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ABSTRACT

Part 1 presents the results of high spatial resolution area
photometry of Jupiter in six continuum wavelength channels from 4100-
8300A. Spectral reflectivity and limb-darkening data in belts and
zones are fitted by a simple semi-infinite homogeneous scattering
model which provides a convenient parameterization of the results,
as well as a determination of the spectral and spatial variations in
the continuum single scattering albedo and information regarding the
shape of the single scattering phase functions. It is found that
belts are generally more backscattering than zones, particularly in
the blue, and there is a trend toward increased forward scattering
at longer wavelengths. The numerical results are compared to earlier
ground-based observations of jovian limb-darkening (Harris, 1961;
Binder and McCarthy, 1973; Pilcher and Kunkle, 1976) and significant
disagreement is found in some cases, Extrapolations of the limb-
darkening data to 12° phase angle are compared with the results of
the Pioneer 10.imaging photopolarimeter (IPP) experiment (Tomasko
et al., 1976). Although there is quantitative disagreement between
the vidicon results and the IPP data, the ground-based and Pioneer 10
results show the same relative spectral and regional trends in the
shape of the limb structure profiles from the blue to the red and
between a belt and a zone. The limb-darkening profiles are also com-

pared to models derived from measurements of the spatial distribution



viii

of equivalent width of the H2 4-0 S(1) quadrupole line (Cochran,
1976). It is found that these models fare reasonably well in the
South Tropical Zone but are much too limb-darkened relative to the
data in the North Equatorial Belt. A discussion of the possible
causes of the differences between the vidicon data and other ground-
based, Pioneer 10, and spectroscopic results is presented.

Some numerical examples of limb-darkening expected from simple
models are presented, In particular, the effects of Rayleigh scat-
tering, either by a fine, colored dust, or by the gaseous atmosphere
on the spectral characteristics of limb-darkening are investigated.
It is found that the observed backscattering may be explained by a
combination of molecular scattering and scattering by small dust
particles, and the increased forward scattering in the red arises
from the A—4 dependence of Rayleigh scattering optical depth and
inclusion of forward scattering cloud particles. Such a model works
reasonably well in the North Equatorial Belt, but predicts a spectral
variation in limb-darkening that is greater than the observations
imply for the South Tropical Zone.

Part 2 discusses high spatial resolution images of Venus which
were obtained in the 0.36 ym and 8-20 ym spectral regions throughout
the 1974, 1975, and 1977 apparitions. The observing system, method
of image acquisition, and data reduction and processing techniques
are presented along with a discussion of the spectral, temporal, and

spatial characteristics of the infrared and ultraviolet flux from



the planet, The infrared data are compared with previous ground-
based results obtained at lower spatial and spectral resolution
(Sinton and Strong, 1960; Murray et al., 1963; Westphal et al.,
1965; Ingersoll and Orton, 1974) and Venera 9 and 10 infrared radio-
meter results (Ksanfomality et al., 1976),

Day-night contrasts in equatorial infrared flux were observed
in images in which the evening and morning terminators were near the
central meridian. A systematic increase in 8-14 pm flux associated
with the emergence of the atmosphere from daylight into evening was
observed, and is shown to exhibit significant day-to-day variability.
The data also show that the daytime side of the morning terminator
is warmer than the dark side, but this night-day asymmetry is system-
atically smaller than the day-night brightening seen in the Venus
evening,

South and north infrared polar anomalies similar to the one
observed near the Venus south pole by Murray et al, (1963) have been
observed during the 1974 and 1975 apparitions, respectively. The ob-
servations indicate that the feature is most prominent between Venus
midnight and dawn.

The infrared limb-darkening in the equatorial and polar direc~
tions are compared and it is seen that the magnitude and spectral
variation of the polar darkening are in general greater than the
equatorial darkening. The magnitude of the equatorial darkening

is consistent with a temperature lapse rate of roughly -3°K/km,



assuming a model in which aerosol is distributed exponentially and
mixed homogeneously with the atmospheric gas.

Evidence for a correlation between features observed in simul-
taneous infrared (8-14 pm) and ultraviolet (0.36 um) images has been
found. The sense of the correlation is such that bright UV markings
correspond to bright (warm) IR features, and similarly, dark UV
markings correspond to dark (cool) IR features. This result implies

that dark UV clouds are higher or denser than the bright regions.
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Part 1

SILICON VIDICON IMAGING OF JUPITER 4100-8300A:
SPECTRAL REFLECTIVITY, LIMB-DARKENING, AND

ATMOSPHERIC STRUCTURE



Chapter 1
INTRODUCTION

"Where shall I begin, please your Majesty?"

he asked.
"Begin at the beginning," the King said, gravely,
and go on until you come to the end: then stop."

- Lewis Carroll
Alice's Adventures in Wonderland

The center-to~limb variation in intensity across the disk of
Jupiter and its spectral dependence at visible wavelengths are governed
by the nature and distribution of particles and gases which absorb and
scatter in the planet's atmosphere. Both the absolute reflectivity
and limb-darkening (or brightening) of a given region are determined
by the single scattering phase functions of the gases and aerosols
which are present, the vertical layering of clouds and gas, and the
relative optical depths of the various atmospheric constituents. 1In
collaboration with broadband spacecraft observations of the angular
distribution of reflected sunlight at many phase angles (Tomasko et al.,
1974; Tomasko et al., 1976), measurements of the center-to-limb
variation in the equivalent widths of gaseous absorption features
(Bergstralh, 1972; Woodman, 1976; Cochran et al., 1976), and input
regarding atmospheric chemistry and the expected levels of cloud
formation (Weidenschilling and Lewis, 1973), narrowband photometry
across isolated regions provides information that is of considerable
value in the development and constraint of physical models of the

jovian visible cloud structure.



Absolute reflectivity data and limb-darkening curves have been
obtained in six continuum wavelength channels from 4100 to 83008 for
the North Tropical Zone, North Equatorial Belt, South Equatorial Belt,
and South Tropical Zone., The channels are placed so as to avoid strong
absorption features in the jovian spectrum. In the following chapters,
the observing system and the reduction of the two-dimensional data to
spatially resolved absolute reflectivities are described, and attention
is focused upon the possible sources of error in the relative as well
as absolute brightness calibrations. Although the largest source of
error resides in the absolute photometric calibration, there is excel-
lent agreement between the central meridian reflectivity data presented
here and the observations of Orton (1975a).

Analysis of the limb-structure data indicates that the single
scattering phase function of some atmospheric constituent with
appreciable optical depth exhibits enhanced backscatter for wave-
lengths shortward of ~ 5000A. This backscatter is more pronounced
in belts than in zones. Equilibrium chemical models (Weidenschilling
and Lewis, 1973) suggest that the main cloud constituents are in the
solid phase, so one may expect that the aerosol particles are non-
spherical; therefore, the observed backscatter probably should
not be attributed to the glory phenomenon associated with spherical
droplets, Instead, the data are discussed in connection with simple
atmospheric models which rely upon Rayleigh scattering to account

for the observed backscatter and spectral dependence of the



reflectivity and limb-darkening. Future lines of research which
may be used to evaluate these models further are suggested,

Quantitative measurements of the scattering properties of a
planetary atmosphere, such as the data presented here, are useful for
investigating a number of issues. In addition to information regarding
the cloud structure per se, these include: 1) the vertical distribu-
tion of solar energy deposition and its influence on thermal structure;
2) the interpretation of spectroscopic data in terms of absolute
abundances of optically active molecules; and 3) the atmospheric energy
budget and magnitude of internal energy sources. The latter question
has been discussed in some detail in a global sense for Jupiter (see
Ingersoll et al., 1975 for a review), but with the procurement of
spatially resolved visible and Infrared photometry, the belt vs. zone
energy balance may be addressed.

Present understanding of the scattering properties of Jupiter's
atmosphere is rudimentary, and the questions outlined above are only
beginning to be answered. Earth-based and spacecraft observations
will continue to help unravel the jovian atmospheric structure. Hope-
fully, data of the type presented in the following chapters will play

an integral role in such studies.



Chapter 2
OBSERVING SYSTEM

When the blazing sun is gone
When he nothing shines upon,

Then you show your little light,
Twinkle, twinkle, all the night.

- Jane Taylor
The Star

Jupiter was observed on several nights during the fall of 1975
at the Cassegrain focus of the Palomar 60-inch telescope. Direct
digital imaging was accomplished with an RCA type 4532 silicon diode
array TV camera tube. A detailed description of the tube and data
system may be found in McCord and Westphal (1972) and Westphal (1973).
The following represents a brief description of the salient features
and items specifically related to these observations.

The primary elements of the silicon vidicon tube, or SIVIT, are
a photoconducting target consisting of a grid of discrete silicon
diodes, and an electron gun which provides the beam current for target
readout. Each diode is back-biased and acts as a tiny capacitor which
discharges due to diffusion of charge carriers created by photons
incident upon the target. Following an exposure, the target is scanned
by the electron beam, which recharges each diode creating a flow of
current. This current is proportional to the incident photon flux and
constitutes the video signal. Focusing and deflection of the electron
beam are controlled by magnetic fields. In practice, the readout beam
is defocused to include a number of diodes in each resolution element.

This practice improves the signal-to-noise ratio and eliminates Moire



patterns which may result from misregistration of the readout raster
with the discrete diode array. The readout format is a raster of 256
lines with 256 samples/line in a 10 x 10 mm area on the silicon. target.

The target is prepared in a uniform manner for each exposure by
saturation with a bright light, followed by erasure with a fixed
number of readout scans. This procedure ensures that the target is in
a repeatable, uniform state in readiness for the next data frame, and
removes any trace of a residual image which may have been retained from
the previous exposure. After each exposure, the video signal is read
out and amplified, then digitized to 12-bits and written on digital
magnetic tape using a Cipher Data Products 9-track 800 bits-per-inch
tape recorder. A digital scan converter and television monitor
permit real-time display of each incoming data frame.

In order to decrease thermal dark current, the SIVIT and video
preamplifier were housed in a cold box and cooled with dry ice. A
transparent quartz window was located at the entrance port of the cold
box, and was mounted in a copper ring wrapped with a high resistance
Nichrome heating coil to preclude frost formation. The bulk of the
electronics - including the video amplification and scan control
circuits, an oscilloscope for line-by-line display of each frame,
plus the scan converter, television monitor, and tape recorder - was
contained in an external rack and communicated with the cold box via
shielded cables. A photometer base was sandwiched between the cold

box and the face plate of the telescope. This photometer base con-



tained a swinging 45° flat mirror which was used to intercept the
incoming light for diversion into the finding optics and which was
positioned out of the way in the imaging mode; supported the electro-
magnetically operated shutter mechanism; contained the light and fiber
optics arrangement which was used to saturate the target during an
erase cycle; and held a 1" Barlow lens which converted the £/8.75

beam from the telescope's secondary to f£/16 to increase the image
size. Spectrolab 1" and Oriel 2" interference filters were contained
in interchangeable slides or rotating wheels and also housed within
the base assembly.

The combination of external optics and the sampling demnsity of
target readout with a net focal ratio of £/16 resulted in an average
plate scale of about 0.33 arcsec/40 pm resolution element. The
plate scale was measured by recording double exposures of a star
which was moved a known angular distance between openings of the
shutter. The plate scale was found to vary by a few percent from
one wavelength to another and differed slightly along the horizontal
and vertical axes of the target due to unequal H and V deflections of
the readout beam. These differences in picture element (pixel)
spacing presented no real problem and their values and associated
errors were taken into account in the data reduction., Jupiter's
equatorial diameter was just under 50 arcsec at the time of these
observations, so the sample spacing was nearly 1/150 of the disk
diameter. However, atmospheric seeing proved to be the limiting

factor in determining the ultimate spatial resolution., Since much



of the information contained in measurements of the center-to-limb
variation in intensity is found near the planetary limbs, good seeing
is absolutely essential. The smearing of data due to a point-spread
function of finite width is most severe near the limbs where the
absolute value of the slope increases markedly. In principle, the
images can be deconvolved if the point-spread function is known;
however, seeing is variable both spatially and temporally and

there is no guarantee that the smearing function determined by imaging
a point source (a star) is appropriate for a particular planetary
image, 1In addition, the deconvolution process tends to enhance any
noise present in the data, 1In light of the risks involved, the deci-
sion was made to utilize only those images obtained under the best
seeing conditions and to ignore data close to the limbs. The cri-
terion for choosing the viewing angle beyond which data are not con-
sidered is discussed in a later chapter. Selection of nights with
clear skies (and thus well-determined extinction corrections) as

well as good seeing (1-2 arcsec, determined from measured stellar
point-spread profiles) limited the data set to images recorded on

UT October 25 and November 16. The jovian phase angles for these
dates, and the effective wavelengths and full width at half-maximum
(FWHM) bandwidths of the filter set are summarized in Table I. The

spectral transmission characteristics of each filter were measured on
a Cary 171 recording spectrophotometer. Rejection of light at wave-
lengths other than those included in the nominal bandpasses was quite

good, and contributions due to filter leaks were less than 0.3%,



Summary of vidicon observations

TABLE I

Date Jovian phase angle Filter bandpass
UT 25 Oct. 1975 2°6 486514 404
i " 58104 2004
" 4 74404 1504
UT 16 Nov, 1975 6°9 41154 1604
" " 54604 2204
" " 82904 554
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Chapter 3
DATA REDUCTION

It is a capital mistake to theorize before one has data.

~ Sir Arthur Conan Doyle
"A Scandal in Bohemia,"
from The Adventures of
Sherlock Holmes

Four stages of reduction of the vidicon data were necessary before
the images were in a form from which calibrated center-to-limb scans
could be extracted: 1) subtraction of a zero offset level; 2) correc~
tion for pixel~to-pixel gain variations, or '"flat field" response;

3) corrections for the small departures from linearity; and 4) conver-
sion of data numbers to intensity values by standard star photometry.
Each of these shall be considered in turn.

The zero level in the SIVIT was measured by recording frames in
which the target was not exposed to light but in all other respects
were identical to actual data frames, Particular attention was paid
to the time delay between completion of an erase cycle and readout
of the tube; during this time the target becomes nonuniformly back-
lighted by photons from the heated filament of the electron gun.
Although for the short exposure times involved (1-10 sec) this effect
is practically negligible, the time delay was képt constant whether
or not an exposure was made so that the backlighting was subtracted
out during this stage of the calibration. Constancy of the time
delay between conclusion of an exposure or erase cycle and target

readout also insures that any signal due to thermally induced dark
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current will be identical in all frames. More significant and worri-
some changes in the zero level occurred a&s the tuke warmed during
sublimation of the dry ice coolant; this problem was of particular
concern in the arrangement used here in which the cold box was mounted
upside-down, This effect was assessed by continually monitoring the
appearance of zero frames (ZF's) in real-time at the low bit levels;
small variations were detected in this manner., To minimize errors
due to low-frequency periodic or secular changes in the zero level,
zero frames were recorded frequently and dovetailed with actual data
frames, and similar consecutive ZF's were averaged together and used
to "dezero" only intervening data frames. Deviations in data number
from one ZF to another in a group introduced an uncertainty of less
than 0.1% to the data.

Variations in the pixel-to~pixel gain across the target were
assessed by recording images of a uniformly illuminated diffuse
source, or flat field (FF). The source used was the daytime sky,
and several FF's were recorded at each wavelength during both the
afternoon preceding and morning following a night of observation,
Nonuniformity in data number across frames illuminated in such a
manner can arise from a number of causes., In addition to statistical
noise, these include: 1) variation in sensitivity of a particular
group of diodes; 2) variation in the electron beam landing pattern;
and 3) optical effects such as vignetting or spatial transmission

variations across a filter or lens in the light path. FF's were
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found to remain stable throughout a typical 16-hour observing period,
exhibiting random fluctuations at about the 1% level. In reducing
the data, FF's were subjected to the same dezeroing process applied

to actual data frames. Each data frame was then divided by

the normalized average of all FF's at its particular wavelength.
This process appears to be photon noise limited and contributes an
uncertainty of ~ 1.0% to the Jupiter data.

Although the SIVIT should, in principle, have a linear response,
some deviations from linearity have been found. In theory, the data
number, or DN, of a picture element should be proportional to the

incident intensity and exposure time, i.e,,
DNew I * t . (L)

However, experience has shown that for a variety of detectors the

behavior may be better represented empirically by

Y1 ¥
cT 1 2

DN = t (2)

where in the classic case of photographic emulsions the exponents may
differ markedly from unity. The condition in which the gammas are
unequal, such that variation of the light intensity by a certain
factor does not have the same effect on the recorded signal as a simi-
lar variation in exposure time, is known as reciprocity failure.

Y1 and Y, were experimentally determined in the laboratory for the
SIVIT used in these observations by illuminating the target with a

uniform diffuse source and either keeping the exposure time constant
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and varying the intensity (to measure Yl) or by varying exposure time
at a constant intensity (for yz). The illumination level was con-
tinuously monitored with a photomultiplier and pulse counter. The
gammas were determined by fitting a straight line by least-squares to
a plot of log DN vs. log I or log DN vs. log t; the slopes are Yq

and Yo respectively, 1In the experimental determination of Y1 it was
necessary for the vidicon and photomultiplier to be illuminated by
photons of the same wavelength since the color temperature of the
light source was dependent upon the applied voltage; reduction of the
voltage so as to result in diminution in intensity by a certain factor
at a given wavelength Al would not necessarily yield a reduction by

the same factor at another wavelength AZ' Y, and Y, were measured at

1
a variety of locations across the target and within their uncertain-
ties are constant across the photocathode and do not depend strongly
on wavelength. The measurements yielded the following values:

Yy = 0.959 + 0.002 and Yy = 0.977 + 0.002. The uncertainties were
determined from the slight variations of Y1 and Y, across the target
and from repeated tests on several occasions. The deviations from
linearity probably arise, at least in part, from the fact that a
single readout of the vidicon target does not completely erase the

extant signal, Although the measured gammas are close to unity, sig-

nificant errors can be incurred if the proper corrections are not made.
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Combining equations (1) and (2), it is seen that the corrected data

numbers, DNC, are related to the measured values, DNm, by

1/v. 1-y /Yl
DN, = <DNm 1> <t 2 > ; (3)

The experiments reveal a strong correlation between the gammas, so
that the ratio Y2/Y1 is much better determined than either of the
values individually, Since the laboratory measurements were carried
out at dry ice temperature, and the tube demonstrates considerable
long-term stability, it is reasonable to adopt the laboratory values
in reduction of the data obtained at the telescope. The uncertainties
in Y1 and Yoo combined in a statistical sense with the flat field and
zero level uncertainties, yield a net internal accuracy of 1.5 - 2,0%
in relative measurement of intensity across the disk of Jupiter.

For the purpose of comparing the observed limb structure with
theoretical predictions from models, it is vital to measure absolute
reflectivities as well as relative variations across the disk, The
standard star §2 Cet was observed at each wavelength to provide the

absolute flux calibrations. The §2 Cet/q Lyr flux ratios of Oke (1964)

and the y Lyr spectrum of Oke and Schild (1970) were used to calcu-

late absolute intensities. Exponential extinction with air mass ac-

cording to Beer's law was assumed and extinction coefficients were de-
. 2

termined at each wavelength either by imaging £ Cet at a number of air

masses or by observing the star at two widely separated zenith angles
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and imaging the satellite J4 at a larger number of air masses. In the
latter case, the linear least-squares best fit extinction coefficient
from the J4 measurements was used as an a priori estimate of this para-
meter. All star and satellite frames were corrected for zero level,
flat field response, and nonlinearities in the same manner as Jupiter
frames. The total flux received from a star or satellite was calcu-
lated by adding all data numbers within a circle of a given radius and
subtracting from the DN in each pixel an average sky level determined
from points in an annulus lying outside this circle. Experimental
uncertainties in these total flux values were derived by using differ-
ent values of the radius as well as varying the nonlinearity factors
Y1 and Yo within their experimental uncertainties. The absolute
spectrum of §2 Cet and the Arvesen et al, (1969) solar spectrum were
weighted by each of the filter spectral characteristics and the vidicon
spectral responsivity. The latter was taken from the published RCA
specifications for the vidicon tube, Applying the estimated errors

in each of the quantities involved results in a systematic uncertainty
of + 5% in all of the reflectivities along any one limb structure

curve,
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Chapter 4
RESULTS OF OBSERVATIONS

"What's the good of Mercator's North Poles and Equators
Tropics, Zones and Meridian Lines?"

So the Bellman would cry: and the crew would reply,
"They are merely conventional signs!"

~ Lewis Carroll
The Hunting of the Snark

The results are presented for each wavelength as values of I/F,
where I is the specific intensity of Jupiter and nF is the incident

solar flux. These values are calculated from the relation

DN t
I _ Jup , “star .nFstar_ B_% m (4)
F EDNar  Crup nF a| A
where
DNJup = data number of a picture element on the jovian disk
ZDNStar = sum of data numbers under the standard star point-
spread function
t = exposure time of Jupiter frame
Jup
= exposure time of standard star frame
star
ﬂFstar = standard star absolute spectral irradiance
R = Sun-Jupiter distance at time of Jupiter observation
a = Earth-Sun distance at time of measurement of nF
A = angular area of one pixel.

For comparison with theoretical curves and parameterization of the
data in terms of simple scattering models, the spatially resolved

reflectivity values are considered to depend on three geometric vari-

ables: oo the cosine of the angle between the local normal and
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direction to the illuminating source (the Sun); p, the cosine of the
angle between the local normal and direction to the observer; and

cos(p - @0), the cosine of the local azimuth difference between the
directions to the source and the observer, These geometric variables,
as well as planetocentric longitude relative to the central meridian,
¢CM’ were calculated for all points lying within four latitude bins

on the planet, Effects of the oblateness of Jupiter, differences
between the planetocentric latitudes of the Sun and the Earth, and the
inclination of Jupiter's pole were included in the geometric computa-
tions, The latitude bins chosen are 18°N - 19°N, 13°N ~ 14°N, 1°S ~
2°S, and 22°S - 23°S, and correspond, respectively, to the North
Tropical Zone (NTrZ), the North Equatorial Belt (NEB), the northern
part of the South Equatorial Belt (SEB), and the southern component of
the South Tropical Zone (STrZS). A 58108 north-south scan identifying
various regions including those specifically considered in the analysis
is displayed in Figure 1. The geometry is referenced to a single datum
on a particular image: the disk center, i.e., the pixel location where
w =1, A first guess for the location of this point is arrived at by
making use of the known plate scale and measuring inward from the limbs,
This guess is refined by verifying that on the average the limb

structure curves satisfy the Helmholtz reciprocity principle, which

requires that:

MI(M,MO’CP - cpo)/F = uol(uo,u,mo - @) /F : (5)
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Figure 1, - North-south scan from a 58104 silicon vidicon image of
Jupiter recorded on UT 25 October 1975. Various regions including
those considered in the limb-~darkening analysis are identified as
follows: NTeZ = North Temperate Zone; NTeB = North Temperate Belt;
NTrZ = North Tropical Zone; NEB = North Equatorial Belt; SEB =

South Equatorial Belt; STan = northern component of the South
Tropical Zone; STrB = South Tropical Belt; STrZS = southern component

of the South Tropical Zone.
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In cases where this relation was not satisfied to within the random
uncertainties, the central datum was shifted accordingly. The initial
guess was rarely in error by more than 2 pixel widths from the final
location. It is felt that utilization of an entire image in the de-
termination of positional control yields considerably greater accuracy
and precision than are possible using a single aperture detector and
scanning or sampling only localized regions of the planetary disk.

The limb structure curves in each wavelength channel for the four
latitude bins are shown in Figures 2-7. 1In each case data from two
independent images taken several minutes apart are superimposed. In
view of the difficulty in displaying the values of I/F vs. the three
variables p, ko and cos(p - @0), the sine of longitude relative to
the central meridian has been chosen as the abscissa. Data at points

sind

where oM

> 0,92 have been excluded due to the adverse smearing

effects of seeing near the planetary limb. The rationale behind this
restriction is illustrated by the following experiment. A theoretical
limb-darkening curve for a semi-infinite, homogeneous and isotropically
scattering atmosphere with single scattering albedomo = 0,99 was cal-~
culated by a method which will be described below. The shape of the
limb-darkening is typical of the solutions found from actual data., A
model disk radius comparable to the angular size of Jupiter on the
dates of observation was assumed, and the limb-darkening function was

convolved with gaussian curves of 1 arcsec and 2 arcsec half-widths in
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Figure 2. - Reflectivity vs. sine of longitude relative to the central
meridian for the jovian NTrZ, NEB, SEB and STrZS. The plus signs and

crosses represent data from two 41154 vidicon images recorded several

minutes apart, The random uncertainty in an individual data point is

roughly 1.5 -~ 2,0% as discussed in the text. Best;fit scattering

models are represented by the solid lines.

Figures 3-7. - Same as Figure 2, except for 4865, 5460, 5810, 7440 and

8290A, respectively.
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an attempt to assess the effects of atmospheric seeing., It was found
that the smeared limb-darkening function agrees with the unconvolved
theoretical curve to better than 17 (well within the uncertainties in
= 0.93, The more conservative value of

the data) out to 31n¢bM

sin¢bM = 0.92 was chosen as the actual cutoff for the specific

reasons that: 1) the "tails" of typical point-spread functions due to
seeing are somewhat more extended than gaussians; 2) at the tropical
latitudes the width of the seeing function represents a slightly

larger fraction of the zonél chord length; and 3) the actual limb-
darkening is probably not due to isotropic scattering and thus may

have a more complicated shape close to the limbs which would convolve
differently with the gaussians. In the interest of approaching as close
to the limb as possible (since much of the information on scattering is
contained in observations at oblique viewing geometries), while not

Sln¢bM,
max

ing to a y of 0.4 on the equator, appears reasonable.

compromising the results, the value of = 0,92, correspond-

In order to put the large quantities of data in a form which would
expedite comparison of the results with other measurements or theoreti-
cal models, a simple parameterization of the limb structure curves has
been sought. For this purpose a two-parameter model in which the atmo-
sphere is assumed to be locally plane-parallel, semi-infinite, homo-
geneous and composed of particles which individually scatter according
to the Euler phase function p(cosb) = 50(1 + X cosf) has been chosen,

9 is defined as the angle between the initial and scattered directions
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of a photon, and the parameters G; and x are, respectively, the albedo
for single scattering and an asymmetry parameter which varies between
+1 for predominantly forward scattering and -1 for predominantly

backward scattering, The parameter x is related to the étandard phase
function asymmetry parameter g such that g = x/3, where by definition,

1
g = (cose)==§%; Jn cosf p(cosp) d(cosB) . (6)

-1

The foregoing set of conditions will hereafter be referred to as the
Euler scattering model. It is to be emphasized that these calculations
are not necessarily intended to represent explicit physical models,
but are designed primarily to provide a convenient parameterization of
the data, and secondarily to provide a semi-quantitative evaluation of
regional and spectral variations in the scattering properties of the
jovian atmosphere.

As shown by Chandrasekhar (1960), the solution to the multiple
scattering problem in the context of the Euler scattering model yields

the following expression for surface brightness, or reflectivity:

" M 2.1/3
I(uop o9 = @ )/F = % W F%I; Y@ ) - xpd ) + x(@ - p) /
1P ea - DY P @) coste - 9 )
where
Y) = H() (@ - cp)
¢ (v) = quH(p)
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(1)

and H and H are Chandrasekhar H-functions which satisfy the following

integral relationships:

FoE L= -G u Y
H(p) = 1 + pH(W) f - H(u')dp’ (8)
A Bt
1 1 ~ 2
Zxw (1 -p'")
1 1 4
B0 ) = 1+ pr )(u)f . - B @) ap (9
o} bt p
and the constants c and q are given by
xw (1 -0) « 21 - )
i S 4 10
2 -w ol 2 -w o

where o, and o, are the zeroth and first moments of H. The nth moment

of an H~ function is defined as

1
@, = f Thb (DL (11)
(¢}

(1)

A computer program was written which calculateSlﬁ,<p, H , and
the required moments, The functions are calculated for values of
ranging from O to 1 in steps of 0,01, for any combination ofmO and

(1)

x., The heart of the program is the solution for H and H , which
is obtained iteratively by making use of equations (8) and (9) above
and beginning with the initial guess H(p) = H(l)(u) = 1, All integra-

tions are performed using 8-point gaussian quadrature in p. Once
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equations (8) and (9) have converged, it is possible to calculate H
I

and H( ) for arbitrary values of u, The convergence is extremely

rapid. As a check, the computations and published results for y, ¢,

and H(l)

(Chandrasekhar, 1960) were compared for various values of
$O with x = 0 and x = 1. The agreement is to better than 1 part in 104.
Due to the highly nonlinear nature of the radiative transfer
equations, best-fitting models were arrived at by the method of "brute
force" least-squares. Model I/F values assuming various combinations
of SO and x are calculated at the observed values of , oo and
cos(p - mo) and the sum of the squares of the residuals between the
data and each model are computed, A two-dimensional paraboloid is then
fit to the Gﬁo,x) pairs which yield the lowest residuals; the location
of the minimum determines the best~fitting values of’&)’o aﬁd x, The
root-mean-square (RMS) residuals are generally one to two times larger
than the estimated RMS uncertainty in the individual data points, In
some instances, particularly at the short wavelengths in the NEB, the
RMS residuals were three times as large as the lg uncertainty in the
data., It is possible that this‘is indicative of a real failure of the
model, either in its assumption-of vertical hompgeneity, or in the simple
form of the particle phase function, or both, However, the estimate

of the lg noise level does not include the contribution of intermediate
spatial frequency noise due to lateral inhomogeneities (local bright
or dark spots) in the limb structure curves. It is difficult to make

estimates of the magnitude of the contribution of such features to
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the formal error. Independent reductions of data from images taken
several hours apart, such that a different spatial distribution of
local inhomogeneities was observed, yield very similar model results.,
It may be concluded that individual limb structure profiles are fairly
well represented by the two-parameter characterization. The best-fit
models for the four chosen latitude bands are shown superimposed upon
the data in Figures 2-7.

The results of fitting the Euler scattering model to the data at
all wavelengths are summarized in Figures 8 and 9. The error bars on
SO and x represent the 20 levels (85% confidence for the two-parameter
case). These include the formal errors in the model parameters due
to random noise in the data as well as errors arising from systematic
biasing of the limb-darkening curves due to uncertainty in the abso-
lute photometric calibration. At 4863&, the residuals steadily de-
creased as x was permitted to become more negative. Within the limits
of the Euler scattering model, the best-fit solution was determined
for all latitudes by letting x = -1, and solving for the best value
of GQ. Consequently, no error bars are shown on x at this wavelength.
This result has been verified from two sets of images obtained 2 hours
apart, and is therefore not a peculiarity of the particular spati?1
distribution of longitudinal inhomogeneities in the belts and zones

at a given rotational phase.
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Figure 8. - Values of single scattering albedo, E;, for the Euler
scattering model vs. wavelength for the NTrZ, NEB, SEB and STrZS.

The error bars represent the 1+ 2 or 85% confidence level.

Figure 9. - Values of the Euler scattering model asymmetry parameter,
x, vs. wavelength for the same four regions as in Figure 8, The

error bars represent the + 2g or 85% confidence level,
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The Euler model solutions have been used to calculate full phase
limb-darkening curves for the four latitude bins considered., These
curves, normalized to the reflectivity at the point where p = by = 1s
are shown in Figure 10, The profiles may be put on an absolute scale

by referring to Table II, which gives absolute spectral reflectivity

for the point of normalization.
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Figure 10. - Normalized full phase limb-darkening curves determined
by fitting the vidicon data with the Euler scattering model in each of
the continuum wavelength channels for the NTrZ, NEB, SEB and STrZS.
The error bars, for simplicity shown only on the curves labeled "a,"
represent an estimate of the + 3¢ formal uncertainty in the shape of

the limb-darkening profiles., This estimate is applicable to each of

the curves displayed,
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TABLE II

Reflectivities at full phase for the point where p = Bo = 1 calculated

from the best-fit Euler scattering models. The uncertainty is ~ * 5%.

NTrZ NEB SEB STrZS
41154 0.50 0.44 0.51 0.69
48654 0.78 0.63 0.79 0.99
54604 0.75 0.64 0.71 0.93
58104 0.75 0.64 0.71 0.87
74404 0,81 0.77 0.75 0.91

82904 0.82 0.77 0.77 0.88
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Chapter 5
COMPARISON WITH EARLIER MEASUREMENTS
To observations which ourselves we make
We grow more partial for th' observer's sake.

- Alexander Pope
Moral Essays

The largest source of error in the data is the uncertainty in the
absolute photometric calibration. The most recently published compre-
hensive study of spatially resolved reflectivities of Jupiter is the
work of Orton (1975a). His observations are very extensive and cover
many rotational aspects of the planet, so the random effects of lateral
inhomogeneities have been averaged to some extent. Since the vidicon
images are essentially "snapshots,'" they do not provide this
"advantage." Therefore, one may expect to obtain the optimum estimate
of reflectivity at a given location and viewing geometry (e.g., on the
central meridian) using the least~squares best~fit models described in
the previous chapter. This provides a direct comparison of the SIVIT
photometry and Orton's data. It should be remembered that Jupiter's
cloud bands have changed in morphology in the time since Orton's obser-
vations were made (1973-74). 1In addition, the latitudes of specific
features, in particular the South Tropical Zone, have changed; in
fact, in 1975 the STrZ split into two components separated by a band
of belt-like material. Reference to Figure 1 of Orton (1975a) shows
that in 1973-74 the STrZ was much more homogeneous and nearer the

equator., Since this accounts for a non-negligible difference in



41

viewing geometry, the model calculations have been used to extrapolate
to the geometry as it was observed by Orton. Figure 11 compares I/F
values for the NTrZ, NEB, SEB, and STrZ from the smoothed fits to the
vidicon data with Orton's central meridian results. The agreement is
quite good, and in most cases is well within experimental errors,
Slight differences may be accounted for by real changes in the
properties of the jovian atmosphere,

With respect to the shape of the limb structure curves, there are
significant differences with the results of earlier investigations.
Reference to Figure 9 shows that in the majority of cases, the asym-
metry parameter x takes on negative values or values close to zero.
The largest value of x that was found in this work is in the case of
the SEB at 8290&, where the value x = 0,23 + 0.12 was obtained., These
results are in disagreement with other work.

One of the earliest published attempts to fit the Euler phase
function to jovian limb-darkening was the work of Harris (1961).

Using full disk photometry by Hardie (1954) and limb-darkening measure-
ments taken from photographs (Barabashev and Semejkin, 1933), Harris
arrived at the phase function p(cosf) = 0.98°(1 + 0.6 cos®) for the
visible region. However, the 21 year interval that separates the limb-
darkening measurements and absolute photometry, the low spatial reso-
lution, and possible errors arising from the use of photographs are

matters of some concern. It is therefore possible that Harris' results
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Figure 11. -~ Comparison of Orton's (1975a) photometry in the NTrZ,
NEB, SEB and STrZ with the SIVIT results, The error bars are * lo.
The best~fit Euler scattering model solutions have been used to
correct for the small but significant differences in viewing geometry

between Orton's observations and those reported here.
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are inaccurate, but it must be recognized that over the past several
decades Jupiter's atmosphere may have experienced real changes in its
scattering properties.

A more recent spectrophotometric study of the scattering in
spatially resolved regions on the disk of Jupiter was undertaken by
Binder and McCarthy (1973). These observations consisted of measure-
ments of absolute reflectivity at various locations in certain belts
and zones, using a single aperture detector with an effective spatial
resolution of 3-4 arcsec. In reducing their data to an Euler
scattering model parameterization, Binder and McCarthy used a two-step
procedure in which they first fit the data to the empirical Minnaert
reflection law

1/F = (I/F)oui p<t : (12)
They then determined the Euler model parameters %o and x which were
consistent with the previously calculated values of (I/F)O and k,
They arrived at the solution p(cos®) = 0.989-(1 + 0.54 cosf) at
59408 and p(cos®) = 0.987-(L + 0.55 cosB) at 8230i for the STrZ,
which may be directly compared with the SIVIT results which yield
p(cosb) = 0.997- (1 - 0.03 cosb) at 5810A and p(cosg) = 0.997-
(1 + 0.04 cos®) at 82904. At other visible and near-IR wavelengths,
Binder and McCarthy found x to vary from a minimum of 0.42 to as high
as 0.80 in the STrZ. As a test of the validity of theilr two-step

reduction technique, a direct fit of the Euler scattering model to
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Binder and McCarthy's published 8230A& STrZ data has been made using the
"brute force" least-squares technique. The solution p(cosf) = 0.970 -
(1 + 0.28 cosp) was returned by this method, a result which is incon-
sistent with Binder and McCarthy's solution from the same data. The
computer program has been tested and checked repeatedly and appears

to work properly, Thus, the reason for the discrepancy is not obvious,
but one possibility is that Binder and McCarthy's two-step procedure,
which initially makes use of the simple Minnaert law, may result in
some loss of curvature information contained in the actual data.

Other discrepancies arise from the fact that Binder and McCarthy's I/F

values are some 15-257% lower than those presented here and Orton's
(1975a) . This is consistent with their solution of high positive
values of the asymmetry parameter x, since these values imply low
backscattering of sunlight toward the Earth near full phase.

One final test of the SIVIT data has been made in order to put
to rest any lingering qualms that the vidicon data contain some
systematic error. This test involves the corrections which have been
applied to compensate for nonlinearity and reciprocity failure in the
vidicon tube. The experimentally determined values for Yy and Yo
(see Chapter 3) are at variance with the results obtained for other
vidicons in which gammas very much closer to unity were measured
(Westphal, 1973). The following analysis supposes that the experiment-
ally determined gammas are incorrect and that the SIVIT is in fact

linear with Y1 =Yy T 1. Standard star reductions and limb-darkening



46

model fits were repeated for the 5810A channel under this assumption,
and Table III presents a comparison of reflectivities and model para-
meters for the '"linear" case and the "measured" case. The absolute
reflectivities assuming Yy =Yy = 1 are not significantly different
from the values determined when the experimentally determined cor-
rections were applied. Furthermore, the values of the asymmetry para-
meter x are not appreciably altered, and thus this potential source of
doubt can be reasonably eliminated. In summary, then, either Binder
and McCarthy's photometry is in error, the SIVIT calibrations (and
Orton's) are somehow faulty, or Jupiter has brightened by a consider-
able amount since 1971-72.

Pilcher and Kunkle (1976) have constructed limb-darkening profiles
of several regions on Jupiter using overlapping area scans with about
1 arcsec spatial resolution. Their continuum channels at 63008 and
82008 are sufficiently close to the 58104 and 82904 filters used in
this study so as to permit first-order comparisons of the data.
Pilcher and Kunkle assumed an isotropically scattering model (a
special case of the Euler model in which x = 0) and determined the
range ofm0 values which gave the closest fit to the measurements.
Calculations with the vidicon data in which x was assumed to be zero
returned values of 5; which agreed in most cases with Pilcher and
Kunkle's solutions to within two or three units in the third decimal

place,
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Tomasko et al. (1976) present the results of high spatial
resolution imaging by the imaging photopolarimeter (IPP) experiment
aboard the Pioneer 10 spacecraft which encountered Jupiter in December
of 1973. At the heart of the IPP experiment were two channeltron
detectors with spectral response limited to a blue (3900-50004%)
channel and a red (5950-7200i) channel. The effective wavelengths
of these channels are about 4400 and 64004, respectively. Images were
obtained at a variety of phase angles from 12° to 150°, Tomasko et al.
have reduced the IPP data in the blue and red channels for two regions
on Jupiter, the South Equatorial Belt and South Tropical Zone. Since
the SIVIT data were obtained near full phase, the most direct
comparison between the vidicon data and the IPP results can be made
using the spacecraft data at 12° phase angle. This requires an
extrapolation of the vidicon data to this phase angle using the best-

fit Euler scattering models. Tomasko et al. present data numbers for

points along the SEB and STrZ for which they give the appropriate
values of ., b and cos(yp - @O). There is no simple relation between
these geometric variables as in the case of a planet observed in the
same plane as the planetary equator and the illuminating source, due
to the inclination of the spacecraft trajectory and spin-scan mode of
data acquisition. Thus, the simplest method of comparing the vidicon
and spacecraft data is to calculate the Euler model reflectivities at
the values of u, By and cos(yp - @o) given by Tomasko et al. 'The

limb~darkening curves for the relevant geometries were computed at
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4115 and 4865&, which essentially bracket the Pioneer blue channel,

and at 5810 and 7440A, which bracket the red channel. The results are
plotted against o and shown in Figures 12a,b and 13a,b for the SEB

and STrZ, respectively. The IPP and extrapolated ground-based results
are normalized to the reflectivity at the largest value of oo Except
for the SEB data in the blue, the Pioneer limb-darkening curves are
steeper than the extrapolated ground-based profiles., There are

several possible explanations for these differences. First, if the
atmospheric scatterers exhibit a sharp backscattering feature confined
to the largest scattering angles, the character of the limb-darkening
curves which were fitted to the low phase angle data would be different
from those obtained at larger angles. This scenario is unlikely, since
the combination of different species of scatterers and the expected
dispersion in particle sizes and shapes would smooth out any such

sharp features, Second, significant changes may have occurred in the
jovian atmosphere in the two year interval between Pioneer 10 encounter
and the acquisition of the vidicon data. Perhaps a third hypothesis

is the most satisfactory, in which it is realized that the ground-
based data were acquired at geometries such that cos(p - @0) ~ -1

for points in the latitude bins, whereas the inclination of the

Pioneer 10 trajectory insured that cos(p - mo) adopted values closer

to -0.95 to ~0,97. Therefore, the differences between the spacecraft
and ground-based data may be indicative of a stronger dependence on

cos(yp - @o) than allowed by the Euler scattering model.
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Figure 12a. - Comparison of relative photometry from the Pioneer 10
imaging photopolarimeter "blue" channel (Tomasko et al., 1976) in

the South Equatorial Belt with the vidicon results at 4115 and 48654,
The data are plot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>