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ABSTRACT 

Pioneer 10 and 11 polarimetry maps of Jupiter, taken at a wide 

variety of phase angles, have been analyzed. Data were reduced in two 

colors for Jupiter's South Equatorial Belt (latitude -5 to -8 degrees) 

and scattering models were constructed* Variations in polarization from 

center to limb set constraints on the vertical structure of the atmo

sphere. The absolute polarization near the center of the disc con

strained the single scattering polarization phase matrix of the scat

tering particles. 

After exploring several types of cloud models, it was found that 

a two cloud model with a haze in the upper atmosphere fits the data 

best. Several types of vertical structures were ruled out, including 

gas over a nonpolarizing Lambert surface, gas over a polarizing cloud 

deck, uniformly mixed gas with scattering particles (Reflecting Scat

tering Model), and models where the cloud tops diffusely mixed with gas 

as a function of altitude. 

Constraints have been set upon the polarimetric scattering prop

erties of the haze and lower clouds. The haze particles are closely 

approximated by conservatively scattering spheres of index of refraction 

1.5 and uniformly distributed sizes between 0.16 and 0.18 microns radi

us. A relationship exists between the required index of refraction for 

the haze particles and the mean size of the particles. It is possible 

that the particles are more broadly distributed in size, as this area 

x 
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was not extensivly explored. The optical depth of the haze Is betwen 

0*125 and 0*250 at a wavelength of 0*44 microns, and lies near the 200 

millibar pressure level. 

The upper cloud, which is thought to be made of ammonia crys

tals, must be at least optical depth 2, and could be semi-infinite. The 

polarization scattering properties of the clouds are distinctly differ

ent from the haze, indicating a compositional or size difference. The 

cloud particles have polarizing properties indicative of large (larger 

than 0.5 micron radius) particles. The upper cloud has been modelled to 

be near the 500 millibar level, but the pressure level for the best fit

ting model depends upon the chosen single scattering phase matrix. For 

more negatively polarizing cloud particles, the cloud would be located 

deeper in the atmosphere. 

The lowest cloud is more weakly constrained. Its scattering 

properties are set the same as the upper cloud, and it has been modelled 

as having semi-infinite optical depth. For the nominal scattering phase 

matrix, this cloud is located near the 2250 millibar pressure level. 

The constraints set on both the vertical structure and the par

ticle scattering properties can be useful in the determination of Jupi

ter's solar flux deposition profile. Additionally, the location of the 

cloud and haze layers in Jupiter's atmosphere is important to the under-

of the heat balance of the planet, as well as to the understanding of 

the global dynamics of Jupiter's atmosphere. 

\ 



CHAPTER 1 

INTRODUCTION 

Our present understanding of Jupiter's atmosphere has been based 

upon a remarkably diverse set of measurements* These include hydrogen 

quadrupole lines (Cochran, 1976), methane 3i?3 absorption lines (Ridgway, 

Larson and Fink 1976), visible absorbtion band measurements (West, 1977; 

Wallace and Hunten, 1978; Sato and Hansen, 1979), 5 micron observations 

(Westphal, Matthews and Terrile, 1974), mid to far infrared observations 

(Orton, 1975; Orton and Terrile, 1978; Gautier, Marten, Baluteau and 

Lacombe, 1979) and satellite eclipse observations (Smith, 1978). De

spite this wide variety of observations, there is not yet agreement as 

to where the clouds and clear regions are located in the atmosphere. 

The vertical positions of the clouds and their scattering properties are 

essential to the understanding of the radiative transfer and thermal 

flux profile of Jupiter. Additionally, our understanding of the chem

istry and physical processes occurring in Jupiter is limited by our in

ability to properly interpret the available observations. 

The small phase angle coverage of Jupiter available from Earth 

limits terrestrial observers in determining the scattering functions of 

the particles on the planet. Kawata (1978) examined circular polariza

tion of sunlight reflected from Jupiter and demonstrated that earthbound 

observations can be used to set constraints upon the size and index of 

1 
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refraction of Jupiter's aerosols, although these constraints were neces

sarily broad. Since Hansen and Hovenier (1974) were so successful in 

determining the size and ultimately the composition of aerosols on Venus 

from linear polarization measurements, it is to be hoped that a similar 

analysis of Jupiter might meet with some success* This aspiration is 

tempered by Chamberlain (page 156, 1978): 

The successful analysis of Venus polarization, however, is not 
likely to be repeated for other planets in the solar system. 
The precision and uniqueness of the results obtained for Venus 
depends largely on the fact that the cloud particles proved to 
be spherical ... On planets such as Mars and Jupiter we would 
expect to find irregular dust and ice particles rather than 
spherical (liquid) particles. This irregularity would have the 
effect of introducing additional parameters with compensating 
trade-offs, making the analysis much more complicated and less 
unique. 

Recent Model Calculations 

Spectroscopic observations of Jupiter have long been interpreted 

by the use of a model consisting of a layer of gas over a reflectiug 

surface (the reflecting layer model or RLM). It has been noted that 

inconsistent results are likely to occur using this model (Young, 1969), 

although its simplicity and ease of implementation are attractive to 

many workers in the field and continues in use (Owen, McKellar, Encre-

nanz, Lecacheux, de Bergh, and Maillard, 1977). 

A two cloud model is suggested by chemical and thermodynamic 

considerations (Lewis, 1969). In this model, a thick water or ammonium 

hydrosulfide and water cloud is located near the 2000 millibar level, 

with an ammonia cloud near the 500 millibar level. Separating the two 

clouds is a solar-abundance mixture of hydrogren and helium, which is 
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also located above the ammonia cloud. Several workers In the field have 

used this type of model, and It adequately explains hydrogen quadrupole 

observations and visible methane limb darkening curves. 

Sato and Hansen (1979) find the ammonium hydrosulfide cloud ab

sent, and place the water cloud at a pressure level of 3 to 5 atmo

spheres. Controversy exists also as to the ammonia cloud. Modellers 

often approximate the region above the ammonia cloud as clear. However, 

such a region of clear gas is inconsistent with ultraviolet observations 

and satellite eclipse photometry (Smith, 1978). The location and prop

erties of the "haze" above the expected ammonia cloud is still uncer

tain. Clearly, more work is required to obtain a better understanding 

of scattering processes in the Jovian atmosphere. 

Goals of Research 

In an effort to set new constraints upon the vertical structure 

of Jupiter's atmosphere, we shall explore the scattering of visible sun

light by the northern part of the Jovian South Equatorial Belt (SEBn). 

Pioneer 10 and 11 spacecraft polarization data, taken at a wide variety 

of viewing geometries, will be used as a base upon which to model the 

atmosphere of Jupiter. The SEBn was chosen as a representative belt of 

the planet for which adequate data were available from Pioneer flybys. 

Previous work indicated that the photometric scattering properties of 

the cloud and haze particles were the same within the SEBn, thus simpli

fying the modelling process. 
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Constrain Vertical Structure 

By modelling, we can extract information about the single scat

tering properties of the particles in each layer of the atmosphere from 

the multiple scattered light of the data set. It is likely that polar

ization can give additional constraints on the vertical structure, which 

will be especially useful since the data used in this study are indepen

dent of earthbased observations. 

Such Information on the vertical structure is useful for the 

interpretation of spectroscopic data, since the determination of abun

dances is model dependent. Additionally, it is very helpful in the de

termination of the solar flux deposition profile. By tracing sunlight 

down through the atmosphere and determining the positions where It Is 

absorbed or scattered, it is possible to begin a heat balance study of 

the planet. 

Scattering Properties of the Particles 

Since the scattering properties of a layer of an atmosphere are 

determined by the single scattering properties of the particles which 

make up the layer, information of a microscopic nature can be determined 

by this analysis. Optimistically, relationships between and constraints 

upon the size, size range and index of refraction of the particles in a 

layer could be determined from modelling, although it is more realistic 

to expect that narrow constraints can be set upon these quantities only 

In the most favorable circumstances. This is due to the non-uniqueness 

involved in determinining the scattering characteristics of particles 
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(such as nonspherical particles) which do not have analytical expres

sions for their scattering functions. 

Information on the polarization scattering properties of parti

cles can lead to an Identification of a constituent if the particles 

exist as spheres, in which case Mie theory is applicable. If nonspheri

cal particles exist, laboratory measurements on expected constituents 

can lead to an identification of the particles. 

This dissertation is a study of the vertical structure of Jupi

ter and the polarization scattering properties of the particles in the 

atmosphere, based upon polarization measurements taken by the Pioneer 10 

and 11 spacecraft. 



CHAPTER 2 

DATA REDUCTION 

The Pioneer 10 and 11 Imaging Photopolarimeters (IPP) provided 

high spatial resolution maps of Jupiter in both photometry and polarime-

try. Pellicori, Russell and Watts (1973) have described the instrument; 

however, a few comments on the IPP are appropriate. 

Instrument Description 

The spin-stabilized spacecraft rotate at about 5 RPM; the 2*54 

cm telescope of the IPP scans due to the spinning of the spacecraft. 

Two detectors in the telescope take data simultaneously through red and 

blue filters centered at about .64 and .44 microns respectively. The 

instrument uses the same detector for all pixels in all maps, resulting 

in identical photometric properties for all pixels in an image. Fur

thermore, because the two detectors on board each spacecraft are linear 

to within 2 percent, and have been carefully calibrated both before and 

during flight, precision photometry and polarimetry have been obtained. 

Polarization maps returned from the two spacecraft cover large areas of 

the planet from a wide variety of viewing positions available during the 

flybys of the planet. Polarization data are obtained by viewing through 

four apertures: an 8 milllradian half-wave plate, an 8 mr depolarizer, 

an 8 mr clear window, and a 0.5 mr aperture with a calibration source. 

These apertures progessively cycle through the focal plane when the 

6 



system is in the polarization mode of observation (mode 3)* After the 

aperture, light passes through a Wollaston prism and a dichrolc mirror. 

The Wollaston prism spatially separates the light according to its po

larization state and the dichrolc mirror splits the light according to 

color* Each of the four resulting beams enters one channel of one of 

the two dual channeltron detectors. The four channels, then, are the 

Blue Parallel (BP), Blue Senkrecht (BS), Red Parallel (BP), and Red 

Senkrecht (RS). 

Data Reduction 

For a given color, the polarization on the planet'can be deter

mined by combining measures made through the four apertures into the two 

detectors. Disregarding background corrections, we find that: 

p . BPN - R(BSN) (2.1) 
x BP0 + R(BSq) 

and that: 

BP^j - R(BS ) 
p  .  _HW (2 . 2 )  

1 BPHH + R HW 

where R is the ratio of the sensitivities of the two detectors in the 

dual channeltron, BP and BS are the data numbers returned from the two 

channels, subscripted by the filter through which the observation was 

made. Px and Py are related to the degree of linear polarization, P, 

by: 
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The direction of the plane of vibration, theta, as seen by the instru

ment, is given by; 

i , p 
6 - j tan-1 ̂  (2.4) 

x 

Since the instrumental plane is constantly changing, we must rotate this 

angle to refer to the scattering plane, defined by the Sun, scattering 

point on planet, and instrument. The rotation described by Doose (1976) 

provides the angle from the normal of the scattering plane to the polar

ization E vector, measured positive in a counterclockwise direction. 

The formalism adopted by Chandrasekhar (1950) and Hansen (1971) measures 

this vector with respect to the planet's meridional plane, so we must 

rotate the polarization E vector as follows: 

cos(I2) = up (1-U2)+ cosAj, (2>5) 

l-cos2a 

where 12 is the angle between the meridional plane and the scattering 

plane, with a value between 0 and 180 degrees, mu, and muO are the ze

nith angle cosines to sun and observer respectively. Delta phi is the 

azimuthal difference between sun and observer, and alpha is the scat

tering angle, for delta phi between 0 and 180 degrees: 

0meridional " I12' + 90 9normal to scattering plane (2*6) 

for delta phi between 180 and 360 degrees: 

Meridional " 90 " 'l2' " 9normal to scattering plane (2.7) 

and when delta phi is zero 



9 

0 • 0 — 90 (2.8) 
meridional normal to scattering plane 

Thus, we have the intensity, polarization and the meridional position 

angle of the polarization vector. 

Geometry Calculations 

It is necessary to determine the local scattering geometry for 

each pixel used in the models built. A locally written program computes 

the zenith angles to the sun (muO) and spacecraft (mu) and the azimuthal 

difference between them. Because certain spacecraft pointing parameters 

and positions are not known well enough, ultimately the geometries have 

been determined by iteratively constraining the predicted limb of the 

planet with the limb found in the data. For all maps used in this 

study, agreement between the computed limb and the limb in the data was 

within 8 milliradians. 

Every four rolls of data were combined to produce a single po

larization measure, as outlined above. Because of this, the scattering 

geometries used in the model building were averaged over the four rolls. 

All pixels were -selected to be within the SEBn, with latitude limits of 

-8 and -5 degrees. 

Available Reduced Data 

As noted previously, polarization maps were obtained at a wide 

variety of phase angles, from A3 degrees to 117 degrees. Since terres

trial observations are limited to 12 degrees phase, this provides a 

major improvement in measurements of Jupiter. The high spatial 



resolution (on the order of 200 km/pixel) is also a significant improve

ment in our Jovian database. Figure 1 gives the available zenith angles 

for the data used in this study: note the availability of the wide cov

erage so necessary to properly constrain the scattering functions of the 

planet* Appendix A provides all of the data and corresponding geome

tries used. Combining the high spatial resolution and wide planetary 

coverage, along with the precision of the data, the Pioneer polarization 

maps provide a useful data set for constraining the vertical structure 

i 
and optical properties of the aerosols in Jupiter's atmosphere. 
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Figure 1. Available Zenith Angle Coverage 

Haps 1 and 2 are from Pioneer 10; maps Al, A2, and A3 are 
from Pioneer 11. All are for the Jovian SEBn, between 

latitude -5 and -8 degrees. 
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CHAPTER 3 

MODELLING TECHNIQUES 

There are many possible ways to describe Jupiter's atmosphere. 

In this study, they are broadly separated into two groups: those param

eters describing the vertical structure and those describing the proper

ties of the scatterers within the atmosphere. Vertical structure is a 

macroscopic property, while the scattering properties of the particles 

originate in the microscopic domain. Ideally, the data should uniquely 

constrain both of these areas. In practice, some ambiguity or interde

pendence of solutions is expected. 

Vertical Structure 

Particles can be uniformly distributed throughout the atmo

sphere, or some sort of inhomogeneous mixture can exist. A uniformly 

mixed, homogeneous atmosphere might be best described by a mixing ratio 

of gas to particles. Because vertically inhomogeneous atmospheres can 

be described in a wide variety of ways, we might consider models where 

the particles of the clouds occur in discrete layers, separated by clear 

gas. Alternatively, the gas and cloud particles can be mixed nonuni-

formly throughout the atmosphere according to some analytic function. 

Although ultimately a discretely layered structure was found optimum for 

Jupiter, a class of models was explored using a functional expression 

for the distribution of particles and gas. This class (referred to as 

12 
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fuzzy cloud-top models) describes the ratio of particle to gas scale 

heights with one parameter. A second parameter was used to describe the 

position of the point in the atmosphere where the cloud's optical depth 

became unity. Although this functional form was used to describe the 

atmosphere's vertical structure, the function was closely approximated 

by a series of discrete layers. 

In either case, discretely layered or fuzzy cloud top, the atmo

sphere's vertical structure is parameterized by an optical depth of gas 

and/or particles in each layer, by the scattering properties of each 

layer, and by the pressure level of a given layer. In modelling, one to 

ten layers of various scattering properties and optical depths are added 

together, producing a "Dagwood sandwich" of a model atmosphere of the 

desired complexity. 

Scattering Properties of Particles 

The scattering properties of an individual layer are, in gener

al, described by the scattering functions (R and T matrices, described 

by Hansen and Travis, 1974). These matrices describe the reflection and 

transmission properties of the layer, taking into account the multiple 

scattering which takes place within the layer: 

I = u0R(y ,uo,A<f>)Fo (3.1) 

where I represents the Stokes parameters of the light diffusely reflect

ed or transmitted by the layer of the atmosphere. The multiple 



scattering functions for a layer are determined by the single scattering 

functions for the Individual particles. These single scattering func

tions Include the photometric single scattering phase function, which Is 

the probability function for scattering of a photon as a function of 

scattering angle. The integral of this function is the single scat

tering albedo, a measure of how much total energy is scattered from the 

particle. Additionally, the single scattering functions include the 

single scattering polarization function, a measure of the polarization 

of scattered light as a function of scattering angle. Together, these 

functions make up the single scattering phase matrix. Since the photo

metric phase function for single scattering has been constrained by To-

masko, West and Castillo (1978), this study concentrates on the polar

ization properties. 

For particles much smaller than the wavelength of light, scat

tering follows the Rayleigh law. The phase matrix for this form of 

scattering is described by Chandrasekhar (1950) and is characterized by 

positive polarization at all phase angles, reaching a maximum of 100 

percent positive polarization at 90 degrees phase angle. Additionally, 

Rayleigh scattering is well known to follow an inverse fourth power de

pendence on wavelength; thus blue light is scattered much more effi

ciently than red. Since the Pioneer spacecraft were equipped with both 

blue and red filters, it is possible to determine Rayleigh optical 

depths from the data (red polarization measurements were made by Pioneer 

11 only; one channel of the red polarimeter on Pioneer 10 did not oper

ate normally). Indeed, the blue limb observed by both spacecraft and 
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the later Voyager spacecraft Is strong evidence for a layer of Rayleigh 

scattering gas at or near the top of Jupiter's atmosphere. 

For particles approaching the wavelength of light, there is no 

general theory which can be used to determine their single scattering 

phase matrices. A functional form exists for spheres (van de Hulst, 

1957) and for certain types of extended prisms. Asano and Sato (1980) 

recently have explored analytically the scattering of light from non-

spherical prolate and oblate spheroids and have developed analytic solu

tions for the photometric and polarimetrlc scattering functions. The 

very recent development of this method, as well as its considerable cost 

in computer time, prevented this method from being used in the present 

study. Despite this, it is a potentially very useful technique. 

In general, it is observed that in the domain of scattering by 

particles of a size near the wavelength of light, scattering is more 

wavelength independent, and the resulting polarization phase matrices 

are complex and can vary from positive to negative polarization. 

Of specific interest to this study, the scattering properties of 

ammonia crystals, which are expected constituents of at least some of 

the Jovian clouds, have never been measured in the laboratory, although 

work in this area is in progress (Alan Holmes, personal communication). 

Thus an empirical approach to solving the polarimetrlc scattering prop

erties of these particles has been adopted in this study. Henyey-Green-

steln functions are used to parameterize the photometric phase func

tions . 
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Construction of Model Atmospheres 

Single Scattering 

The initial step in computing a model atmosphere is to choose a 

single scattering phase matrix for each layer of the atmosphere. As 

mentioned above, this amounts to the selection of the photometric phase 

function for the particles or gas, and the selection of the polarizing 

properties. Circular and elliptical polarization are ignored, so only 

the single scattering polarization properties for linear polarization 

need be specified. Once an empirical or analytic specification for 

these properties is established, a short computer program generates a 

phase matrix, sampled at 103 points in scattering angle. This single 

scattering phase matrix defines the scattering of light from a very thin 

layer of the atmosphere, wherein multiple scattering can be ignored. 

Multiple Scattering 

For a vertically homogeneous atmosphere, several methods exist 

to convert a single scattering phase matrix to multiply scattered S and 

T functions. While some analytical methods exist to solve this problem 

under special circumstances (Yanovitskii, 1978; Chandrasekhar, 1950), as 

yet it remains necessary to use numerical methods to solve the general 

problem. Monte-Carlo photon tracing and Markov chain systems have been 

applied successfully (Esposito, 1979). The technique used here is dou

bling, first suggested by Stokes (1862) and successfully applied by van 

de Hulst and Grossman (1968) as well as Hansen (1969). This method has 
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been applied to radiative transfer of polarized light by Hansen (1971), 

and the general problem of light scattering in planetary atmospheres is 

reviewed by Hansen and Travis (1974). 

For a layer so thin that only single scattering occurs, the R 

and T scattering matrices are the single scattering phase matrix of the 

individual particles. The scattering matrices for a layer composed of 

two such identical layers can be determined by computing the various 

reflections between the two layers. The new layer can then be doubled 

to give the scattering matrices for a layer of four times the original 

thickness, and through a geometric progression, the R and T matrices for 

a thick homogeneous atmosphere can be determined. Thus, the scattering 

properties for a layer of arbitrary optical thickness are derived from a 

thin single scattering layer. Several computational techniques have 

been used to make more efficient use of the computer. The azimuthal 

terms are expanded in a Fourier series. By experiment, it was found 

that 32 terms were adequate for polarization work. A fast Fourier 

transform reduced the initialization time during this process. Five 

point Gaussian quadrature was used in the zenith angle integrals. The 

functions were evaluated at six additional points specifically selected 

to improve . accuracy in the final result at an arbitrary zenith angle. 

Table 1 gives the Gaussian and interpolation points. The functions were 

renormalized to conserve energy over the five point Gaussian interval. 

Over the course of the study, a library of doubled single scat

tering phase matrices was created. This permitted the selection of 

scattering properties from a wide variety of available phase matrices, 



TABLE 1. 

Model evaluation points 

Mu Gaussian Quadrature Weight 

0.04691 1. 18765 
0.23077 0. 23931 
0.37460 
0.50000 0. 28444 
0.64278 
0.76923 0. 23932 
0.87462 
0.95308 0. 11819 
0.98163 
0.99452 
1.00000 
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saving computer time when exploring vertical structures with differing 

scattering properties. 

Scattering from Inhomogeneous Atmospheres 

A doubled phase matrix provides the scattering functions for a 

homogeneous atmosphere of various optical depths. A process similar to 

doubling, called adding, permits one to determine the scattering func

tions for a vertically inhomogeneous atmosphere which can be approxi

mated by a layered structure. Successive doubled layers are added, and 

intermediate results can be read out, permitting the rapid exploration 

of the upper part of the atmosphere. The adding program computes the 

Intensity and polarization at several geometries for each polarization 

map. It is too expensive and unnecessary to determine the model for 

each data point. A smooth curve can be fit through the model computa

tions and interpolated to determine the model's predicted polarization 

at any set of geometries corresponding to a pixel returned from the 

spacecraft. 

Accuracy and Costs of Computation 

Prior to modelling, a series of tests was carried out to deter

mine the optimum number of terms used in the Fourier expansion and in 

the Gaussian quadrature. Due to the differential nature of polarization 

measurements, modelling in this domain does not require as many terms as 

would be expected in absolute radiative flux computations. Tests indi

cate that 32 Fourier terms results in a 0.25% accuracy in polarization. 

The 5 point Gaussian quadrature with 6 interpolation points yields 0.5% 
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accuracy in polarization. Overall, then, the models are accurate to 

better than 1% in polarization. 

These radiative transfer computations are not inexpensive, be

cause a 3 by 3 reflection matrix must be carried throughout the calcula

tions. A typical 32 coefficient doubling takes about 250 cpu seconds on 

the University of Arizona's Cyber 175 computer, costing about $95. The 

adding program for model building, varies from 10 to 50 cpu seconds, 

depending upon the complexity of the vertical structure. Clearly, effi

cient numerical techniques must be effectively progrannnmed. 

Modelling Assumptions 

Throughout this study, horizontal homogeneity is assumed. While 

this may be disputed in light of Voyager imagery showing extensive ir

regularities in some regions of Jupiter, all of the Pioneer and Voyager 

spacecraft did observe some latitude regions of reasonably homogeneous 

appearance. The SEBn was one such relatively homogeneous belt at the 

time of the Pioneer encounter. Both Pioneer 10 and 11 showed a smooth 

variation from center to limb in both photometry and polarization for 

the latitudes studied. Additionally, the center to limb variations in 

polarization provide important leverage for constraining the vertical 

structure of reasonably homogeneous regions, which can be used to great 

effect. 

A further assumption of time lnvariance has been made in this 

study: It is assumed that the same vertical structure and scattering 

properties can be used for both Pioneer 10 and 11, even though a year 
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had elapsed between the two sets of observations. A comparison of Pio

neer 10 and 11 images indicates that there has been little apparent 

change in the SEBn over this time interval, and, indeed, 1973 and 1974 

were rather quiescent periods for Jupiter. Modelling the atmosphere 

would still be possible without making this assumption, but the data 

base would be more limited, since both sets of data would have to be 

treated separately. During this study, we have considered the possibil

ity that a change in the vertical structure between the 1973 and 1974 

encounters could be responsible for some of the effects which we find in 

our models. 

Summary nf Model Building Techniques 

In short, we wish to constrain as many properties of the scat-

terers as possible, and use Rayleigh's phase law for scattering in gas 

layers. Single scattering polarization properties for particles in each 

cloud and haze layer of the atmosphere were then chosen, these were then 

doubled to produce scattering functions for various optical thicknesses. 

A vertical structure was then chosen, and the different doubled phase 

matrices were added to produce a model atmosphere with geometries cor

responding to those of the observations from the Pioneer spacecraft. 

The model was then compared with the data: corrections were introduced 

into either the vertical structure or scattering properties as indicated 

by the nature of the errors in the model. The vertical structure was 

found to control the center to limb variations in polarization, while 

the absolute polarization near the center of the disc is affected mostly 
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by the scattering characteristics of the cloud particles. The process 

was iterated until good fits to the data were found* 



CHAPTER 4 

MODELS CONSIDERED 

A wide variety of models were constructed over the course of 

this study. While many of these could not possibly fit the data avail

able, and were in some cases physically unreasonable, they were consid

ered either to gain experience in model building, or to demonstrate the 

capabilities of this method to discriminate among different types of 

models. Many more models were built than are presented here, it being 

necessary to explore many vertical structures with many differing parti

cle scattering properties. The results are presented here in order of 

complexity of the model; those requiring the fewest parameters to de

scribe their vertical structure are presented first. 

For the filters used in the spacecraft and assuming solar abun

dance mixing of hydrogen and helium in Jupiter's atmosphere, we find 

that the ratio of blue to red optical depths for clear Rayleigh scat

tering is 4.65:1. In the red passband (0.64 microns), the optical depth 

per kilometer amagat of hydrogen is 0.001428. The corresponding optical 

depth per kilometer amagat in the blue (0.44 micron), is 0.006648. The 

total optical depth per atmosphere of pressure is 0.0428 in the red and 

0.199 in the blue. 

23 
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Gas Over Lambert Surface 

Probably the simplest type of vertical structure which has any 

chance of satisfying the data is a Lambert surface with some amount of 

clear Rayleigh scattering gas on top. Such a model has been used by 

spectroscopists for many years for the determination of elemental abun

dances in Jupiter's atmosphere. This is due in part to the ease in 

which such models can be constructed, and partly due to the straightfor

ward nature of the column abundances reported from these models. Use of 

this type of model continues to some extent, despite warnings by McElroy 

(1969) and others that it is necessary to consider more complex scat

tering models. With such simple models, weak lines can yield differing 

abundances from strong lines. Doose (1976) has used this type of model 

in interpreting Pioneer polarimetry measurements of Jupiter's Great Red 

Spot, and has shown that this model is incompatible with the red data, 

although satisfactory fits to the blue data have been obtained. 

This class of models can be described with three parameters: 

gas single scattering albedo, gas optical thickness, and the surface 

albedo. We consider here only the latter two, setting the gas to be a 

conservative (w«*1.0) scatterer throughout this study. 

As can be seen from Figure 2, increasing the gas abundance 

causes steeper center to limb polarization profiles, as well as in

creasing the absolute polarization near the center of the disc. From 

this set of models, it can be seen that a pressure level of the surface 

of 0.6 atmospheres fits the center to limbydata best, although the abso-
\ 

lute polarization is too great at small phase angles. In Figure 2, the 
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Lambert surface reflectivity was chosen to be 0.8, which was found opti

mum to fit the center of disc absolute polarization measures. To some 

extent, the surface reflectivity can be changed with a corresponding 

change in the gas optical depth. Reducing the surface reflectivity in

creases the absolute polarization near the center of the disc. This can 

be compensated for by reducing the gas optical depth. However, the cen

ter to limb variation in the data constrains the gas optical depth, and 

thus sets constraints upon the surface reflectivity. We see that this 

type of model cannot satisfy our polarimetry data. 

Gas Over Semi-Infinite Polarizine Surface 

A completely nonpolarizing Lambert surface is not a satisfactory 

approximation to the cloud decks of Jupiter for polarization studies. 

Since the vertical structure is easily applied to spectroscopic prob

lems, it is worthwhile to attempt to fit the data by changing the scat

tering properties of the cloud deck, while retaining the simplicity of 

the vertical structure. The photometric properties for the particles 

are those given by Tomasko et al. (1978), based upon Pioneer spacecraft 

photometry. The polarlmetric scattering properties of the cloud parti

cles are chosen to yield best fits to the data near the center of the 

disc. The optical thickness of the gas is as found best in the study of 

gas over Lambert surfaces. 

As can be seen from Figure 3, it is possible to select single 

scattering polarizing properties for the particles so as to fit the data 

near the center of. the disc. The center to limb fits, however, are 
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poor. It is apparent by comparing models that the center to limb varia

tion in polarimetry is very sensitive to the amount of Rayleigh scat

tering gas at the top of the atmosphere, while the absolute polarization 

near the center of the disc is determined more by the phase matrix at or 

near the corresponding scattering angle. The single scattering phase 

matrices used for these two models are illustrated in Figure 4. 

From the blue models, it is apparent that less than 600 milli

bars of gas is required to fit the center to limb variations. By model

ling the red data, however, it was found that considerably more gas was 

required to obtain adequate center to limb fits. So, there is no ac

ceptable vertical structure which simultaneously satisfies both red and 

blue data, and we must consider models of more complex vertical struc

ture. 

Fuzzy Cloud Top Models 

By analytically describing the distribution of particles and 

gas, a class of vertical structures can be explored which do not require 

many free parameters to describe each of a dozen or more layers. In 

this section, one such system is used: the mixing ratio of particulate 

scatterers may be a function of height (especially if particles are se

lected according to size). Two variables may then be assigned to de

scribe the vertical structure: one describing the mixing ratio of par

ticles to gas, a second variable for the vertical height of the cloud. 
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Description 

In this study, variable "X" defines the ratio of the particle 

scale height to the gas scale height. This is a measure of the "fuzzi-

ness" of the cloud top. For X«l, the atmosphere is a uniformly mixed 

cloud. A discretely layered boundary between cloud and gas occurs for X 

of 20 or larger. As X controls the relative location of the two types 

of scatterers, it would be expected that this variable should have the 

greatest effect upon the center to limb polarization profiles. 

The other variable, PI, is defined as the pressure level at 

which the cumulative particle optical depth reaches unity. This is a 

measure of the absolute vertical position of the cloud. Pi can be ex

pressed in terms of a Rayleigh optical depth for each of the two colors 

used by the Pioneer spacecraft. 

Figure 5 is a plot of gas optical depth versus particle optical 

depth for various values of X and PI. Note that the slope is determined 

by X and the offset by PI. This system allows a description of a wide 

variety of vertical structures with only two free parameters. Consider 

again the Lambert surface models of Figure 2. Compare these with sever

al models run for reflecting scattering models, shown in Figure 6. The 

reflecting scattering models (RSM) are semi-infinite, uniform mixtures 

of gas with scattering particles. This class of model, although used in 

recent modelling of Jupiter's hydrogen quadrupole spectrum (Cochran, 

1976), shows far too little center to limb variation in polarization. 
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Both the Lambert surface class and the RSM models can be shown on Figure 

5, with the gas over Lambert surface model having an infinite slope, and 

an intercept determined by the gas optical depth. The reflecting scat

tering models have a slope of 1, and have an intercept determined by the 

mixing ratio of gas to particles. 

The RSM has grossly insufficient center to limb variation in 

polarization, while the Lambert surface models have too much. The slope 

of the line in Figure 5 is a single variable which can determine the 

center to limb variation. The absolute polarization near the center of 

the disc is a function of variable Pi. This class of models has the 

attractive aspect of presenting two variables, each of which affects a 

different feature of the models: variable X controls the center to limb 

variation in polarization, while PI controls the absolute polarization 

near the center of the disc. 

In practice, due to the adoption of the doubling technique, the 

actual models built were discrete approximations to the analytic func

tions just described. Figure 7 is a typical plot of the gas fraction 

versus the total extinction optical depth, for both the analytic func

tion and the approximation used. 

By extending some scattering particles throughout the vertical 

structure, as well as permitting a nearly discrete concentration of par

ticles in a cloud bank, this type of model can be very helpful in deter

mining the vertical extent of the particle distribution. Additionally, 



34 

1.0 

0.8 

•" 0.6 o w-
< 
K 
UL 

w 
< 
<9 

0.4 

0.2 

FOR 
H gas 

H portlclct 
• 6.0 

Particle optical depth of 1.0 
is reached at 0.5 atmospheres 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

TOTAL EXTINCTION OPTICAL DEPTH IN BLUE 

0.9 1.0 

Figure 7. Fuzzy Cloud Top Models: Typical Variation of Gas 
Fraction as a .Function of Extinction Optical Depth 

The curve is an analytical function for X-6 and P' "0.5 
atmospheres* The step function was actually used in 
modelling, since only a finite number of gas fractions 
were doubled* 



this system simplifies the description and parameterization of the ver

tical structure: only two variables are needed to describe the vertical 

structure. This provides a means of quickly parameterizing an atmo

sphere; it has been used at the Pioneer 11 Saturn encounter for "quick-

look" interpretation (Gehrels et al., 1980) 

Blue Models 

Vary X. To demonstrate the effects of these two variables 

blue models, first set PI to 0*5 atmospheres and vary X from 1 

(homogeneous mixture) to 10 (fairly sharply cut off cloud top). Figure 

8 shows these models. Variations in X result in major changes in the 

center to limb ratios, with most reasonable fits to the data in the 

range of X=3 to 6. Uniform mixtures of gas and particles show reduced 

polarization near the limb of the planet; such models cannot fit the 

observed data. These uniformly mixed models have long been rejected on 

thermodynamic grounds (Squires, 1957). Note also that the absolute po

larization near the center of the disc is quite insensitive to changes 

in X. 

Vary PI. Consider now the effects of the other parameter 

which controls the vertical position of the cloud. For this series of 

models, shown in Figure 9, X is held at 4 and PI varies from 0.25 to 1.0 

atmospheres. The major effect is a direct variation in the polarization 

uniformly across the disc with as much change near the center of the 

disc as near the limb. For the particle phase matrix chosen, particle 

optical depth of 1 is reached close to 0.5 atmospheres. This is in 
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rough agreement with the previously described models, which indicates 

that a cloud surface exists near the 0.5 atmosphere level. 

Notice that there is a relatively minor change in center to limb 

polarization profiles for changes in PI. This is very encouraging — 

the two parameters chosen to describe the vertical structure are almost 

entirely decoupled in their effects on the models. 

Vary Phase Matrix. Varying the single scattering polarizing 

properties of the particles affects the multiple scattered models near 

the center of the disc, with minimal effects at the larger phase angles. 

Figure 10 shows three models with identical vertical structures, of X»4 

and Pl"0.5 atmosphere, and with three different phase matrices 

(nonpolarizing particles, phase matrix 125, and 130). Figure 11 is a 

graph of phase matrix 125 and phase matrix 130. 

Red Models 

Using the same particles' phase matrix, a number of red models 

were constructed, correcting the vertical structure to accommodate the 

lower scattering cross section of the gas as seen in the red. These 

models were all far more negatively polarizing than the Pioneer 11 red 

data, indicating that the particles' scattering phase matrix must be 

more positive for red wavelengths. A more positively polarizing phase 

matrix for the particles was doubled and is illustrated in Figure 12. 

Red models built using this phase matrix for the particles are shown In 

Figure 13. 

Even by setting X to as large as 10 or more, as shown in Figure 

13, there is insufficient center to limb variation near 90 degrees 
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For all three models, P. is set to 0.5 atmospheres. 
Phase matrix #270 is used. Note that for X-6, there is 
poor center to limb fits at phase 96.29. This is true 

for any X, even as large as 20. 
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phase. Changing PI is of no help, since, as can be seen in Figure 14, 

this parameter has little effect on the center to limb profiles in the 

red, just as was noted in the blue. All of the parameters at our dis

posal are insufficient to force the models to fit the data. 

Conclusions 

Fuzzy cloud top models ar.e convenient and useful in parameter

izing the vertical structure, requiring only two variables and a phase 

matrix for the scattering particles. In the blue, a physically reason

able model can fit the data; the same vertical structure is unable to 

fit the red data. Indeed, a much more positively polarizing single 

scattering phase matrix for the particles is required in the red in 

order to come even close to the data. 

We seem to need one type of red polarizing particles to be con

sistent with the blue vertical structure and to fit near the center of 

the disc, but then the center to limb fit is poor. A second type of 

polarizing particle in the red is needed, near the top, so as to match 

the center to limb polarization variations. After introducing two types 

of particles, the fuzzy cloud top structure loses its appeal, and a lay

ered structure becomes more attractive for further work. 

However, note that any vertical structure can be plotted, as 

shown in Figure 5 and so it is to be expected that well-fitting models 

will likely fall close to X=4 and will reach optical depth unity near 

the 0.5 atmosphere level. 
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One and Two-Cloud Models with Haze 

Although the fuzzy cloud top models were able to approximate the 

blue data set, they could not satisfy all of the data. Since photomet

ric and spectroscopic studies Indicate a need for a haze near the top of 

the atmosphere (West, 1977), a different class of vertical structures 

was then explored. Since several observations indicate a layered struc

ture, models with discrete cloud decks will be explored. 

Description 

We shall consider discretely layered models with a haze in the 

upper region, with either one or two cloud layers below. Each layer is 

described by an optical depth and a scattering phase matrix. Again, the 

gas is conservatively Rayleigh scattering, and the photometric scat

tering properties of each layer are those given by Tomasko et al. 

(1978). We shall explore the polarizing properties of the haze, upper 

cloud and lower cloud, as well as attempt to constrain the optical 

thickness of each layer. An important point in this section is that the 

scattering properties used for the haze and cloud layers are identical. 

This is based upon evidence from work by Tomasko et al. (1978) that the 

photometric properties of these layers are identical for the SEBn in the 

blue. It is interesting to note that the same study required the photo

metric scattering properties of the haze and clouds to be different in 

the red. 



Blue Models 

Based upon models by West (1977), a two cloud with haze model 

was chosen. Best fitting particle scattering properties were deter

mined, and the model's sensivity to changes in optical properties of 

each layer was explored. A satisfactory model was found which fits the 

blue data quite well. This is illustrated in Figure 15. The best fit

ting blue model uses phase matrix 63 for the haze and both cloud decks. 

This phase matrix is shown in Figure 16. This model sets the haze at 

the 200 millibar level, the ammonia cloud at the 600 millibar level and 

the water cloud at the 2200 millibar level. The haze is of optical 

depth 0.125 in the blue and red, the upper cloud is optical depth 2.0 

and the lower cloud is semi-infinite. 

To determine the sensitivity of the models to changes in each 

layer, models were computed in which the layer's optical thickness was 

varied while the thickness of all other layers was held constant. Two 

such differentially corrected models are plotted in Figure 15, showing 

the effects of variations in the haze optical thickness. A complete set 

of models were built, each layer of the nominal vertical structure being 

tweaked to determine the model's sensitivity to change in that layer's 

optical depth. From these, it was seen that increasing the uppermost 

gas layer optical thickness yields steeper center to limb polarization 

profiles, with higher polarization near the center of the disc, just as 

was noted before. Models do not fit when this layer is thicker than 

optical depth 0.06 or thinner than 0.02. Setting the optical depth of 

this gas layer to 0.04 is equivalent to placing the haze at the 200 

millibar level, with an upper limit of 100 and lower limit of 300 mbar. 
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Figure 15. Two Cloud Models with Haze, in Blue 

Phase matrix #63 was used for the haze, upper cloud 
and lower cloud* Three different models with haze 
optical depths of 0*0, 0*125, and 0*25 are shown* 
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models * 
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The haze can be as thick as optical depth 0.250, but must be 

thicker than 0.0625. A thicker haze cannot fit the data at small phase 

angles, due to an Increasingly sharp change in polarization from center 

to limb. For the chosen scattering properties of the cloud particles, 

the gas layer separating the haze from the cloud deck (gas layer 2) is 

at least optical depth 0.06 and can be as thick as 0.12. These optical 

thicknesses place the upper cloud (cloud 1) at a pressure level of be

tween 500 and 800 millibars. To some extent the cloud and haze single 

scattering phase matrix can compensate for changes in the optical thick

ness of this layer, because a more negatively polarizing particle phase 

matrix permits a thicker gas layer. Thus, the pressure level of the 

upper cloud deck is not as well constrained as the pressure level of the 

haze. 

Lower in the atmosphere, the models give less information. It 

was seen that the optical thickness of the upper cloud (cloud 1) must be 

greater than 1 if significant amounts of Rayleigh scattering gas exist 

below it. This cloud deck can be semi-infinite with a somewhat less 

negatively polarizing phase matrix required. The clear gas below this 

cloud has been set to a nominal optical thickness of 0.32, but the model 

is not very sensitive to its optical depth if the cumulative optical 

thickness above it is greater than 1. The chosen optical thickness cor

responds to a pressure level of 2200 millibars for the lowest cloud. 

The bottom cloud is always assumed to be semi-infinite. 



Red Models 

Using the same phase matrix which fits the data best in the 

blue, we find that the computed red models are uniformly too negatively 

polarizing. This effect can be seen in Figure 17 and indicates that the 

chosen single scattering polarization phase matrix must be much more 

positively polarizing in the red than in the blue, for an identical ver

tical structure. The.models also show insufficient center to limb vari

ation in the polarization profiles, especially at the smallest phase 

angles. 

The obvious solution for this problem is the use of particles 

which are more positively polarizing in the red than in the blue. When 

this is done, using phase matrix 69 (illustrated in Figure 16), we find 

that there is still insufficient center to limb variation at all phase 

angles, but especially at the small phase angles. This strongly sug

gests that the polarizing properties of the haze particles are different 

from those of the cloud, as was suspected from the fuzzy cloud top mod

els. 

Summary 

It is seen, then, that this vertical structure can fit the data 

in the blue, but is unable to do so in the red. A somewhat artificial 

phase matrix is required, which is strongly negatively polarizing in the 

blue, yet positively polarizing in the red. The vertical structure is 

reasonable from a number of lines of evidence but just as was noted in 

the fuzzy cloud top class of models, there is evidence for the haze and 

cloud particles having differing polarizing properties. 
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Figure 17. Two Cloud Models with Haze, in Red 

Comparing red models built using phase matrices $63 and 
#69, it can be seen that the red data requires much more 
positively polarizing particles than does the blue. 
Even so, center to limb fits are not good. 
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Two-Cloud Models with Mie Scattering Haze 

The preceding models indicate that there are major differences 

between the red and blue phase matrices. The red data are just much 

more positively polarizing than would be expected from the blue data and 

Rayleigh scattering* This is demonstrated in each of the classes of 

models explored so far. 

Since it is necessary to introduce a new parameter — namely the 

new polarizing properties of the haze particles as distinct from the 

cloud particles — and since we wish to minimize the number of free pa

rameters, it would be very helpful to connect the red and blue proper

ties of the haze particles* Even though it is not clear that the haze 

particles are spheres, we will use Mie theory as a guide to choosing 

trial haze polarizing properties. This reduces two free functions (the 

red and blue haze phase matrices) to one or two free constants (the size 

distribution of the haze particles and the index of refraction of the 

particles.) 

Model Description 

The vertical structure used in this section is essentially the 

same as that of the previous section. The major change is that the 

scattering properties of the haze particles are assumed to be different 

from the lower cloud decks. The single scattering properties for the 

haze are determined by Mie theory, and empirical scattering functions 

are used for the cloud decks. Again, conservativly scattering Rayleigh 

gas separates the two cloud decks, the upper cloud deck from the haze, 

and extends above the haze. 
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The scattering properties of the haze layer were explored in 

detail* The size and size range of the particles were varied, and the 

optical thickness of the haze was explored* Since Hie scattering 

spheres were used, the description of the haze particles is simplified, 

in that the entire single scattering polarization phase matrix is deter

mined by the size, size range, and index of refraction of the particles. 

The photometric properties for the lower two clouds are as given earli

er, and the polarization properties were chosen to give the best fits to 

the data near the center of the disc, after the haze properties were 

optimized. 

It should be noted that due to the difficulties of analytically 

determining the scattering properties of nonspherical particles, such 

analytic phase matrices were not run. This is an area requiring much 

research, and it is hoped that an understanding of the physics of scat

tering in this regime will lead to a better understanding of scattering 

processes in planetary atmospheres. 

Mie Scattering Results 

The particles' mean radius, A; the index of refraction, n; and 

the wavelength of light scattered are related by: 

X cc i»ira(n - 1) (4.1) 
r 

A narrow size range of particles is desirable so as to give the greatest 

variety of polarization properties, yet the range should be wide enough 

to average out resonance effects. It was found that a size range of 
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plus or minus 0.01 micron was adequate for this. A flat distribution 

over this range was used throughout the study. 

As can be seen from Figure 18 and from Figure 19 as the mean 

radius of the particles changes from 0.01 to 0.25 microns, the polariza

tion in the blue changes from Rayleigh-like positive polarization to 

much more negative polarization. As expected, in the red, the single 

scattering polarization function is more positively polarizing for a 

given size range, and appears very similar to Rayleigh scattering for 

sizes less than about 0.15 microns radius. 

The photometry of the haze is a constraint. Previous work 

(Tomasko et al., 1978) indicates that the asymmetry factor, G, must be 

at least 0.6. This factor increases with increasing size of the scat

terers, and is 0.59 for mean radius of 0.17 microns. Additionally, it 

must be kept in mind that the scattering cross section of Mie scatterers 

is a function of wavelength; the haze will be optically thinner in the 

red than in the blue due to differing effective cross sections. For the 

wavelengths used in this study, the cross section for scattering in the 

red is 0.39 times the cross section in the blue, for 0.17 micron parti

cles. 

Models Built with Mie Scattering Haze 

Many models were constructed using differing scattering proper

ties for the haze and cloud particles. For the best fitting model of 

this class, the following parameters were used. The Mie scattering haze 

was set at the 200 mbar level, and is of optical depth 0.125 in the 
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Mie Scattering Particles, in Red 

For spheres uniformly distributed in size ranges of 
0.13 to 0.15 microns, 0.16 to 0.18 microns, and 0.21 
to 0.23 microns radii. Note that the smaller particles 
approach Rayleigh scattering. 
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blue. The upper cloud is at the 600 mbar level and has an optical depth 

of 2.0. The lower cloud is at the 2200 mbar level and is semi-infinite. 

The single scattering properties of both clouds are identical and have 

been empirically determined. 

It was found that the models were very sensitive to the size of 

the haze particles, as can be seen from Figure 20. From this, it can be 

seen that variations of even 0.05 microns can be easily observed. An 

excellent fit to the data was found for haze particles of mean radius 

0.17 microns radius. By examining Figure 18 and Figure 19, it can be 

seen that at about 0.16 to 0.17 microns radius, the polarization proper

ties of the haze particles look quite similar to those which fit best in 

previous models. For example, compare the blue phase matrix for 0.17 

micron radius particles to phase matrix 63, shown in Figure 16. Parti

cles in this size range are positively polarizing in the red, which is 

as needed to fit the data, as was pointed out by previous model classes. 

For haze particles of mean radius 0.17 microns, the required red 

and blue cloud phase matrices are as shown in Figure 21. These are not 

as severely negative in the blue as was required for models where the 

haze had the same scattering properties as the clouds. It is also noted 

that both of these phase matrices are qualitatively similar to each 

other, as might be expected for particles larger than the wavelength. 

Figure 22 demonstrates the effects of varying the thickness of 

the clear Rayleigh gas above the haze. The model for blue optical depth 

of 0.01 corresponds to the haze being at a pressure level of 50 milli

bars, while the model for blue optical depth of 0.06 corresponds to the 
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The models are very sensitive to the size of the particles 
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0.32 in red. 

\ 



59 

60 

40 

Z 20 

2-20 

RED 
BLUE 40 

60 Al 02 A2 A3 

180 120 140 160 80 100 20 60 40 
SCATTERING ANGLE 

Figure 21* Required Red and Blue Cloud Single Scattering Phase 
Matrices 



19 -

10-

1 
5 5 

L 

JUPITER SEBN BLUE (X".44M) 
60 160 240 320 80 120 160 200 

:V MAP A3 
\ PHASE 60.1 

MAP I , 
PHASE 42.9 /1 

/ */ 

x 
x 

/ *C"upptr got loytr 

0.06 
0.035 
0.01 

MAP A2 I * 
PHASE 96.2 /} 

20-

10 

x«_ 

I . MAP Al / MAP 2 
PHASE 116 

-Mr JL -1. 
300 400 500*300 420 

ROLL # 
460 620 660 700 

Figure 22. Two Cloud Models with Mie Scattering Haze in Blue: 
Vary Upper Rayleigh Layer Optical Depth 
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respective pressure levels for the haze are 50, 175, 
and 300 millibars* 
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haze being at 300 millibars. This constraint Is quite solid, depending 

upon the center to limb variations in the observed polarization. The 

position of the haze does not depend upon the scattering properties cho

sen for the haze. 

The blue optical thickness of the haze best fits the data for 

0.125, as can be seen from Figure 23. An adequate fit is possible for a 

haze as thick as 0.25, but it cannot be as thin as 0.0625. 

From Figure 23, it can be seen that a sharp break develops in 

the center to limb curve as the haze gets thick. This constrains the 

haze to an optical depth of 0.25 or less. Again, this is a firm con

straint, and is not dependent upon the scattering properties chosen for 

the haze or clouds. 

The middle gas layer is in the range of 0.08 to 0.12 optical 

depth in the blue. This corresponds to placing the upper cloud at the 

600 millibar level. The effects of varying this layer are illustrated 

in Figure 24. The thickness of this layer, and thus the pressure level 

of the upper cloud, depend somewhat upon the scattering properties cho

sen for the cloud particles. Since the chosen vertical position of the 

cloud depends upon the polarization of the planet near the center of the 

disc, the pressure level of the cloud depends to some extent upon the 

phase matrix chosen for the cloud particles. More negatively polarizing 

particles would move the cloud lower in the atmosphere. 

The scattering properties chosen for the upper and lower cloud 

decks are illustrated in Figure 21. Figure 25 demonstrates the effects 

of varying the optical thickness of the ammonia cloud from 1 to 
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Figure 25. Two Cloud Models with Mie Scattering Haze in Blues 
Vary Ammonia Cloud Thickness 

The upper cloud, assummed here to be ammonia, is 
constrained to be thicker than optical depth 1, but 
our models are not sensitive enough to differentiate 
clearly between optical depth 2 and a semi-infinite 
cloud* 
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semi-infinite* This cloud deck must be at least optical depth 2, but 

the data cannot be used to distinguish models with cloud decks much 

thicker than this. The models are not very sensitive to the pressure 

level of the assumed semi-infinite lower cloud deck if the upper cloud 

deck is of optical depth greater than one. 

Conclusions 

This type of vertical structure, when combined with a Mie scat

tering haze, is able to fit the data well, and sets significant con

straints upon the scattering properties of the upper haze. The same 

vertical structure is used in both colors, yet the optical properties 

are different, due to the change in Rayleigh as well as Mie scattering 

cross sections. Additionally, the empirical single scattering polar

izing properties required for the cloud decks are similar to each other, 

and generally negative, but not as negative as those necessary to fit 

the blue data if the haze and clouds have Identical scattering proper

ties. 

The haze likely consists of small, submicron photochemically 

generated aerosols, existing at or near the 200 millibar region. The 

upper cloud deck, likely of ammonia crystals, has polarizing properties 

which are more or less independent of the wavelength. This cloud is of 

at least optical depth 2, and is located near the 600 mbar pressure 

level in Jupiter's atmosphere. 



CHAPTER 5 

DISCUSSION 

He began modelling with simple vertical structures, adding com

plexity as required. Even so, we have not explored all possible verti

cal structures, but were guided by other work (eg, West, 1978, Tomasko 

et al. 1978)• A comparison of the results of this work with other stud

ies indicates areas of agreement and conflict, as well as pointing out 

new directions for future work. 

Comparisons With Pioneer Photometry 

At Jupiter encounter the Pioneer spacecraft interleaved photo

metric images with polarimetric maps. Because the same detectors and 

filters were used, the two data sets are internally self-consistent. 

In building the polarimetric models, we used the scalar part of 

the phase matrix derived from the photometric data. This, along with 

the close similarity between the vertical structures of this study and 

those derived from the photometric analysis (Tomasko et al. 1978), al

most guarantees that the models of this study will fit the Pioneer 10 

photometry. Nevertheless, some potentially significant modifications 

have been made, the chief of which is the adoption of Mie scattering 

phase functions for the haze, rather than the Henyey Greenstein phase 

function used by Tomasko et al. Can the models proposed in this study 

satisfy the additional constraints set by the photometry data? 

66 
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To check this possibility, we used the vertical structure with 

two clouds and the Mie-scattering haze which was determined in the pre

vious chapter* These have been built into photometric models, and have 

been compared to data taken at a variety of phase angles by Pioneer 10, 

in the same manner as was reported by Tomasko et al. (1978). Only blue 

models were built, and the results of these calculations were not used 

to constrain the polarization models. We can anticipate that the small 

particles may have the greatest problem at the largest phase angle where 

Tomasko et al. required a very forward scattering phase function — 

generally found only in particles comparable to, or larger than, the 

wavelength. 

Figure 26 is a combination of two graphs sharing a common ordi

nate which is the pressure level in millibars of the location of the 

haze layer. On the left, the abscissa is a ratio of the photometric 

brightness of the limb of the planet, at phase 150 degrees, measured in 

Pioneer 10 data counts. The short arrow is the result returned by Pio

neer 10, with 5% error bars included. Three photometric models are 

plotted on the left, for three differing haze optical depths. The pho

tometric data constrain the haze to be below the 100 millibar level, 

almost independent of the optical depth of the haze. 

On the right, the abscissa is the ratio of center to limb polar

izations for the map at 117 degrees phase. The result from the data is 

indicated by the long arrow, with the associated error bars. Four mod

els for various optical thicknesses of haze are plotted. For any opti

cal depth of haze chosen, the polarimetry constrains the haze to be 

above the 100 millibar level. 
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The two sets of models do not quite overlap in their require

ments for the pressure level of the haze layer. The disagreement is 

likely the result of several factors. The photometry models are sensi

tive to the calibration of the IPP and some of the disagreement between 

the models may be due to this source> A ten percent error in the abso

lute photometric calibration would allow compatible fits. The absolute 

accuracy of the blue IPP data is no greater than the 7% uncertainty 

quoted for the absolute ground based observations to which the IPP ob

servations have been tied. 

Additionally, the two different modes, photometry and polarime-

try, likely are sensitive to different size particles in the atmosphere. 

For a mixture of particles, the larger particles contribute most of the 

forward scattered light, which the photometry would observe, resulting 

in the photometric measurements being biased towards sensing larger par

ticles. Polarimetry, on the other hand, sees the large positive polar

ization of the smal'l particles averaged with more or less neutral polar

ization for the larger particles, resulting in a smaller estimated size 

for the particles. 

Also, the haze particles may well not be precisely spherical. 

Even if they are, several of the assumptions made in computing their 

scattering functions may not be valid. For example, the chosen index of 

refraction (1.50) has only been related to the size of the particles, 

and has not been fully explored. A final possible resolution to the 

disagreement is the type of vertical structure chosen. The upper haze 

has been modelled as a uniform discrete layer. If the haze were 



70 

distributed in pressure level, with differing sizes of particles occur

ring at different altitudes, the photometry and polarimetry would likely 

report different size ranges of particles, since each is most sensitive 

to a different region of the atmosphere. Polarimetry, unlike photome

try, can distinguish between single and multiple scattering, and so the 

two data sets could report different vertical structures if the models 

used were too simple. 

Comparisons with Other Models 

Cochran and Slavsky (1979), by means of spatially resolved blue 

and ultraviolet observations and models of Jupiter, conclude that the 

upper cloud (presumably ammonia crystals) is of optical depth 4, which 

is in good agreement with this study. They constrain the haze to be 

within optical depth 0.05 to 0.15, again in agreement with the models 

presented here. The models of Cochran and Slavsky, however, use totally 

absorbing haze particles, due to the relatively low optical depth of 

this layer. Since such particles have no phase function, and display no 

polarizing properties, they are not compatible with the models used in 

this study. Models run by Smith, Greene and Shorthill (1977) also sug

gest a layer of aerosols which is identified here as a haze. 

Sato and Hansen (1979) analyzed visible spectra of Jupiter taken 

by Woodman et al. (1979), constraining the haze aerosols in the North 

Equatorial Belt to be larger than about 0.5 micron in radius, and at a 

pressure level between 150 and 500 millibars. Their size constraint 

originates from the need to make the optical thickness of the scattering 



aerosols larger than the wavelength of light in both the blue and red. 

In contrast to Axel (1972), who suggested that the upper aerosols have a 

very low single scattering albedo, Sato and Hansen require almost con

servatively scattering particles. The pressure level of Sato and Han

sen's haze is determined largely by limb darkening variations in the 

blue. The wide phase angle coverage available from the two Pioneer en

counters allows the present study to make tighter constraints upon the 

vertical position of the haze layer, which are in good agreement with 

the constraints set by Sato and Hansen (1979). The two color polarime-

try of the IPP is used to set size constraints upon the particles due to 

the need for the polarimetric scattering properties to change signifi

cantly from the red to the blue. Further, unlike Sato and Hansen, who 

require relatively large particles so as to reduce the change in the 

haze optical depth with wavelength, the polarimetry models indicate a 

change in the haze optical depth with wavelength. This indicates parti

cles which are somewhat smaller than the wavelengths used, and a narrow 

size range was found which satisfied the data quite well. 

Sato and Hansen (1979) set the ammonia cloud in the pressure 

region of about 600 to 700 millibars, somewhat deeper than this study. 

Their pressure level -is not well tied down; the pressure level derived 

for the ammonia cloud in this study is also not firmly determined, since 

a trade-off exists between the chosen polarimetric parperties of the 

ammonia cloud and the pressure level of the cloud. The two models do 

not conflict in the pressure^ level for the haze layer. The mean visible 

optical depth of the ammonia cloud is constrained by this study to be at 



least 2, consistant with Sato and Hansen's value of about optical depth 

10. We are not sensitive to much deeper than optical depth 2, and are 

unable to differentiate between a semi-infinite ammonia cloud and one of 

optical depth of 4 or greater, except that the phase matrix of the cloud 

crystals required is different in the two cases. Laboratory measures of 

the single scattering polarization phase matrix of ammonia crystals 

would give leverage in determining the thickness of this cloud. Both 

the West (1977) and the Buriez and de Bergh (1980) studies require am

monia cloud optical depths of 2 to 4, rather than 10. 

Wallace and Smith (1977), by comparing spatially resolved Jovian 

spectra with laboratory methane spectra in the 0.7 to 1.0 micron region, 

suggest that the ammonia cloud is in the 200 to 300 millibar region i£ a 

two cloud model is used. This is in disagreement with the pressure 

level reported here, as are other models constructed by Buriez and de 

Bergh (1980). The latter, using methane measurements near 1.1 microns, 

ignore the haze layer due to its minor contribution to the scattered 

light near the center of the disc at the wavelengths used. The use of 

center to limb variations in spectra (as well as polarization) provides 

an important handle for the determination of pressure levels in the at

mosphere, and we suggest a part of the discrepancy between their repor

ted cloud pressure level and that of the present study may be traced to 

the lack of center to limb resolution by Buriez and de Bergh. 

Ultimately, many of these questions can be resolved by direct 

measurements by a Jovian atmospheric entry probe. A net flux radiometer 

and instruments capable of determining cloud scattering properties as a 



function of altitude mounted on an entry probe would be extremely valu

able. An entry probe, of course, provides a measurement at only a sin

gle location on the planet. These data are particularly useful as 

"ground-truth" for orbiting instruments, which will be needed to extend 

the measurements to other regions of the planet. A multi-channel photo-

meter-polarimeter is an essential part of an orbiter payload for accom

plishing this purpose. The orbiter, in turn, will not make earthbased 

observations obsolete; rather, each can aid the other in developing a 

synergistic view of the dynamic nature of Jupiter's clouds. 



CHAPTER 6 

CONCLUSIONS 

Reasonable constraints have been set on Jupiter's vertical 

structure using the Pioneer photopolarlmetry. A discretely layered 

structure is indicated, ruling out diffusely extended ("fuzzy") cloud 

top models. Using this model, a haze of blue optical depth 0.125 to 

0.25 exists at the 200 millibar level. The ammonia cloud is of at least 

optical depth 2 at the 600 millibar level, but the models built cannot 

determine whether it is semi-infinite. A second cloud deck is near the 

2200 millibar level, and has been modelled as semi-infinite. 

Constraints have also been set upon the scattering properties of 

the particles in each layer. The haze scattering properties are similar 

to those expected from 0.17 micron radius spheres, although the possi

bility of non-spherical particles has not been explored. The haze par

ticles are positively polarizing throughout all scattering angles in the 

red, while the particles are positively polarizing for small phase an

gles and negatively polarizing for large phase angles in the blue. The 

polarimetry requires the haze to be optically thicker in the blue than 

in the red, fitting well the change in Mie-scattering cross section with 

wavelength. 

The polarization phase matrix for the haze particles must be 

different for the haze and lower clouds. Both of the two lower clouds 
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have been modelled using the same scattering phase matrix. In general, 

the lower clouds are required to be negatively polarizing in both the 

red and blue. Such phase matrices are indicative of relatively large 

particles. 

Further work is suggested in a number of areas. Pioneer polari-

metric maps exist which cover other regions of Jupiter with high spatial 

resolution at a wide variety of phase angles. These should be modelled 

to determine variations between belts and zones. Additionally, maps of 

Jupiter's polar region are available from Pioneer 10; reduction and an

alysis of these data is of great interest (Gehrels, 1969). 

Research is needed, too, in the determination of scattering 

properties of nonspherical particles. Laboratory measurements of crys

tals and other nonspherical particles would be extremely helpful in un

derstanding scattering processes in planetary atmospheres. Analytic 

studies of scattering processes in these particles can help constrain 

the large number of free parameters which confront us. 

The results of this study can be used to set constraints on the 

solar flux deposition profile in Jupiter's atmosphere. This, in turn, 

can be used to help model the thermal energy balance and explore the 

nature of energy transport in Jupiter's atmosphere. 



APPENDIX A 

AVAILABLE REDUCED DATA 

(An asterisk In column 1 Indicates a datum point used In model 
computations) 

Pioneer 10 
Map 01 
Phase 42.9 

Halt* Ho* llu Bin* Ud hd M 
•all Ma Mi 0 Phi Intensity S Pol That* latnalty Z Pol Ihata 

3 0.85791 
18 0.89017 
22 0.89758 
33 0.91719 
37 0.92370 
41 0.92988 
56 0.95027 
60 0.95498 
71 0.96486 
75 0.96846 
79 0.97178 
90 0.97949 
94 0.98014 
98 0.98213 

109 0.98620 
113 0.98718 
117 0.98790 
132 0.98825 
136 0.98771 
147 0.98488 
151 0.98336 
155 0.98382 
166 0.97761 
170 0.97485 
174 0.97181 
185 0.96201 
189 0.95791 
208 0.93748 
212 0.93170 
230 0.90267 
242 0.88087 
246 0.87548 
250 0.86655 
265 0.83241 
269 0.82158 
280 0.79281 
284 0.78025 
288 0.77011 
299 0.73481 
303 0.71966 
307 0.70677 
311 0.69033 
315 0.67311 

0.97365 20.06 
0.96092 7.83 
0.95690 l.M 
0.94231 -1.87 
0.9365* -3.18 
0.93056 -4.49 
0.90600 -9.70 
0.89894 -11.25 
0.87846 -20.25 
0.87058 -22.62 
0.86249 -24.92 
0.83920 -32.57 
0.83035 -40.98 
0.82129 -44.80 
0.79537 -57.44 
0.78559 -62.83 
0.77561 -68.59 
0.73647 -91.77 
0.72558 -97.76 
(1.69463 -112.34 
0.68302 -116.84 
0.67164 -122.79 
0.63823 -132.14 
0.62571 -134.84 
0.61301 -137.25 
0.57701 -142.66 
0.56353 -144.27 
0.49750 -151.58 
0.48279 -152.48 
0.41064 -157.20 
0.36593 -158.54 
0.35028 -160.09 
0.33330 -160.46 
0.26802 -162.64 
0.24966 -162.87 
0.19872 -164.32 
0.17911 -164.47 
0.16017 -165.51 
0.10454 -166.60 
0.08305 -166.66 
0.06217 -167.52 
0.03974 -167.55 
0.01674 -167.56 

189.00 2.19 
187.00 2.13 
192.00 1.92 
183.50 2.13 
181.00 2.05 
178.00 2.06 
170.50 2.35 
167.00 2.30 
168.83 2.26 
167.50 2.10 
164.50 2.14 
158.50 2.23 
163.00 2.14 
160.50 2.06 
155.50 2.09 
155.50 2.07 
154.00 2.16 
148.50 2.32 
145.50 2.15 
141.00 2.26 
139.00 2.23 
131.67 2.61 
125.67 2.63 
124.00 2.59 
122.00 2.77 
116.33 2.72 
114.67 2.59 
103.50 3.01 
101.50 3.39 
85.00 3.64 
76.33 3.93 
72.50 4.55 
69.00 4.47 
54.67 5.94 
50.67 6.07 
39.50 7.08 
36.00 7.63 
31.67 (.44 
20.00 10.89 
16.00 11.20 
12.00 12.24 
8.33 12.76 
4.67 13.58 

173.98 0.00 
172.80 0.00 
171.33 0.00 
174.39 0.00 
170.54 0.00 
172.57 0.00 
173.73 0.00 
169.99 0.00 
171.98 0.00 
172.32 0.00 
169.42 0.00 
173.73 0.00 
176.09 0.00 
173.79 0.00 
173.71 0.00 
171.48 0.00 
173.84 0.00 
172.08 0.00 
173.41 0.00 
177.32 0.00 
173.31 0.00 
176.55 0.00 
174.04 0.00 
174.77 0.00 
177.55 0.00 
173.11 0.00 
171.42 0.00 
173.47 0.00 
177.70 0.00 
175.72 0.00 
174.63 0.00 
176.34 0.00 
176.62 0.00 
177.20 0.00 
173.15 0.00 
174.75 0.00 
176.34 0.00 
173.83 0.00 
175.01 0.00 
174.18 0.00 
174.89 0.00 
173.47 0.00 
173.99 0.00 

0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
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Pioneer 10 
Map 2 
Phase 103° 

77 

Dalta Blue Blue Blu* Bed Btd Bed 
loll Ma Ma 0 Phi X Pol IlMM Int«n»ltjr X Pol Thaci 

390 0.38460 0.65186 3.43 148.50 6.18 176.91 0.00 0.00 0.00 
• 394 0.61741 0.62042 2.94 142.00 6.17 177.31 0.00 0.00 0.00 

404 0.68902 0.54387 2.84 121.33 6.22 176.42 0.00 0.00 0.00 
• 408 0.71413 0.51414 2.36 115.67 6.45 177.46 0.00 0.00 0.00 

419 0.77484 0.43396 2.16 97.25 7.02 177.79 0.00 0.00 0.00 
• 433 0.83814 0.33481 2.80 71.00 8.68 176.91 0.00 0.00 0.00 

437 0.83386 0.30691 3.57 63.00 9.75 178.04 0.00 0.00 0.00 
447 0.88860 0.23848 3.63 46.75 11.94 178.03 0.00 0.00 0.00 

• 431 0.90102 0.21131 4.57 39.67 12.96 177.30 0.00 0.00 0.00 
461 0.92826 0.14452 4.80 24.50 18.25 177.28 0.00 0.00 0.00 
465 0.93723 0.11790 7.84 18.75 22.61 178.05 0.00 0.00 0.00 

* 476 0.93939 0.04600 10.92 6.00 33.24 176.19 0.00 0.00 0.00 
480 0.96650 0.02020 10.68 3.00 27.97 173.21 0.00 0.00 0.00 



Pioneer 11 
Map A3 
Phase 80.1° 

78 

Delta Bin* Bloc Bin* M led bd 
Soil Ma Hu 0 Phi Intanelty Z Pol Xbata Intensity t Pol That* 

75 0.21078 0.98637 -69.15 513.00 15.96 178.61 635.00 5.49 173.95 
• 79 0.21728 0.97892 -62.93 532.63 14.48 178.27 650.00 5.00 173.77 

83 0.33707 0.98112 -23.50 598.00 11.04 177.06 792.00 2.98 172.08 
• 87 0.38096 0.97447 -6.72 594.00 9.86 175.63 815.50 2.28 169.95 

91 0.40151 0.96914 -7.38 608.50 9.78 175.06 817.50 2.32 169.58 
95 0.43292 0.96065 4.48 597.00 9.00 174.36 829.50 1.92 169.32 
99 0.45107 0.95498 3.20 604.50 8.98 173.96 827.00 1.85 170.04 

103 0.47261 0.94744 7.51 584.00 8.65 173.00 827.00 1.58 169.64 
107 0.49041 0.93932 11.27 588.50 8.39 173.25 831.00 1.47 168.77 

• 111 0.50776 0.93117 14.82 577.00 8.13 172.63 830.00 1.30 166.28 
115 0.52308 0.92509 13.49 579.00 8.17 172.47 825.00 1.26 162.96 
119 0.53686 0.91639 16.71 582.00 7.98 172.06 829.00 1.17 166.29 
123 0.55050 0.90769 19.81 566.00 7.72 171.17 828.00 1.01 161.82 
127 0.56450 0.90142 18.58 564.00 7.86 171.90 819.00 1.05 163.04 
131 0.57518 0.89225 21.50 566.50 7.67 171.34 817.50 0.98 163.72 
135 0.58584 0.88313 24.37 555.00 7.54 172.02 811.00 0.88 163.81 

• 139 0.59885 0.87673 23.23 552.00 7.52 171.49 805.00 1.00 159.60 
143 0.60693 0.86719 25.97 559.50 7.49 172.02 806.00 0.96 161.34 
147 0.61936 0.86069 24.91 570.00 7.41 171.30 807.50 1.05 162.54 
151 0.62743 0.85119 27.64 546.00 7.41 171.48 794.00 1.03 166.58 
155 0.63931 0.84461 26.64 546.00 7.50 171.12 785.00 1.07 165.15 
159 0.64511 0.83474 29.48 542.00 7.52 171.62 777.00 1.01 163.91 
163 0.65109 0.82495 31.91 526.00 7.46 172.14 765.00 0.93 161.97 
167 0.66243 0.81830 30.99 528.00 7.44 172.25 759.00 1.02 161.31 

* 171 0.67343 0.81160 30.11 534.00 7.39 171.91 758.00 1.18 160.52 
175 0.67729 0.80145 32.69 528.50 7.24 171.85 749.50 1.04 164.52 
179 0.68139 0.79138 35.27 509.00 7.36 172.82 736.00 1.02 167.07 
183 0.69199 0.78462 34.46 512.00 7.28 171.63 732.00 1.19 164.49 
187 0.69442 0.77422 36.98 502.50 7.32 171.83 717.00 1.05 163.10 
191 0.70444 0.76742 36.22 509.00 7.43 172.32 719.00 1.11 163.66 
195 0.70688 0.75712 38.77 481.00 7.38 171.02 701.00 0.98 162.37 
199 0.71687 0.75028 38.06 482.00 7.55 172.23 698.00 1.10 160.19 
203 0.71750 0.73965 40.54 481.00 7.47 171.66 692.00 0.96 164.06 

* 207 0.72724 0.73277 39.88 489.00 7.52 171.59 694.50 1.11 162.96 



Pioneer 11 
Map A1 
Phase 116*9 

Delta Blua Bio* Blot Red Bad lad 
Boll Mo Ma 0 Phi Xntanalty Z Pol Thata Xntanalty X Pol lhata 

608 0.04626 0.73760 39.74 335.00 17.37 174.80 331.00 
616 0.06024 0.67361 45.30 306.00 17.83 175.32 329.00 
620 0.08223 0.63601 46.56 319.00 18.25 175.11 343.00 

* 628 0.16577 0.55134 ' 46.77 544.00 18.52 172.65 611.00 
632 0.14821 0.53266 49.07 475.00 16.97 173.61 524.00 
636 0.20131 0.48787 48.53 558.00 15.55 172.40 633.00 
640 0.17327 0.47247 50.82 510.00 16.84 172.54 569.00 
644 0.21709 0.43284 50.64 529.00 15.81 172.34 599.00 

• 648 0.18163 0.43130 52.90 492.00 17.84 173.12 549.00 
632 0.21713 0.38466 52.86 490.00 17.35 173.27 554.00 
666 0.22971 0.30980 55.38 426.00 18.86 173.70 474.00 

* 670 0.25237- 0.27898 55.70 391.00 18.90 173.90 434.00 
674 0.27175 0.24966 56.10 355.00 19.20 174.36 394.00 
678 0.22243 0.24341 57.85 363.00 21.74 174.90 392.00 
682 0.24073 0.21466 58.21 325.00 22.05 174.80 351.00 

• 686 0.23640 0.18712 58.63 289.00 22.72 174.99 310.00 
690 0.27047 0.16029 59.08 252.00 23.68 174.93 268.00 
694 0.28306 0.13414 59.56 209.00 25.23 175.42 220.00 
698 0.29405 0.10875 60.07 170.00 27.04 175.12 177.00 
702 0.23790 0.10493 61.28 187.00 30.58 176.84 189.00 
706 0.24832 0.07986 61.71 143.00 33.45 177.16 142.00 

• 710 0.25724 0.05551 62.16 102.00 36.61 177.07 99.00 
714 0.265U 0.03164 62.61 67.00 40.50 177.93 62.00 
718 0.27236 0.00802 63.07 36.00 44.47 177.10 30.00 



80 

Pioneer 11 
Map A2 
Phase 96.2° 

Delta Bin* Blua - Blue tad Bad Bed 
Boll . Mu Ml 0 Phi lutaniity Z Pol Thata lotanalty Z Pol Thata 

258 0.12424 0.96463 3.33 622.00 17.11 178.62 691.25 176.69 
* 262 0.23907 0.92265 19.63 620.50 13.57 176.16 759.50 174.87 

266 0.28066 0.89503 27.10 580.00 12.47 174.89 745.50 174.65 
270 0.31615 0.87271 29.12 584.50 11.74 174.35 752.00 174.64 
27* 0.34445 0.85433 31.30 589.50 11.06 173.59 754.00 173.36 
278 0.36720 0.83070 33.56 576.50 10.67 173.19 744.50 173.11 
282 0.38545 0.81066 35.88 560.50 10.37 172.48 732.00 172.38 
286 0.41130 0.79202 36.03 559.00 10.18 172.58 729.00 172.22 

* 290 0.42346 0.77279 38.43 551.00 9.96 172.21 716.00 170.59 
294 0.44392 0.75484 38.80 554.00 9.88 172.08 714.00 172.20 
298 0.45146 0.73616 41*23 543.00 9.66 171.73 705.00 171.17 
302 0.46992 0.71852 41.69 540.00 9.75 171.65 696.00 171.10 
306 0.47355 0.70033 11.13 534.00 9.34 171.30 688.00 171.70 
310 0.48834 0.68313 44.69 521.50 9.45 171.32 676.50 168.59 
314 0.50310 0.66602 45.30 514.00 9.71 171.32 663.00 169.54 
318 0.51580 0.64912 45.96 508.00 9.45 170.80 656.00 169.09 
322 0.52867 0.63224 46.65 494.00 9.59 170.54 638.00 170.07 
326 0.52606 0.61481 49.07 482.00 9.64 170.29 623.00 169.99 

* 330 0.53622 0.59822 49.80 468.00 9.73 170.39 608.00 169.71 
334 0.54666 0.58168 50.56 454.00 10.02 170.99 591.00 168.88 
338 0.55538 0.56531 51.34 440.50 9.96 170.61 576.50 166.89 
342 0.56444 0.54897 52.15 427.00 10.19 169.88 556.00 169.07 
346 0.55691 0.53209 54.48 423.00 10.43 170.12 550.00 165.89 
350 0.56374 0.51594 55.28 412.00 10.54 170.07 535.00 169.15 
334 0.57104 0.49981 56.11 396.00 10.60 170.46 515.00 169.52 
358 0.57678 0.48382 56.95 384.50 10.73 170.84 500.00 167.94 
362 0.58301 0.46784 57.81 372.00 11.00 170.52 485.00 168.18 
366 0.58774 0.45200 58.67 361.50 11.25 170.86 467.50 167.16 

• 370 0.59302 0.43616 59.55 350.00 11.61 170.72 449.00 166.13 
374 0.59691 0.42040 60.43 341.00 11.77 171.45 433.00 166.50 
378 0.60136 0.40466 61.33 326.00 12.19 171.53 413.00 167.70 
382 0.60439 0.38903 62.22 319.00 12.35 171.88 401.00 170.93 
386 0.60800 0.37341 63.12 304.00 12.63 172.14 381.00 170.49 
390 0.61022 0.35789 64.02 296.00 12.83 172.62 366.00 167.71 
394 0.61305 0.34239 64.93 279.00 13.44 172.73 344.00 171.02 
398 0.61458 0.32696 65.82 269.50 13.61 172.72 329.50 169.42 
402 0.61675 0.31152 66.73 252.00 14.25 173.59 308.00 170.28 
406 0.61757 0.29618 67.62 243.00 14.74 173.57 294.00 170.17 

• 410 0.61904 0.28085 68.53 227.00 15.42 173.31 274.00 170.56 
414 0.61917 0.26561 69.41 217.50 16.11 173.88 259.50 169.78 
418 0.61996 0.25038 70.31 200.00 17.57 175.23 239.00 170.17 
422 0.61947 0.23522 71.18 190.50 18.14 174.78 225.00 170.76 
426 0.61971 0.22005 72.07 176.00 19.14 174.63 207.00 170.62 
430 0.61862 0.20497 72.92 167.50 19.71 175.48 194.00 172.64 
434 0.61824 0.18988 73.79 152.00 21.01 175.50 175.00 172.20 
438 0.61652 0.17489 74.63 140.00 22.09 175.78 160.00 173.24 
442 0.61553 0.15989 75.47 126.00 24.02 176.09 143.00 173.07 
446 0.61321 0.14498 76.29 114.50 25.02 176.33 128.00 172.25 

* 430 0.61174 0.13004 77.11 101.00 26.46 176.09 112.00 173.42 
454 0.60890 0.11519 77.91 90.00 28.37 176.68 98.50 174.45 
458 0.60686 0.10033 78.71 79.00 30.55 176.80 85.00 175.57 
462 0.62369 0.08609 79.07 68.00 32.60 177.54 71.00 176.06 
466 0.60081 0.07078 80.24 55.00 35.28 177.12 57.00 175.77 
478 0.61034 0.02725 82.17 44.00 43.90 178.75 43.00 175.49 
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