observations. Also, the small optical thickness 

of the upper layer (about 0.2-0.3) does not seem to require contradic

tion of the Gehrels, Herman, and Owen hypothesis that predominance of 

Rayleigh scattering accounts for the wavelength dependence of polariza

tion observed in the Jovian polar regions. 

Table 9. Two-Layer, Isotropic-Scattering Models That Best Fit the 8880 8 
Observations of the North Polar Region. 

Linear CHi, absorption Saturated CHi, absorption 

U TB a x 102 o x 102 

0.9873 0.256 0.19 0.98 0.405 0.548 0.31 0.79 0.330 

0.95 0.247 0.19 0.87 0.391 0.526 0.29 0.66 0.327 

0.90 0.238 0.19 0.78 0.376 0.500 0.27 0.54 0.320 

0.85 0.228 0.20 0.69 0.363 0.468 0.24 0.45 0.313 

0.80 0.217 0.20 0.62 0.353 0.430 0.20 0.38 0.306 

0.75 0.205 0.20 0.54 0.344 0.390 0.16 0.32 0.298 

0.70 0.192 0.20 0.48 0.336 0.352 0.12 0.28 0.301 

0.60 0.170 0.20 0.34 0.335 0.325 0.04 0.17 0.350 

0.5490 — - - —• — 0.392 0 0 0.507 

0.50 0.156 0.22 0.20 0.471 — — - - — 

0.3887 0.156 CO 0 0.783 -- — --



70 

0.2 

0.4 

0.6 

0.8 

2.0 
0.6 0.8 0.8 0.2 0.4 1.0 0.6 1.0 

Fig. 15. Layer Thicknesses and Boundary Depths vs wo for the 
Isotropic-Scattering Models of the North Polar Region. 

Curves for the models assuming saturated CH4 absorp
tion are on the right, those for linear CH4 absorption 
on the left. 



It is interesting to make a general comparison of the vertical 

structures of the South Tropical Zone and North Polar Region as revealed 

by the models. On account of the small x^ of the North Polar Region, 

models with a>o = n>o* are the most realistic (for reasons previously dis

cussed), so we shall restrict ourselves to models of this kind. These 

models are also the ones of greatest interest if one assumes that the 

Jovian clouds, like terrestrial cumulus and stratus clouds, have scat

tering mean free paths of only 10 to 100 m. If linear CH4 absorption is 

assumed, then and are approximately the same in the two regions 

and correspond roughly to 10 and 35 m-amagats of methane, respectively 

(assuming K - 0.4 cm2/gm). The striking difference is the thinness of 

the upper cloud layer in the North Polar Region; it is about one fourth 

as thick as in the South Tropical Zone. If saturated CHu absorption is 

assumed, x^ is again about the same.for the two regions, but larger by 

nearly a factor of 2 than in the linear absorption case, corresponding 

to about 20 m-amagats. xg seems to be about two thirds as large in the 

North Polar Region (approximately 30 m-amagats versus about 45 m-amagats 

for the South Tropical Zone), and is only about one fifth as large. 

Because of the numerous uncertainties, and particularly because 

of the noise level of the North Polar observations, these comparisons 

should be taken to indicate the general structural differences, rather 

than as well established specifics. However, the conclusion that the 

upper cloud layer is present in the region of latitude +50° but contains 

only a small fraction of the particles present in the layers of the equa

torial zones seems unavoidable. 
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The procedure followed in fitting the 8880 R observations of the 

Red Spot necessarily differs from that used for the South Tropical Zone 

and North Polar Region because the "limb-darkening curve" of the Spot 

was obtained in the form of 13 values of the brightness ratio i?(£) = 

I(L)spot/-^(£)Zone corresponding to observation times during the Spot's 

transit from limb to terminator. In this case, the models are used to 

compute i? values at the same longitudes as the observed values; then the 

residuals (i?0bs ~ -^calc) are us?d to calculate the standard deviation, 

Ojj, which is used to select the best fit from among models of a series 

in the final step. This procedure requires 13 values of ̂ i^zone ̂ e" 

rived either by interpolation in the South Tropical Zone observations 

themselves or by computation from one of the models that closely fit 

the observations. We have used computed values because they are more 

conveniently obtained and because the significance of the model parame

ters derived for the Spot is more apparent when they are considered in 

comparison with those of an appropriate model of the Zone. 

Rather than dealing with the five free parameters associated 

with a general two-layer model of the Red Spot, we have restricted our 

models to the three simplified types shown in Fig. 16, believing that 

they represent adequately the range of possible structures. Type I as

sumes that the clouds of the Spot are uniformly distributed over a great 

depth, and types II and III assume that the observable differences be

tween Spot and Zone arise from structural differences confined to the 

lower and upper cloud layers, respectively. These are idealized extremes 

postulated with the hope that the observations would point out one type 

as having greater similarity to reality than the other two. 
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Fig. 16, Schematic Structures of the Three Types of Red Spot 
Model. 

Type I consists of a semi-infinite Spot emergent from 
(a) a semi-infinite and (b) a two-layer cloud model of 
the surrounding South Tropical Zone. Type II consists 
of a submerged semi-infinite Spot, and Type III consists 
of a Spot of finite depth confined to the upper cloud 
level of the general two-level cloud structure. 
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Since models of type I have only two free parameters, a single 

best-fit model exists. This model is given in Table 10 for linear CHit 

absorption, together with approximate limits arising from observational 

uncertainty CaB0 5 5.0 * 10~2). The derived wos is low, requiring a 

scattering mean free path longer than 7 km. Thus the clouds of the Spot 

are thin haze if the model type is valid. This makes some sense in the 

context of a situation like that shown in 1(a) of Fig. 16, where the 

semi-infinite clouds of the Zone must also have long mean free paths, 

but it is much less realistic in the context of the 1(b) situation, 

where the two-layer cloud structure is assumed for the Zone. In the lat

ter case the Spot must be supposed to consist of thin haze while the 

Zone clouds are required to be much more compact, much more like common 

terrestrial clouds. This sort of disparity is improbable if one presumes 

that the processes of cloud formation are basically the same from region 

to region. Likewise, one expects that the same forces that cause the 

Zone clouds to form in two discrete layers will also operate in the Spot 

unless the chemical compositions of the condensates are greatly differ

ent in the two regions. 

Table 10. Isotropic-Scattering Red Spot Models of Type I (Giving Best 
Fitting and Approximate Limiting Cases Found). 

u0 s xas arx102 Remarks 

0.760 0.075 8.30 r increases too rapidly toward limb and termi
nator 

0.778 0.104 5.40 Best over-all fit to the measured r values 

0.800 0.140 8.31 r increases too slowly toward limb and terminator 



Type II models are dubious from the outset on account of the ob

servations that indicate that the brightness contrast between Spot and 

Zone remains high even when the Spot is near rise or set (L - ±60°). The 

model, on the other hand, requires that the contrast rapidly decrease 

toward limb or terminator as the Spot is viewed through greater slant 

thicknesses of upper cloud. As expected, computed contrast ratio curves 

are convex upward in shape and completely irreconcilable with the obser

vations, even when the optical thickness of the upper cloud is made as 

small as 0.1. Only when is made very small (less than 0.05) do we 

obtain satisfactory fits to the observations with type II models. Since 

these latter models approach the situation of 1(a) models, their con

trast ratio curves are virtually identical to that of. the best-fit model 

of type 1(a) except that, when the limb or terminator is approached, R 

drops sharply toward unity. These models would be of little interest 

except for the proposal by Axel (1972) that absorbing dust is thinly 

distributed throughout the upper atmosphere of Jupiter. Our results 

with type II models seem to require that this dust layer be optically 

thin at 0.9 pm wavelength at least. We have also shown that, if such a 

dust layer is present, then it can safely be ignored in model fitting 

because its effects are negligible except very near the limbs, regions 

that we have excluded from consideration. 

In fitting type III models to the observations we choose one of 

the two-layer models fitting the South Tropical Zone observations to 

serve as the basis for Spot model calculations by (1) providing the 

J(L)20ne values needed to compute r(l), and (2) fixing two of the five 

Spot parameters, t# and too for the lower cloud. Three free parameters 



remain: xas> ^ls> u0s- The *ast treated as the independent vari

able; for each selected wos a number of models having different x^s val

ues are computed with x/ig values adjusted so that every model is con

strained to have i?(L = 0°) = 1.55, the approximate contrast ratio observed 

when the Spot crossed the central meridian of Jupiter's apparent disk. 

The best over-all fit is selected from among these models on the basis 

of minimum a#. 

Limited investigation with type III models (Table 11) indicates 

that there are many models of this kind (with either type of CH4. absorp

tion) that are capable of fitting the Red Spot observations. The base 

models of Table 11 are quite typical of models having too near to u>o* 

that fit the Zone observations, so choice of any other model of this 

class to serve as base would not lead to significantly different parame

ters for the Spot, nor would it much affect the quality of the fits 

found. The results show that the three free parameters may be changed 

together in a compensatory way to yield a series of models that all fit 

in about the same degree. That is, increasing uos forces to in

crease and T££ to decrease in order to keep the model reflectivity 

nearly constant at all longitudes. 

For the purpose of making comparisons in Table 11, let us assume 

that scattering mean free paths are about the same in Spot and Zone 

clouds and consider the models having too = ®qs = 0.95. If linear CHi* 

absorption is assumed, the upper cloud layer of the Spot is nearly 50% 

thicker than that of the Zone, and reaches roughly 3 km higher altitude 

(on the basis of the approximate absorption coefficient previously dis

cussed). If, on the other hand, saturated absorption is assumed, the 
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upper cloud is only about 10% thicker in the Spot, but it extends nearly 

6 km higher. This seeming paradox is explained by the nearly twofold 

greater thicknesses of Spot and Zone upper layers in the saturated case. 

In the linear case, where the optical depth is near unity, the thicken

ing of the upper cloud in the Spot increases its reflectivity in nearly 

direct proportion, and this in itself is an important cause of the Spot's 

being brighter than the Zone. In the saturated case the upper clouds 

are already so thick that the further thickening in the Spot only 

slightly increases its reflectivity. Here the smaller depth of absorb

ing methane over the Spot is the major factor accounting for its rela

tive brightness; the thicker Spot cloud is of importance because it 

causes the cloudtops to occur at greater altitude, not because it makes 

the clouds more reflective. 

Table 11. Isotropic-Scattering Red Spot Models of Type III (Giving Best 
Fits Based on Assumed Models of the South Tropical Zone*). 

Linear CH^ absorption Saturated CHi^ absorption 

wo s TAS AT^** TLS aj{ x 102 TAS hxA** TLS Oft x 102 

0.93 0.180 0.099 1.14 5.09 0.295 0.205 1.92 5.32 

0.95 0.188 0.091 1.07 5.08 0.312 0.188 1.80 5.26 

0.97 0.194 0.085 1.00 5.08 0.330 0.170 1.69 5.22 

0.99 0.201 0.078 0.95 5.08 0.346 0.154 1.60 5.18 

*South Tropical Zone models to which Red Spot models are referred: 

O>0 TyJ T£ xg a x 102 

Linear absorption 0.95 0.279 0.70 0.79 0.93 

Saturated absorption 0.95 0.500 1.63 2.0 0.57 

**AtJ4 = Ti4 " *AS 
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In summary, type I models can be fitted to the observations but 

they are doubtful on physical grounds; type II models are ruled out; and 

models of type III fit the observations without requiring that the 

clouds differ much from common terrestrial types with respect to scat

tering mean free path at least. Although the type III model does an ex

cellent job of accounting for the observed behavior of the Red Spot, it 

is still possible that the real structure is more complicated. For in

stance, it is entirely possible that the lower cloud also differs in 

Spot and Zone, but because the reflective properties of the whole struc

ture are insensitive to changes in structural details occurring at the 

larger optical depths, this situation cannot be distinguished from that 

of type III on the basis of our observations. In any case, it is clear 

that the observed behavior of the Red Spot must be primarily the result 

of thickening of the upper cloud layer, which causes the cloudtops to 

reach a few kilometers higher than in the adjacent South Tropical Zone. 



MODELS WITH FORWARD SCATTERING 

Using the cumulus/stratus scattering phase function previously 

described, the Jupiter observations have been fitted with models of the 

same types as in the case of isotropic scattering. The same methods and 

considerations apply to these forward-scattering models, and the reader 

is referred to the section on isotropic models for details. Results of 

fitting the 9215 8 observations are summarized in Table 12; results of 

fitting the 8880 R observations with two-cloud-layer models are shown in 

Tables 13 through 16. Figure 17 illustrates the structures of the South 

Tropical Zone models of Table 16. The principal objective of this chap

ter will be to compare and contrast these results with the corresponding 

isotropic models in order to test the accuracy of the van de 

Hulst-Grossman scaling relations and to determine the effects on the 

various model parameters of assuming two radically different scattering 

phase functions. 

Tests of van de Hulst-Grossman Scaling 

The. transformations of van de Hulst and Grossman (1968), namely 

T' = t/(1-0) (38) 

and 

1-<V = (1 - co 0) (1 - <?) ,  (39) 

allow one to take the parameters T and wq that characterize an isotropic 

scattering layer and scale them to yield T ' and oiq', the parameters of 

79 
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Table 12. Forward-Scattering Models Fitted to the 9215 ft Observations 
(Giving Best Fits and Approximate Limiting Cases Found). 

Region 0)0 Ti4 a x 102 Remarks 

South 
Tropical 
Zone 

0.9956 

0.99562 

0, 

0 

.0163 

.0168 

0. 

0. 

93 

92 

Model is too bright near the limb 

Exact fit at longitudes -45 , 0 , and 
+45 

0.9958 0, .0215 0. 86 Best over-all fit to the observations 

0.9960 0 .0266 1. 10 Model too faint at longitudes greater 
than 50 

North 
Polar 
Regions 

0.9900 

0.9925 

0, 

0, 

.085 

.103 

1. 

0. 

69 

36 

Model is too bright near longitudes 
-45 and +45 

Best over-all fit to the observations 

0.9945 0, .119 1. 68 Model is too faint near longitudes 
-45 and +45 

Red Spot 0.9967 0 - Approximately the best fit to the ob
servations 

Table 13. Two-Layer, Forward-Scattering Models That Best Fit the 8880 ft 
Observations of the South Tropical Zone. 

Linear absorption Saturated absorption 

u>0 t l TS a x 102 ta TZ Tff a x 102 

0.9958 0.324 2.58 0.80 1.50a 0.550 4.73 0.55 0.82 

0.982 0.310 2.55 0.56 1.26a 0.516 5.8 0.36 0.67 

0.968 0.288 2.50 0.41 1.12 0.474 7. 0.2 0.68 

0.954 0.271 2.45 0.29 1.00 0.435 CO 0 1.04 

0.926 0.238 1.80 0.09 0.81 - - - - — 

0.9103 0.234 0 0 0.69 - - - _ 

aMarginal fits. 
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Table 14. Two-Layer, Forward-Scattering Models That Best Fit the 8880 ft 
Observations of the North Polar Region (Near-Continuum Values 
of wo Only). 

wo 

Linear absorption Saturated absorption 

XA T L  tb axio 2  TA XL XB axio 2  

0.9958 0.269 0.500 0.927 0.384 0.564 0.81 0.74 0.313 

0.982 0.254 0.475 0.796 0.353 0.527 0.64 0.58 0.294 

Table 15. Forward-Scattering Red Spot Models of Type I (Giving Best Fit 
Values of and lOQg). 

u0s xas ar * 102 

Linear CHtj absorption 0.940 0.144 5.42 

Saturated CH absorption 0.960 0.258 5.27 

Table 16. Forward-Scattering Red Spot Models of Type III (Giving Best 
Fit Models Based on Assumed Models of the South Tropical 
Zone*). 

Linear CHi^ absorption Saturated CHij absorption 

l»0 s us lxA x ls ar* 102 xas tls arx 102 

0.9958 0.244 0.081 4.64 5. 64 0.371 0.179 5.68 5. 15 

*South Tropical Zone models to which Red Spot models are referred: 

u>0 T£ xg a x 102 

Linear absorption 0.9958 0.324 2.58 0.799 1.50 

Saturated absorption 0.9958 0.550 4.73 0.547 0.818 
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u/ i i idi Dm/ iiininiitnii))))) i iim mi > n/n/j 

0.98 0.95 0.97 0.99 0.96 0.91 0.93 

Fig. 17. Layer Thicknesses and Boundary Depths vs too for the 
Forward-Scattering Models of the South Tropical Zone. 

Curves for the models assuming saturated CHit absorption 
are on the right, those for linear CHi^ absorption are 
on the left. 
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an anisotropic scattering layer having approximately the same reflection 

and transmission properties. The quantity g is the asymmetry parameter 

of the anisotropic phase function and has values between 0 and 1, depend

ing on how strongly forward-scattering the phase function is (g = 0.850 

for the cumulus/stratus phase function we have used). 

Our parallel series of isotropic and forward-scattering models 

provide opportunities to test both van de Hulst-Grossman equations by 

comparing f' and uo' values derived from model fitting with correspond

ing values derived from scaling isotropic model results. The most 

clear-cut case is that of the model fits to the 9215 % observations 

(Table 12). Here, both isotropic and cumulus/stratus assumptions yield 

models that fit equally well. Also, when uncertainties are taken into 

account, the derived values of (about 0.01 for the Zone, 0.1 for the 

North Polar Region, and 0 for the Spot) are nearly the same for both 

phase functions. As expected on the basis of Eq. (39), the u>o values 

characterizing the semi-infinite cloud decks are different in corre

sponding isotropic and cumulus/stratus models, being nearer unity in the 

latter case. However, if one uses UQ values derived from fitting iso

tropic models and Eq. (39) to predict corresponding cumulus/stratus model 

wo' values, one finds that these predicted values are consistently nearer 

unity than the UQ' values derived from actually fitting cumulus/stratus 

models to the observations. Comparisons of predicted and model-derived 

WQ ' values are summarized in Table 17. The last column of this table 

indicates that all three Jupiter regions considered have model-derived 

cloud particles that are 2 to 4 times as likely to absorb an incident 

photon as are the corresponding scaling-predicted cloud particles. 
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Table 17. Comparison of Continuum UQ Predicted from Isotropic Models 
with That Derived from Model Fittings. 

Isotropic Predicted Derived (l-oip ')g 

Region l-i»o 1-WO' 1-<I>O' (l-uo')p 

South Tropical 0.01210.001a 0.0018 1 0.0002 0.0042 1 0.0002 2.3 
Zone 

North Polar 0.01310.006 0.002010.0009 0.0075 ± 0.0025 3.8 
Region 

Red Spot 0.007 0.001 0.003 3 

(ave. = 3.03) 

Approximate range allowed by observational uncertainties. 



This apparent failure of the van de Hu1st-Grossman scaling rela

tion almost certainly arises out of two particulars of the case we are 

considering, namely: (1) The cumulus/stratus phase function has a pro

nounced backscattering lobe or "glory peak," and (2) our Jupiter obser

vations were obtained when the phase angle of the planet was only 2.7°. 

A layer composed of such backscattering particles shows marked increase 

in reflectivity as the phase angle decreases from about 10° to 0° because 

of the increased contribution of single and low-order multiple scattering 

arising from the glory feature of the phase function. Similar layers of 

particles having smooth, featureless phase functions like the isotropic 

or Henyey-Greenstein functions show no such enhanced reflectivity at 

small phase angles. (Figure 4 of Hansen, 1969b, provides a striking ex

ample of these effects for the cases of terrestrial cloud and of 

Henyey-Greenstein phase functions.)' The van de Hulst-Grossman relation 

fails to predict UQ' correctly because it does not take the localized 

glory enhancement into account. The shape of the phase function enters 

in only through the asymmetry parameter, that is, as an integral contain

ing only gross information about the function's shape which is insensi

tive to the presence or absence of relatively small features like the 

glory or rainbow peaks. In the model fitting, the glory enhancement is 

taken into account; the increased low-order scattering contribution is 

compensated for by making the particles more absorbing, yielding a cloud 

surface whose reflectivity matches the observations. 

Another failure of van de Hulst-Grossman scaling is observed in 

the case of the two-layer model fits to the 8880 8 observations. Here 

one applies Eq. (38) to the upper cloud layer optical depths, T^, derived 
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from isotropic model fitting in order to predict the corresponding tjr' 

values, which in the case of the cumulus/stratus phase function should 

be 6.7 times larger. However, values derived from model fitting are 

consistently only about 3 times larger than their isotropic counterparts. 

This case is less clear-cut than that of the 9215 ft models because other 

variables besides (T^, T^, IDQ, etc.) can enter into the comparison of 

predicted and derived values. In Table 18 we have selected for compari

son models having continuum tog and IOQ ' values and have segretated the 

models according to Jupiter region and type of CHij absorption assumed so 

as to keep the influence of the other variables to a minimum. The last 

column of this table indicates that the van de Hulst-Grossman predictions 

are about twice as large as the Tjr' values derived from cumulus/stratus 

models, with no definite dependence on region or type of absorption 

evident. 

Table 18. Comparison of Upper Cloud Layer Predicted from Isotropic 
Models with That Derived from Model Fittings. 

Type of CH4 Isotropic Predicted Derived (V)p 

Region absorption TZj 

South Tropical Linear 0.7 4-7 2.6 1.8 
Zone Saturated 1.4 9.3 4.7 2.0 

North Polar Linear 0.2 1.3 0.5 2.6 
Region Saturated 0.3 2.0 0.8 2.5 

Red Spot Linear 1.0 6.7 4.6 1.5 

Saturated 1.6 11 5.7 1.9 
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This second failure of scaling is of the same sense and of about 

the same magnitude as that observed in the case of the 9215 R models. 

In this case, if the upper cloud layer of the model were to be made as 

thick as scaling requires, it would be too strongly reflecting to be 

consistent with observation because the enhancement due to the glory fea

ture has not been taken into account in the asymmetry parameter of Eq. 

(38). In model fitting, however, the glory enhancement is automatically 

compensated for by making the upper cloud layer thinner (hence less re

flective) than it would have to be if there were no glory. 

From these cases we conclude that van de Hulst-Grossman scaling 

of isotropic parameters must be used with caution in the case of Jupiter 

and the outer planets since they are observed at small phase angles and 

since most of the realistic scattering phase functions we might consider 

contain the glory feature or a back-scattering peak of some other origin. 

Scaling yields consistent results, but predicted (1 - UQ') may be too small 

and predicted T^' too large by several times unless some sort of "effec

tive asymmetry parameter" is devised that takes the back-scattering en

hancement into account. > 

Effects of Changing the Phase Function 

Comparison of the cumulus/stratus models (Tables 13 through 16) 

with their isotropic counterparts (Tables 7 and 9 through 11), with par

ticular emphasis on models having near-continuum uq (or too', as the case 

may be), leads to the following generalizations: 

1. The best-fitting models for each region and type of CH4 

absorption fit the observations about equally well' regardless of which 
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phase function is assumed. The only exception found is that of the 

cumulus/stratus models of the South Tropical Zone (Table 13), where lin

ear absorption is assumed. These models yield significantly poorer fits 

than the corresponding isotropic models—so poor in fact that it is ques

tionable whether they can be considered fits to the observations at all. 

This case probably arises in part from the general tendency of models 

with saturated CH4 absorption to yield better fits (smaller cr) than 

those with linear absorption, all else being equal. 

2. As already mentioned, the upper cloud layer optical thick

ness is about three times greater in the forward-scattering models than 

in the isotropic ones. In the six cases where comparison was made (three 

regions with either linear or saturated absorption), the factors range 

from 2.5 to 4.5 and the mean is 3.4. The saturated and linear South 

Tropical Zone models, based on the most precise observations, yield fac

tors of 3.4 and 3.6, respectively. 

3. The optical depths of the A and B methane layers are es

sentially unchanged by the change of phase function. This is what we 

expect, for if we had an isotropic layer in a model fitting the observa

tions and if we could find a forward-scattering layer with exactly the 

same reflection and transmission properties, we could substitute the one 

for the other without any other changes in the model and still obtain 

exactly the same quality of fit. In practice, the reflection and trans

mission properties can only be made approximately the same, requiring 

some adjustment of and xg to compensate for the differences and make 

the model fit the observations as closely as possible. Even so, the 

constancy of the CH4 optical depths holds to a surprising degree. For 



instance, in comparing x^ values of isotropic and cumulus/stratus models 

of the same region and absorption type, we find only one case of.six 

where the difference is greater than 10%. Agreement of corresponding tg 

values is just as good in the case of the North Polar Region models 

(0.98 versus 0.93 and 0.79 versus 0.74), but poorer in the case of the 

South Tropical Zone models (1.03 versus 0.80 and 1.25 versus 0.55), 

probably because the upper cloud layer is 4 to 5 times thicker in the 

Zone than in the North Polar Region. The greater the optical depth of 

the overlying layers, the more uncertain xg becomes; when the B layer of 

methane is largely obscured from view by the clouds above it, it is pos

sible to make relatively large changes in x^ without significantly 

changing the reflectivity of the model as a whole. Also, since x# is 

the least firmly fixed parameter in this situation, it is the most likely 

to change in response to changes in reflection and transmission that oc

cur when "equivalent" forward-scattering cloud layers are interchanged 

with isotropic ones. As evidence that such changes in xg (and to a 

lesser extent x^) do occur, we note that xg is always smaller and x^ is 

always larger for the cumulus/stratus model than for the corresponding 

isotropic model, and further, that the difference between corresponding 

xg values is largest when Xjr and x^' are largest. Hence, our opening 

statement that x^ and xg are essentially the same for both phase func

tions holds as a useful first-order approximation, but is subject to 

considerable error when the upper cloud layer is optically thick. 
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Effects of the Degree of Methane Band Saturation 

The models fitted to the observations have incorporated one or 

the other of two simplified extreme assumptions regarding the strength 

of the 8880 8 band: (1) It is a weak band, i.e., it is formed on the 

linear part of the curve of growth, or (2) it is a strong (saturated) 

band, effectively formed entirely on the square-root part of the curve 

of growth. Two parallel series of models for each region and phase func

tion result, differing only in the type of methane absorption assumed. 

We shall use these to determine the effects of different degrees of sat

uration on the other model parameters derived. 

There is a general tendency for models assuming saturated ab

sorption to yield somewhat better-quality fits to the observations. For 

the Red Spot and the North Polar Region the quality is so nearly the 

same that the differences between linear and saturated fits cannot be 

considered significant. The better quality of the South Tropical Zone 

observations allows more discrimination, however. Here we find that the 

saturated models are clearly better than their linear counterparts. For 

example, the near-continuum w0 cumulus/stratus models assuming saturated 

absorption are rather good fits, but the corresponding linear models are 

only marginal-quality fits. 

The change from linear to saturated absorption leads to changes 

in all three optical depth parameters, but these changes occur in a con

sistent pattern that seems to be independent of region or phase function. 

The upper cloud layer is roughly 1.7 times thicker in the saturated 

models than in the corresponding linear models (the factor 1.7 is the 

average of six cases where the range is 1.2 to 2.0). The optical depths 
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of the A and B methane layers are, respectively, 1.8 and roughly 0.8 

times greater in the case of saturated absorption. The increase factor 

for the A layer seems to show some dependence on upper cloud thickness, 

being 2.1 for the North Polar Region and about 1.7 for the Spot and Zone, 

but this is quite uncertain. The increase factor for the B layer rests 

mainly on values for the N.P.R., where the upper cloud layer is thin 

enough that model-derived T# values are entirely reliable. 

Effects of Reducing the Single-Scattering 
Albedo of the Cloud Layers 

In the case of the cumulus/stratus models, as in the case of the 

isotropic models discussed previously, we have investigated the effects 

of having the cloud particles increasingly sparsely distributed in a 

methane matrix by means of decreasing the independent parameter wo from 

its upper limit, the continuum value u>o*. Models of the South Tropical 

Zone (Table 13) cover the entire permitted range from u>o* to the lower 

limit (OQ, where the two cloud layers merge into a single, semi-infinite 

cloud deck (the limiting value of UQ being derived, in fact, by fitting 

a simple model consisting of a semi-infinite cloud and an overlying 

methane layer to the 8880 R observations). We find that, in contrast to 

the corresponding isotropic models, the lower-limit WQ values do not re

quire that the clouds be extremely thin haze; even for a>o = 0.91 the 

scattering mean free path is still less than 3 km. 

It is useful to examine the model series of the South Tropical 

Zone and North Polar Region in order to determine general trends in the 

behavior of x^, t£, and Tg with decreasing wo- Qualitative behavior, 

according to region, type of methane absorption, and phase function is 



summarized in Table 19. Here little weight is given to the behavior of 

models having u>q near the lower limit, since (as previously shown in the 

discussion of the isotropic models) values of xg and cannot be fixed 

accurately in this case; Tg and T£ can be increased or decreased over a 

wide range without much reduction in the quality of the fit to the ob

servations (provided that both are increased or decreased at the same 

time). Table 19 shows that, regardless of region, phase function, or 

type of absorption, the optical depths of both methane layers decrease 

as wo decreases. Since an increasing fraction of the total absorption 

occurs within the cloud layers, this trend is not surprising. It is in

teresting that, although Tg decreases rapidly, decreases by only 20% 

to 40% over the whole rar(ge of U>Q. Evidently, the presence of an upper 

methane layer is firmly required by the observations, and further, its 

thickness is constrained within quite narrow limits and is largely un

affected by the variations of other parameters and assumptions. 

The behavior of with decreasing u>0 is much less clear-cut. 

Table 19 reveals no definite patterns of similarity with either region 

or phase function, but there does seem to be a tendency for Tjr to in

crease or decrease slowly when linear CHif absorption is assumed, but to 

increase or decrease rapidly when saturated absorption is assumed. A 

similar pattern is also seen in the decrease of with decreasing wo; 

the rate of decrease is 2 to 4 times greater for saturated absorption 

than for linear. These trends are reflected in the tendency for satu

rated model series to terminate at higher U)Q values than their linear 

counterparts, the more rapid rates of change in the saturated series 

causing them to extend over only about half the range of OIQ. 
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Table 19. Qualitative Behavior of the Two-Layer Model Parameters as wo 
Is Decreased below OJQ*. 

Type of CH4 Phase 
absorption Region function TB 

Linear S.Tr.Z. Iso. 

C/S 

N.P.R. Iso. 

C/S 

decreases 
very slowly 

increases 
slowly 

decreases 
slowly 

constant 

decreases 
slowly 

decreases 
rapidly 

Saturated S.Tr.Z. Iso. 

C/S 

N.P.R. Iso. 

C/S 

increases 
rapidly 

increases 
rapidly 

decreases 
moderately 

decreases 
rapidly 

?a 

decreases 
rapidly 

aTg values for models having wo < tuo* are quite uncertain here because 
Tjr is large and increasing rapidly as wq decreases. 



CONCLUSIONS 

The properties of the most interesting of the models that repro

duce the 8880 8 limb-darkening observations are summarized in Tables 20 

and 21. In these models the single-scattering albedo is constrained to 

be the same for both cloud layers and equal to the continuum albedo 

found from the 9215 S observations, hence it is implicitly assumed that 

scattering mean free path is similar to that of terrestrial clouds (tens 

or hundreds of meters). These models are also interesting because they 

involve the fewest free parameters; once the scattering phase function 

and linear or saturated CH^ absorption are chosen, only the three opti

cal depths txg, and can be adjusted to make the model fit the 

observations. 

The values found for the three parameters depend markedly upon 

the types of particle scattering and gas absorption assumed, but given a 

particular set of assumptions it is found that only certain limited 

ranges of the optical depth parameters are allowed. In the case of the 

South Tropical Zone (where the most precise observations were obtained) 

it is possible to assign approximate ranges to each parameter that indi

cate the limits permitted by observational uncertainty (see Table 20). 

Not surprisingly, parameter uncertainty increases in proportion to the 

depth within the atmosphere of the associated layer, being least for the 

uppermost A layer and greatest for the lower (B) methane layer, particu

larly when the latter is largely obscured by a thick upper cloud layer 

(L). 

94 
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Table 20. Two-Layer Cloud Model for the South Tropical Zone. 

Cloud-layer parameters: 

Phase function WO T^(lin.) T^fsat.) 

Isotropic 0.988 ± 0.002 0.7 ± 0.05 1.4 (1.0-1.5) 
Cumulus/stratus 0.9958 ± 0.0002 2.6 ± 0.1 5±1 
Henyey-Greensteina 0.9982 ± 0.0003 4.7 ± 0.3 9.3 (6.7-10.0) 

Methane-layer parameters: 

Ti4 (lin.) ^(sat.) xB(lin.) xB(sat.) 

0.31 ± 0.03 0.54 ± 0.05 0.9 ± 0.2 ^1 (>0.5) 

Computed from isotropic values by van de Hulst-Grossman scaling 
with g = 0.850; results apply to any phase function having this g but no 
features near 180° scattering angle. 

Table 21. Two-Layer Cloud Models for the North Polar Region and Red Spot. 

Cloud-layer parameters®: 

North Polar Region Red Spot 

Phase function t^(lin.) x^(sat.) x^(lin.) ijr(sat.) 

Isotropic 0.19 (0.27) 0.31 (0.22) 1.0 (1.4) 1.6 (1.1) 
Cumulus/stratus 0.50 (0.19) 0.81 (0.16) 4.6 (1.8) 5.7 (1.1) 

Methane-layer parameters^: 

North Polar Region Red Spot 

Phase function t^(S) tg(£) Tg(S) t^(L) (S) 

Isotropic 0.26 0.55 0.98 0.79 0.20 0.34 
Cumulus/stratus 0.27 0.56 0.93 0.74 0.24 0.37 

aSingle-scattering albedo is 0.988 (isotropic) or 0.9958 (cumulus/ 
stratus). Only best-fit optical depths are given; numbers in parentheses 
are the ratios of the North Polar Region or Red Spot optical depths to 
the corresponding Zone optical depth. 

^Best-fit values only; the B-layer optical depths for the Red Spot 
are assumed to be similar to those of corresponding Zone models. 
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From Tables 20 and 21 it is clear that the greatest source of 

uncertainty in the details of vertical structures concerns which scat

tering phase function and what degree of saturation are appropriate for 

Jupiter. Some clarification of these questions is expected to come from 

analysis of data obtained during the recent flyby of the Pioneer 10 

spacecraft and from laboratory studies of the visible and near infrared 

absorption bands of methane, both under way at the present time. Lacking 

such information at the outset, we have attempted to find limits and be

havior patterns for the parameters by considering different extreme 

cases. Some of the generalizations drawn from this kind of investiga

tion are straightforward, but others not yet mentioned in the literature 

may find useful applications elsewhere, particularly in cases where scat

tering models are used to interpret observations of the outer planets. 

First, let us consider the effects of changing only the scatter

ing phase function. We have found that it is possible to replace the 

isotropic-scattering layers with forward-scattering layers having approx

imately the same diffuse reflection and transmission properties without 

significantly affecting the quality of the fit to the observations or 

the values of the absorption optical depths of the A and B layers. As 

expected from the van de Hu1st-Grossman equations, making such a change 

in phase function requires increases in both single-scattering albedo 

and cloud optical depth. However, if we are considering a phase func

tion with a backscattering lobe ("glory") like the cumulus/stratus 

function we-have used, and if we are considering observations made at 

small phase angles, then the parameters predicted from isotropic parame

ters by van de Hulst-Grossman scaling are systematically too large 



because the localized increase in reflectivity arising from the sharp 

glory feature is not taken into account. The sizes of the discrepancies 

between predicted and found values can be appreciated from Table 20, 

where we have included parameters derived by scaling using the asymmetry 

parameter for the cumulus/stratus phase function. Scaling predicts 

cloud optical depths 6.7 times greater and (1 - UQ) 6.7 times smaller for 

the cumulus/stratus phase function. It is found that these quantities 

do indeed scale consistently, but the scale factor is in the range 2 to 

3 rather than 6.7. That is, in our case van de Hulst-Grossman scaling 

would correctly predict cumulus/stratus parameters if the actual asymme

try parameter were replaced by an effective value, 9eff ~ 0*6. 

The question of which phase function is best for the clouds of 

Jupiter remains. Isotropic scattering is unrealistic and results ob

tained are useful only for scaling to other phase functions. As previ

ously discussed, there is considerable room for doubt in the case of the 

cumulus/stratus phase function because we are taking a phase function 

derived for terrestrial water-droplet clouds and applying it to the 

solid ammonia particles of Jupiter's upper atmosphere. We feel that the 

over-all shape and degree of asymmetry of this phase function are suita

ble, but there is the possibility that the Jovian cloud particles are 

irregular crystalline aggregates rather than approximately spherical 

shapes. If this is so, then the details of the phase function will be 

different. The glory peak, which arises from spherical shape, would be 

weakened in proportion to the irregularity of the particles and might be 

absent altogether. Supposing that the glory is absent leads us back to 

the parameters computed from isotropic results by van de Hulst-Grossman 
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scaling with g = 0.850. Hence this case and the cumulus/stratus case 

can be considered limiting possibilities for the variation of model pa

rameters with phase function. This still leaves the cloud-layer param

eters and (1 - o>o) uncertain by a factor of 2 or more (see Table 20). 

Changing the degree of saturation assumed for the absorption 

band loads to changes in all three optical depth parameters which follow 

a pattern that seems independent of the phase function or region in

volved. In going from purely linear to completely saturated (square-root) 

absorption, there is a nearly twofold increase in and and a small 

decrease in ig. Because,of these variations it is highly desirable to 

determine which (if either) regime of the curve of growth is most ap

propriate for the CHij 8873 8 band of Jupiter. 

Preliminary results from laboratory measurement of the band by 

Dick (1974) indicate that the region of transition from linear to square 

root growth is where the Jovian band is formed. At abundances of from 

10 to 20 meter-amagats there is already small but significant departure 

from linear growth, but the region of strictly square-root growth is not 

reached until abundance grows to about 103 m-am or greater. The absorp

tion coefficient is found to be about 0.3 cm2/gm (or unit optical depth 

for 45 m-am) at 8880 8 and for abundance on the order of 20 m-am, in 

good agreement with our previous estimate based on the strength of the 

Jovian band: 0.4 cm2/gm, or unit optical depth for 35 m-am. 

In light of Dick's findings we see that neither the linear nor 

the saturated models can be realistic; they only serve the purpose for 

which they were intended, i.e., to determine the limits of uncertainty 

in the model parameters arising out of uncertainty as to the importance 
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of curve-of-growth effects. Reality must lie somewhere between the lin

ear and saturated extremes, but where? Precise answers will have to 

come from future models that incorporate curve-of-growth effects realis

tically on the basis of the final results of the laboratory studies. At 

this point the saturated models seem to have the slight edge. We have 

previously mentioned the general tendency of saturated models to yield 

closer fits to the observations than their linear counterparts. This 

comes about because the linear models have difficulty in reproducing the 

observed brightness near the limbs; they consistently show too rapid de

crease in brightness for longitudes outside about -50° and +50°. The 

abundance along an in-and-out path through only the A layer of methane 

is already 40 to 80 m-am near the limbs (L = ±60°), hence we are off the 

linear part of the curve of growth and well into the transition part 

even if we ignore the contribution of the B layer. 

Because the South Troptical Zone is, of our three regions, prob

ably the most typical of Jupiter as a whole, we have compared our results 

for it with the results of previous work in Table 22. Our results for 

tjj and for 144 and Wg (methane abundances) are given as two values sepa

rated by a hyphen; the first value is for linear methane absorption, the 

second for saturated absorption. If the absorption coefficient is taken 

to be 0.3 cm2/gm, the values of and Wg will be 30% larger than those 

given in Table 22. Where possible, we have given best values and ranges 

allowed for the results of other work. Allowing for these uncertainties, 

the agreement of the various results is generally good. We find a 

thinner upper cloud layer (t^ - 1 for isotropic scattering), but in view 

of the considerably greater uncertainty ranges associated with the other 
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Table 22. Comparison of Our Two-Layer Cloud Models of the South Tropi
cal Zone with Similar Models of Others. 

Cloud-layer parameters (isotropic scattering): 

Source too tjr Type'of observation 

Our work 0.988 0.7-1.4 

Danielson and 0.95-0.98 ^2 
Tomasko (1969) 

Axel (1972) M). 99 3̂.5(2-5) 

Bergstralh MJ.99 ^2(1-3.5) 
(unpublished) 

Limb darkening in CH^ 8873 R 
band 

Whole-disk equivalent widths 
of H2 quadrupole 4-0 and 3-0 
bands (at about 6400 and 
8200 R) 

Whole-disk equivalent widths 
of H2 4-0 and 3-0 bands and 
of CHI+ 3V3 band at about 
11,000 ft 

Equivalent widths of R-branch 
lines of CH^ 3V3 band mea
sured at many points on Jupi
ter 's disk 

Methane-layer abundances: 

Source W/i w B Remarks 

Our work ^10-20 m-am ^30-40 m-ara Assumes 8880 8 k = 0.4 cm2/gm 

47 Danielson and 20 
Tomasko (1969) 

Axel (1972) 25 62 

Predicted from abundance model 
(their Table 1, 130° model) 

Computed from Hj abundances and 
CHtf mixing ratio of his pre
ferred model 

Bergstralh 
(unpublished) 

10 ± 2 40 ± 10 Values for his best-fit model 
with cuq = 0.99 and = 2 
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methods, this is probably not an important difference. Hunt (1973) has 

computed theoretical center-to-limb variations for the H2 quadrupole 

lines and for the CH4 3v3 band, which led him to conclude that, for Ju

piter considered as a whole, the upper cloud layer must be optically 

thin, considerably thinner in fact than anyone has previously contem

plated. From the parameters of his models we derive optical depths of a 

few tenths for his upper cloud layers. It may be that this is nearer 

the truth and perhaps a re-evaluation of some of the previous work using 

newer radiative transfer techniques is called for. 

Perhaps more interesting than the specific values of structural 

parameters are the structures of the Red Spot and North Polar Region 

relative to that of the South Tropical Zone. Regardless of which phase 

function or degree of saturation is considered, the same pattern of sim

ilarities and differences emerges from the results of Tables 20 and 21. 

The North Polar Region is not free of high-level clouds as Gehrels, Her

man, and Owen (1969) have supposed, but the upper cloud layer is opti

cally thin, having only about 1/5 the thickness found in the Zone. The 

cloud layers occur at about the same levels in the atmosphere; the 

thicknesses of the A and B layers of methane are nearly the same in both 

the Zone and the N.P.R. The Red Spot is a region where the upper cloud 

layer is optically thicker and extends to 5 ± 3 km greater altitude. 

Both of these structural differences cause the Spot to appear bright 

relative to the Zone at 8900 8, but the latter is the more important 

factor. The Spot is brighter mainly because of the smaller abundance of 

methane above it, but also because the thicker cloud reflects more of 

the light before it can be absorbed by the lower methane layer. 
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The meteorological causes giving rise to these structural dif

ferences are unknown. Kuiper (1972) has come forth with some audacious 

speculations. He proposes that the Red Spot is the visible manifesta

tion of a large-scale, steady-state thunderstorm composed of "...a highly 

active area some 3,000 kilometers in diameter beneath a thick cirrus 

cover (the visible spot) some six times that extent " This hypothet

ical structure is breathtakingly similar to the picture of the Spot we 

have described above. Kuiper's theory of Jupiter's atmospheric circula

tion considers the South Tropical Zone to be in the latitude where the 

northeast and southeast trade winds converge to produce storm clouds 

"with tremendous anvils breaking to form cirrus in the upper tropo

sphere." If this is so, then the upper cloud thickness of the Zone may 

be atypically large. Perhaps the average cloud thickness is actually 

more like that found in the North Polar Region. 

More observational evidence is clearly required. Analysis of 

our pole-to-pole 8880 8 scans mentioned previously should yield inter

esting information concerning the structural differences between belts 

and zones, and about the origin of the polar hoods. (Preliminary indi

cations are that the hood is caused by a very thin, very high layer of 

scatterers.) Observations in a weak band, CH^ 6190 R, are planned for 

the near future. Scanner observations of Saturn at 8880 and 9215 8 have 

been obtained and will be analyzed as soon as final results of Dick's 

laboratory work become available. 



APPENDIX 

GLOSSARY OF FREQUENTLY USED SYMBOLS 

A A label or subscript identifying the uppermost absorbing layer of a 
model atmosphere (usually the upper methane layer in the two-layer 
cloud model). 

B A label or subscript identifying the lower methane layer of the 
two-layer cloud model. 

C A label or subscript identifying the lower cloud layer of the 
two-layer cloud model. 

F Flux density; the radiant power received per unit area and per unit 
wavelength interval. F is used with various subscripts and super
scripts that identify the source of the radiation. 

G Diffuse reflectivity of a small region on Jupiter, defined as the 
ratio of the observed flux density to the flux density from a Lam
bert surface of unit albedo placed at Jupiter's distance from the 
sun and oriented perpendicular to the direction of the sun. G is 
used with subscripts identifying the point (or set of points) refer
red to, e.g., Go stands for the reflectivity at the central-meridian 
point (L = 0°) of a scan line following a specified circle of 
latitude. 

g Asymmetry parameter characterizing the degree of forward scattering 
of the single-scattering phase function. It is defined as the inte
gral over all solid angles of the phase function weighted by the 
cosine of the scattering angle divided by 4TT. Its value ranges from 
zero (for isotropic scattering) to just less than unity. 

J Specific intensity; the radiant power received per unit area, per 
unit wavelength interval, and per unit solid angle. I is used with 
various subscripts and superscripts that identify the source of the 
radiation (or measured signal in connection with the observations). 

k Atmospheric extinction coefficient (magnitudes per air mass). 

L Planetocentric longitude measured from L = 0° at the central merid
ian positive toward the setting edge of the planetary disk. 

L A label or subscript identifying the upper cloud layer of the 
two-layer cloud model. 
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L The number of points used in Gaussian quadratures involved in 
thin-layer "doubling" to obtain S and T functions for scattering 
layers. (This usage of L occurs only in one brief section of the 
text, where the meaning intended is clear from the context.) 

l8 Scattering mean free path. 

la Absorption mean free path. 

I Planetocentric latitude, measured positive northward from the equator. 

m Order of a term or coefficient of a Fourier series: m = 0, 1, 2, .... 

Af The maximum value of the Fourier order, m. 

p The single-scattering phase function that gives the probability that 
a scattered photon will be diverted from its original path to a new 
path making a particular angle (the scattering angle) with the orig
inal path. Subscripts S and T are often used to differentiate forms 
applying to reflected and transmitted photons, respectively. 

R Ratio of Red Spot brightness to South Tropical Zone brightness, both 
brightnesses referring to the same longitude. 

2»0 Seeing quality parameter for blurring according to a point-spread 
function of Gaussian form. 

S Chandrasekhar's scattering function, which specifies the angular 
distribution of light diffusely reflected from a layer or from a 
multilayered scattering atmosphere. S is often used with subscripts 
specifying particular layers. 

T Chandrasekhar's transmission function, which specifies the angular 
distribution of light diffusely transmitted by a scattering layer. 

X Standard intensity profile scan-direction coordinate. 

X Effective air mass function for Jupiter's atmosphere at 8880 R. 

x Intensity profile scan direction coordinate (nonstandard profiles). 

x Terrestrial air mass of object observed (Jupiter). 

x,y and x',y' Cartesian coordinate systems locating points in the tel
escopic image plane (used in connection with "seeing" convolution 
expressions). 

0 Scattering angle, the angle through which a photon is diverted from 
its original path by scattering. Subscripts S and T are sometimes 
used to distinguish angles corresponding to reflection and transmis
sion, respectively. 



105 

K Mass absorption coefficient (area per unit mass). 

X Wavelength. 

y The cosine of the zenith angle of the earth as seen from a point on 
Jupiter's surface. 

UO The cosine of the zenith angle of the sun as seen from a point on 
Jupiter's surface. 

p Mass density (mass per unit volume). 

a Parameter indicating the quality with which a theoretical limb dark
ening curve fits its corresponding observational limb darkening 
curve. It is the standard deviation of the differences between the 
observational mean and the model G/GQ values at a number of approxi
mately equally spaced longitudes, 13 of them in the case of the South 
Tropical Zone and nine in the case of the North Polar Region. 

do Approximate standard deviation characterizing the scatter of obser
vation points about the mean G/G0 at a particular longitude. 

FQ The average of OQ over all longitudes considered. 

OJJ Parameter indicating the quality with which a theoretical Red Spot R 
curve fits the observed values of R. It is the standard deviation 
of the differences between model and observed values at the 13 lon
gitudes where reliable values of R were obtained, (a# is used for 
the standard deviation of the R measurements themselves only in 
Table 4; the average of these standard deviations for all measure
ments at either wavelength is referred to as ô ".) 

T Optical depth (scattering, absorption, or total, according to the 
context) at either 8880 or 9215 8. Various subscripts are used to 
identify layers and to distinguish Spot layers from Zone layers. 
The superscript ' indicates scaled (forward-scattering) optical 
depth. 

4> — <J>Q The difference between the azimuth angles of the earth and sun as 
seen from a point on Jupiter's surface. The zero point and direc
tion of measurement of individual azimuth angles is arbitrary as 
long as the convention is the same for both § and 4>q - The value of 
$ - 4>o is always less than or equal to 180°. 

wo Single-scattering albedo, the fraction of photons incident on a par
ticle which reappear as scattered photons. Additional subscripts 
are sometimes used to identify upper and lower cloud layers and to 
differentiate Spot layers from Zone layers. The use of superscript 
* or ' distinguishes continuum or scaled values, respectively. 
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