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Abstract

Part 1:

Five major eccentric features in the rings of Saturn are studied. These
are the outer A and B ring edges at 1.95 and 2.27 R; and three narrow ringlets at
1.29, 1.45, and 1.95 R;. Data acquired by four Voyager experiments — Imaging
Science (ISS), Radio Science (RSS), Ultraviolet Spectrometer (UVS), and Photo-

polarimeter (PPS) —were useq in this investigation.

The shapes and kinematics of the A and B ring outer edges are deter-
mined by their proximity to strong low-order lLindblad resonances. The data for
the A ring edge are consistent with a 7-lobed distortion rotating with the mass-
weighted mean angular bvelocity of the co-orbital satellite system. The B ring

edge has a double-lobed figure which rotates with the mean motion of Mimas.

The Saturnian ringlets are narrow (mean widths vary from ~ 10-60 km)
and have eccentricities of order 10™*. All have sharp edges, normal optical
depths 7 ~ 1-2, and are embedded in essentially empty gaps {7 < 0.05). The
Titan ring at 1.29 R; and the Huygens ring at 1.45 R, exhibit positive linear
width-radius relations; the Maxwell ring at 1.95 R, does not. The kinematics of
the Huygens ring are determined solely by Saturn’s non-spherical gravity field.
The kinematics of the Titan ring are apparently completely determined by its
interaction with Titan. At present, the most plausible mode! for the Maxwell ring
involves the superposition of two components: one which is freely precessing
and the other which is forced by Mimas and the elliptical B ring. Masses, mean
surface mass densities, and specific opacities have been calculated for the Titan

and Huygens rings.



viii
Part 2:

The discovery of a periodic variation in spoke activity in‘ Saturn’s rings
from the analysis of Voyager images is reported. A Fourier power spectrum was
com.puted, using a data set generated by quantifying spoke activity observed on
the morning (western) half of the rings in Voyager images spanning ~ 12 Saturn
rotations and in Voyager 2 images spanning ~ 90 Saturn rotations. The period
from Voyager 1 data is 621 + 22 min; from Voyager 2, 840.6 £ 3.5 min. The
latter result suggests that the fundamental modulation in spoke activity is due
to the rotation of Saturn’s magnetic field, the period of which is 639.4 min. Max-
imum spoke activity observed anywhere on the rings is most likely to be associ-
ated with the region of the magnetic field responsible for the most intense emis-
sion of the Saturn Kilometric Radiation (SKR). Passage of this region through
Saturn’s shadow may play a significant role in the creation and/or rejuvenation

of spokes.
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PART 1

THE ECCENTRIC RINGS AT 1.29, 1.45, 1.95, and 2.27 R,



Preface

The recent interest in eccentric rings began shortly after the discovery
of the Uranian rings in 1977 by Elliot et al. (1977). While observing a stellar
occultation by Uranus, Elliot and his coworkers found unmistakable attenua-
tions in the signal received from the star prior to and after the planetary occul-
tation. These were attributed to 5 narrow rings encireling Uranus. Four more
rings were subsequently discovered (Elliot et al. 1978). With the accumulation of
occultation data sampling different azimuths on the rings, the shapes and
kinematics of these features were determined: 6 of the 9 rings are eccentric
Keplerian ellipses (Elliot et al. 1981; Nicholson et al. 1981); 8 are inclined to the
Uranian equatorial plane (French et al. 1982). The apses and nodes precess

under the influence of the multipole moments of Uranus.

In 1980 and 1981 the two Voyager spacecraft flew by Saturn and found
narrow eccentric ringlets at 1.29, 1.45 and 1.95 R; and the F ring at 2.32 R,
(Smith et al. 1981, 1982). The outer edge of the B ring near the 2:1 resonance
with the Saturnian satellite Mimas was also found to be non-circular. As a result
of the present work, the outer edge of the A ring, which lies near the 7.6 reso-
nance with the co-orbital satellites, is added to this list of non-axisymmetric
ring features. The study of the shapes and kinematics of these features, with the

exception of the F ring, is the subject of the first half of this dissertation.

The same data sets were used to study all features and were analyzed in
the same manner. To avoid repetition, the data and the reduction techniques
are described once in Chapter 1. The model results and interpretations are

presented in succeeding chapters. Chapter II is devoted to the analysis of the A



and B ring edges. A brief outline of the dynamics affecting these features is
given in this chapter. The results of the study of the narrow Saturnian rings are

given in chapter III.

The investigations presented here are predominantly the work of the
author. However, others have provided data, assistance in data reduction,
important calculations, and/or valuable suggestions regarding interpretation of
the results. Listed in alphabetical order, they are: N. Borderies, G.E. Danielson,

P. Goldreich, J.B. Holberg, A.L. Lane, P.D. Nicholson, and H.A. Zebker.
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Chapter 1. Voyager Observations of Eccentric Rings

1. Data Description

The data sets used in this study were obtained from four Voyager

experimehts:

la. ISS Imaging Dafa. These are two-dimensional images which were
acquired with both narrow and wide angle cameras of the ISS Voyager 1 and
Voyager 2 experiments. The ones used for this study were taken predominantly
through the clear filter (Agry ~ 4970 .3.) and cover a range of ~5 to ~80
km/pixel resolution, All frames were corrected for distortion due to the camera
electronics. Voyager 1 observations occurred within ~ 1 day of Voyager 1 closest
approach; Voyager 2 observations, within ~5 days of Voyager 2 closest

approach. The Voyager encounters were separated by 286 days.

The Voyager frames taken in diffuse transmission from below the ring
plane were not used in this analysis. Under this particular lighting condition,
brightness is not a monotonically increasing function of optical depth. A ringlet
with a very optically thick core and diffusely transmitting wings would appear
indistinguishable from two ringlets separated by a narrow empty gap. Positional
measurements are difficult in this case as they depend upon model profiles for
the ring transmission and reflection as a function of optical depth. Images
taken in reflected light (see Plates 1-3) or direct transmission (against the disk
of the planet) are more easily interpreted. Therefore, only these latter types of
data were used. They are identified by FDS (Flight Data Subsystem) number in
the data Tables Ila,b and Illa,b,c for each feature. Columns 1-3 list for each
frame the FDS number, the spacecraft, and the camera and filter through which

the image was acquired,



16, UVS Occulintion Dota. These daté were acquired by the Voyager
ultraviolet spectrometers observirig stellar occultations by the r:i.ngs of Saturn
(Sandel et al. 1982; Holberg et al. 1982). The first observation was an exit
occultation of the star ¢ Her during Voyager 1 encounter; the second and third
occurred during the Voyager 2 encounter when an entrance and an exit
occultation of the star & Sco were observed. The UVS instrument obtained a
spectrum from 912 to 1700 X every 0.32 sec during each occultation. For thei
Her occultation, this resulted in a resolution of ~7 km; for the § Sco
occultations, the resolution was ~4 km. These data were summed over all
wavelengths and corrected for instrumental effects to yield a single intensity at
an effective wavelength of 1125 A Normal optical depths vs. radius along the
occultation path were derived from the ratio of the attenuated to the
unattenuated signal and the angle of the line of sight to the ring plane, ~28°.7
for the § Sco occultations and ~ 41°.2 for the i Her occultation. The § Sco exit
occultation scanned the entire ring system. The other two scanned only the
inner C ring; both sampled the region around 1.29 R;. Consequently, there are
three UVS occultation observations of the 1.29 R, ringlet and only one of each of

the other ring features studied here.

Ic. PPS Occultation Data. The Voyager 2 exit occultation of § Sco was
also observed by the Photopolarimeter experiment which consisted of a
photometer and a narrow band filter of central wavelength A = 2640 X (Lane et
al. 1982). The time constant of this instrument was 10 msec yielding a
resolution in the ring plane of ~ 100 m. Measurements were made on plots in

which the resolution was degraded to ~ 0.5 — ~ 3.0 km to improve signal to noise.

The UVS and PPS occultation experiments occurred at the same time

and with the same viewing geometry. When compared against each other, the



positions of features seen by both instruments are found to be identical to
within measurement errors. The differences which do exist between these two
data sets, sucp as resolvable structure within features, are inconsequential for
the present analysis which is concerned only with positional measurements.
Therefore, the two data sets are treated here as one. Error estimates were
made on the UVS scans. The appropriate information for the UVS data is given

in the data tables in chapters II and III.

1d. RSS Occultation Data. Five hours after closest approach to Saturn,
the Voyager 1 spacecraft emerged from behind Saturn as seen from the earth.
For 17 minutes its transmitted signals at A3.6 and A13 cm were occulted by the
rings. The oblique optical depth at every point along the occultation path was
measured. The angle of the line of sight to the ring plane was 5°.9 (Tyler et al.

1983)

Due to diffraction effects, initial results from this experiment are limited
to a resolution the size of a Fresnel zone projected onto the ring plane. Signal
processing can improve the resolution by correcting for diffraction. This was
done for the A3.6 cm signal in the vicinity of 1.45 R, yielding a resolution of ~ 1
km. RSS data for the other eccentric features have not yet been processed in
this way; the resolution for these data is nominally ~5 km for the 1.29 R, ring
and ~ 15 km in the Cassini division. In the presence of sharp edges, however,
higher resolutions may be achieved by measuring the location of the -8 dB
intensity level. In theory this gives the exact location of an infinitely sharp edge
from data not corrected for diffraction effects. The data tables include the RSS

datum and the information relevant to this observation.

Both the UVS and RSS occultation experiments had the capability of



determining an absolute distance scale for the rings. The original disagreement
in this scale between the two data sets was attributed to an uncertainty in the
position of Saturn’s rotational pole. The currently adopted pole is obtained by
simultaneously fitting both data sets and solving for the pole vector (Simpson et
al. 1982).‘ The resulting (systematic) uncertainty in the absolute radius scale is

~ + B km.

Throughout Chapters II and III, the RSS and UVS data points are

indicated in the figures displaying the model results.

2. Data Reduction

Measurements were made in all data sets to locate the edges of rings
between two fiducial features, Such measurements in the occultation data,
which are already in the format of intensity vs. radius in the ring plane, were
straightforward. In the case of the ISS data, scans of brightness (DN value) vs.
position were made perpendicular to the ring features in the image, a direction
which is generally not radial on the ring plane and is almost always diagonal to
the pixel grid. Brightness values were interpolated between pixels using the
sampling theorem, a result of which is that the intermediate points of a band-
limited function can be fully recovered from evenly sampled data by convolution
with sinmz /rz (Bracewell 1978). Each scan was an average taken over at least 3
pixels to increase the signal to noise ratio; in general two or more such scans
were made per image and averaged. A half-dozen sharp-edged ‘test’ features
common to all frames were chosen and the location of the half-power point (or,
for RSS data, the -8 dB point) of each edge was measured. These measurements
served the dual purpose of checking the circularity of each test feature against

the others and of providing a measure of the error associated with the location



of the eccentric feature in each frame. This was accomplished by the following

procedure.

First, for the ISS data it was necessary to determine the resolution in the
ring plane. In general this is different from the resolution in the image plane.
The occultation scans are among the highest resolution ring data obtained by
Voyager and have been absolutely calibrated in radial distance. The ring plane
resolution was deduced by measuring the absolute radial distance in kilometers
between two of the test features in the occultation scans and the difference in
the number of resolution elements (pixels) between the same two features in
the ISS data. The ratio is the number of kilometers per pixel in the ring plane

for that frame.

The check for circularity was done by iteration. (For brevity, in what
follows both ISS images and occultation data will be referred to as scans). Two
‘trial’ test features or benchmarks were chosen; the positions of all other test
features were scaled relative to these for each scan. The averaged scaled radius
of a single feature, 7,, was obtained by weighting the scaled radius by the inverse
square of the ring plane resolution for that scan and averaging these weighted

values over all scans: i.e.,

1=

X 2
Y T2 4 /RY

N
2 1/7?1',2

i=1

where N = number of scans, X; = ring plane resolution for scan i, and rp; =

scaled radius of feature = in scan 4.

" The resolution-weighted standard deviation of each feature, o,, was also

calculated:



$ foa-nf e

N
3 1/RE

i=1

i

Although it is reasonable to suspect some degree of systematic error in
positional measurements for any data set considered here (for example,
incomplete correction for camera electronics distortion in the ISS data), the
largest errors are most likely to be random, Gaussian measurement errors. This
type of error will be positively correlated with the size of a resolution element.
Therefore, weighting a measurement by the inverse square of the resolution in
the ring plane is equivalent to weighting by the inverse square of the standard
deviation of that measurement, a common procedure in statistics when data

are not of uniform precision.

The o is a measure of the fluctuations in the scaled radius of a feature
due to measurement errors, systematic differences between scans, non-
circularity of the ‘trial’ benchmarks and non-circularity of the feature itself.
The first two effects are difficult to avoid. The separation of the latter two was
accomplished by performing the procedure just described on several sets of
‘trial’ benchmarks and comparing the resulting o.'s from each trial. All test
features chosen had standard deviations significantly less (by factors of 3 or
more) than that of the eccentric feature, and when used as benchmarks, never
caused the standard deviations of the other test features to become
unreasonably large. From this array of circular features, two were chosen as

the fiducial features from which the final scaled radii were obtained.

The value of o, for the eccentric feature was dominated by its non-

circularity and could not be used as a measurement error. Instead, for a given



10

scan i, the rms deviation, o;, of the scaled radii of the remaining test features

from their weighted-average values was computed:

\ f [7':.1', - Fz]z

g2 .. z=1
0; - M L]

where # = the number of features. This number is a measure of the average
uncertainty in a scan due to both Gaussian and systematic errors and is the
uncertainty assigned to the measurement of the eccentric feature. When
converted back to resolution elements, the range in the ¢;'s is ~0.4-1.0. These
are values one might reasonably expect from Gaussian errors alone and indicate

that any systematic problems in these measurements play only a minor role.

Columns 4-6 of the data tables list the ring plane resolution, the scaled
radius, and the measured scaled uncertainty for each scan in all of the data
sets, The numbers in column 5 were used as radii in the model fitting. In the
final step of the data reduction, the solutions for the scaled radii were converted
back to absclute radii by using the radius scale provided by Holberg et al.
(1982) and Simpson et al. (1982). The data tables include the absolute radial
distance, A, betx'aveen the two fiducial features and the absolute radius of the
inner one, f,;. The uncertainties assigned to these numbers were obtained from

the PPS occultation data,

Longitudes were measured clockwise (opposite to rotation) in Saturn's
ring plane relative to an inertial system defined by the position of the sub-solar
peint on the rings at the time of Voyager 1 closest approach (1980 November 12,
23h 46m UTC — spacecraft event time). This longitude system will hereafter be

referred to as the Solar Longitude System, or SOL.
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The SOL longitude of each occultation cbservation at radius r on the ring
plane was computed using the spacecraft navigation informatién. the photon
penetration e\Tent time at radius 7, the direction to the sun, and a) the position
of the occ‘ulted star in the case of the UVS/PPS experiment, or b) the direction

to earth in the case of the RSS experiment. These longitudes are accurate to

<0°.5.

For the ISS data the longitudes were obtained in one of two ways. In low
resolution frames in which measurements were made on the left-hand (right-
hand) ansa as seen from the spacecraft, 90° (270°) was added to the sub-
spacecraft SOL longitude; correction was made for the non-infinite radial
distance of the spacecraft from Saturn. For high resolution frames, the
longitude was obtained from information regarding the direction of the optic
axis. The longitudes in both cases are probably uncertain to + 3°, Columns 7-8 of
the data tables list for each observation the time from the SOL system epoch

and the SOL longitude in the ring plane.
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Chapter II. Non-Axisymmetric Ring Edges

1. Introduction

t

The two strongest resonances in Saturn's rings are the Mimas 2:1
Lindblad fesonance at 1.948B R; and the 7:6 co-orbital Lindblﬁd resonance at
2.267 Ry, These resonances fall close to two major features in the ring system,
the outer B and A ring edges. Cursory examination revealed the B ring edge to be
a Saturn-centered ellipse rotating with a speed equal to the mean motion of
Mimas; the line joining the radial minima was observed to peint approximately
to Mimas (Smith et al. 1982). These results suggested distortion of the particle
orbits by the action of the satellite. Until now, no analysis has been made of the

shape of the ouler A ring edge.

In this chapter the results obtained from a detailed analysis of Voyager
data to study the A and B ring edges are discussed. A brief description of the
dynamics of resonances is given for background and to provide justification for
the models chosen in this analysis. The gross characteristics of the B ring edge
previously reported by Smith et al. (1982) are confirmed, though a Saturn-
centered co-planar ellipse does not appear to provide a completely satisfactory
fit to the data. An upper limit to the angle between the direction to Mimas and
the minor axis of the ellipse is obtained. This allows an estimate to be made of
the viscosity and vertical ring thickness in the unperturbed region of the B ring.
The data for the A ring edge are consistent with a seven-lobed distortion
rotating with the mean angular frequency of the co-orbital system. However, the
central and sideband 7:6 resonances produced by the co-orbitals at the A ring
edge are closely-spaced and make a complete interpretation of the results

reported here impossible at this time.
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2. Dynamics

The perturbing potential of a satellite orbitinig in the plaﬁe of the rings
may be decomposed into a Fourier series..The frequency of the mth component
at a point fixed in inertial space is equal to mQ p, where ( p is the pattern speed.
The forcing frequency felt by a particle moving with orbital angular velocity Q is
m(Q - Qp). Lindblad resonances are located where the forcing frequency is
equal to the natural radial frequency of the particle. In an inverse-square law
force field, the particle’s radial and angular frequencies are equal, the orbit is
closed. In the gravitational field of an oblate planet, the apsidal line of the
particle’s orbit precesses at a rate c.'%‘ The radial or ‘epicyclic’ frequency £ =

0 -a"‘i‘. The condition satisfied at an inner lindblad resonance, the most

important kind in Saturn’s rings, is:
mQp—(m -1)Q =& . (1)

In a reference frame rotating with the pattern speed, the exciting
potential is a time-independent function of azimuth and radius. At the
resonance location in this frame, an unperturbed eccentric orbit is closed (i.e.,
periodic) and traces out an m-lobed pattern. In the inertial frame, a streamline
composed of many resonant particles at different phases in their orbits is also
an m-lobed pattern which rotates with a pattern speed 2 p. In general << 0 .

and condition (1) yields

Q m7‘)'2-(2_1:»/('"'1:—1) -

for the orbital angular velocity at resonance,

The dominant terms in the expansion of the potential are those of lowest

order in the satellite’s eccentricity; for eg = 0, there is a unique pattern speed



15

Qp =0, the satellite’s mean motion.

The amplitude of the disturbance can be estimated with the aid of (1)

where &'is the combined precession from secular and resonant perturbations.

The dominant secular effect is due to the multipole moments of Saturn’s

gravity field:

. ¥% 2 6
[l - el el ]

where Ja, Js4 Jg etc. are the dimensionless coefficients in the spherical

harmonic expansion of the gravity field. Using the coefficients for Saturn (Null
et al. 1981), &':ip =2°.95 day? at the A ring edge and 5°.01 day™! at the B ring
edge. The secular perturbations due to the Saturnian satellites and the ring

system are negligible, of order 1073-107% °/day.

The dominant resonant perturbation of the precession rate is caused by
the satellite. (We consider here a test particle orbit and neglect the interactions
with other resonant particles which can be significant). For an orbit of zero
inclination and low eccentricity, this perturbation is given by Lagrange’s

equation:

1 or
Qa2e Be ' (3)

1 ]
Wggt =

with

RE= ng [23!);%”( o) + A—bﬁ} cosd (4)

where R is the disturbing function of the satellite; a = a &2, (for an external
satellite), e is the eccentricity of the ring particle, & is the resonance variable,

and ib,g")i are the Laplace coefficients which arise in the expansion of the
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potential between two bodies in orbit around a primary for an m =j
disturbance. (For m =1, b§) » b§) —a). For conjunctions at periapse
(apoapse), ® =0 (n). The precession required to keep orbits periodic in the

satellite's frame at semimajor axis 2, can be calculated from a Taylor expansion

of (1) around the resonance position:
. df)
Na) =-—",,(a ~rs) . m #1;

2 d &,
Bla)=-—Fd, (@ -am) . m=1, (5)

Simultaneous solution of (3) and (5) yields the forced eccentricity of the

periodic orbit:

~M:  cosd
Bpgr X . 6
per My (@ — Oyes) (8)

For (a —a,) > 0[<0], the radial maximum [minimum] is aligned with the
satellite’s angular position. An estimate of the maximum amplitude of the
disturbance, ae, expected just from satellite forcing at a ring edge can be

obtained from (8) and the condition for intersecting streamlines, ade fa = 1.

3. Ring Edge Models

The eccentricities of the particle orbits at the A and B ring edges are
presumably forced: in the manner described above. Therefore, the
measurements of the edges of the A and B rings were fitted in the least-squares

sense with models describing uniformly precessing m-lobed patterns:
T =a{1—ecosm{19—a’3‘o+ﬂp(t —tg)]] , (7

where (1 p is the pattern speed, m is the resonance label, a is the semimajor
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axis, e is the eccentricity of the periodic orbits, & is the SOL longitude of
periapse at £ = £g, and 7 and ¥ are the observed scaled radius anci SOL longitude
of the measurt\ement at the time of observation, £. The scaled radii were weighted
by the inverse square of their errors. Four parameters, a, e, g, and Q) p, were
adjusted to yield the least-squares solution of lowest residuals. The two
sampling epochs at Voyager 1 and Voyager 2 encounters were separated by 286
days; the lengths of these intervals were ~ 1 day and ~ & days, respectively. In
practice many solutions for {2 p are satisfactory, each corresponding to an
additional (360°/m) rotation of the m-lobed pattern between the sampling
epochs. The final solution chosen was the one giving ) p closest to the expected

pattern speed.

Note: The errors quoted for the values of e, &, and Q p are formal 1o
errors for these parameters. No attempt has been made to correct for the
correlations among them. However, the error quoted for the semimajor axis, a,
after conversion to absolute units, is the sum of the formal 1o error plus the

error in assignment of the absolute distance scale of + 6 km.
3a. A Ring Edge

The proximity of the A ring edge to the central 7:6 resonance with the co-
orbital satellites motivated a search for a 7-lobed pattern in the shape of the A
ring edge. The orbits of the co-orbita_ls have been described by Yoder et al.
(1983). At the present time these orbits are characterized by a large relative
amplitude of libration; the angle of minimum separation, ¢mgm ~ 8° After
closest approach the satellites’ angular frequencies change in proportion to the
inverse ratio of their masses. The difference in the mean motions, 0°.254 day™!,.

implies a reversal period of ~ 3.9 years. Observations of the co-orbitals made on
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either side of reversal, i.e., as they approach and then recede from one another,
yield a measure of the satellite mass ratio. Unfortunately, both Voyager
encounters o?curred during satellite approach. (Orbit reversal occurred in
January, 1982, approximately 5 months after Voyager 2 encounter.) However,
an estima"ce of the mass ratio, as well as an accurate measure of the average
mean angular frequency of the co-orbital system, {}, was obtained from the
combination of Voyager 1 data and ground-based observations made in 1968

during satellite separation by Larson et al. (1981). From this analysis, Yoder et

al. (1983) find M = M,/Mg=3.3 1;{1 =518°.291 £ 0°.002 day™ L.

The resonant perturbations at the A ring edge are complicated by the
presence of many potential components with slightly different pattern speeds.
These frequency splittings arise from the libration of the two satellites; the
pattern speeds differ from Q by (k2)(AQ /7), where AQ = 0°.254 day™ and k is
an integer. For small libration angles (large ¢n), the principal resonance at
k =0 is strongest. This is not the case for the present co-orbital configuration
for which @min ~ 6°. The pattern speeds and relative absolute magnitudes, g{k)
of these potential components are given in Table llc for 0 < k < 5, gy = 6°, and

M =2.3, 3.3, and 4.3 to accommodate the uncertainty of + 1 in the mass ratio.

Measurements of the errors in the A ring edge radii were made difficult
by the lack of reliable benchmarks: many of the resonance-related features in
this region change contrast with changing phase angle, rendering them useless
as test features. Consequently; only two (or fewer) features in each scan were
used to compute the error in the scaled radius.: For two frames (FDS #'s
43968.29 and 43978.01), no measure of the error could be made at all. In these
instances, the error was estimated to be + 0.7 resolution elements, the average

obtained for the entire A ring data set.
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Table Ilc
0, (k,3.3) B(k,2.3) B(k,3.3) B(k,4.3)
5189291 day 1 0.00 0.38 0.37
518.309 0.30 0.07 0.40
518.327 0.02 0.65 1.00
518.345 0.65 1.00 0.88
518.364 1.00 0.68 0.31

518.382 0.71 0.10 0.12
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The two flducial features chosen were the midpoints of the Encke and
Keeler gaps. It is known that the edges of the Encke gap exhibit maximum peak-
to-peak variat‘ions of 4 km, with wavelengths of ~ 1800 km or 0°7 in azimuth
(Cuzzi and Scargle 1983). However, problems due to this variation are believed
to be small for several reasons. First, the waves seen in the Encke division edges
are not continuous over > 30° in azimuth. Second, in each image two or more
scans perpendicular to the ring features were made at azimuths differing in
general by  3° in wide-angle frames and 2 1° in narrow-angle frames. The final
scan from which positional measurements were made was an average of these.
Third, the average position of the inner and outer Encke edges was used as the
inner fiducial feature. The averaging processes tend to minimize the effects of

the Encke variation.

A series of solutions was obtained by spanning the range of pattern
speeds 517°.75 < Qp < 519°.25 day™! in increments of 0°.003 day™! while holding
(? p fixed and letting a, e, and &, vary. The solutions corresponding to minimum
normalized residuals, x,%,in, were examined, The error quoted here in any
parameter, p, was obtained by evaluating p(x2g + 1) —2(x%in); ie.. the
difference in the values of the parameter corresponding to the solutions of x2;,

and x%in + 1. This yields a formal 1o uncertainty.

Figure 1 shows the residuals per degree of freedom (x?/DOF) vs. pattern
speed where DOF = the number of data points minus the number of free
parameters. Acceptable solutions are obtained with a family of pattern speeds
(0p =518°312 + AQpn + 0°04 day™!, where n is an integer and AQ p = 0°.18
day™!, corresponding to the rotation of one extra lobe between the sampling
epochs. Pattern speed ( p = 518°.31 is indicated in Fig. 1 with the 1o error bar.

The seven minimum x* solutions shown in Fig. 1 are equivalent: each yields
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Fig. 1. The residuals per degree of freedom {x*/DOF), obtained by fitting a 7-
lobed pattern to the radius-longitude data of the A ring edge, vs. pattern speed
(°/day™) in the vicinity of the mass-weighted averaged mean motion of the co-
orbital satellite system, 0 =518°.291 day~!. The minimum-residuals solution

clogest to 0, 0 p = 518°.31 + 0°.04 day™!, is indicated by (a).
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identical values of the 3 variable parameters o, e, and g with DOF = 7. These

are;

\ o = 136773+ Bkm
e =49(0.8)x 1075
Gp = 197° + 10°
x?/DOF = 0.16

The model solution with pattern speed closest to 1, 0 p = 518°.31 day™},
is shown in Fig. 2. ‘All data are precessed to the SOL system epoch. Fig. 2a
displays the complete seven-lobed pattern. Four of the 7 lobes are sampled in

this model. Fig. b shows the data folded onto one lobe with &y = 197°.

The x®/DOF (= 0.18) is exceptionally small. The expected x*/DOF is 1.0 if
the data are Gaussianly distributed around the model. The value obtained for
this solution is a likely indication that the uncertainties assigned to the data
were overestimated. This is not implausible in light of the previously mentioned

difficulties in making these estimates.

To test the reality of the 7-lobed distortion, similar models with the
number of lobes varying from 1 to 10 were tried. All yielded minimum residuals
significantly higher than the 7-lobed model except cne having 5 lobes. The
lowest x*/DOF = 0.21'for this model. Of course, there is no reason to suspect a 5-
lobed distortion in the A ring edge: no strong m = 5 resonance with any known
Saturnian satellite exists in this vicinity of the rings. The low x*/DOF for the 5-

lobed model is probably an artifact of the incomplete sampling of the 7-lobed
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Fig. 2. The 7-lobed model obtained for the A ring edge with Q p fixed at 518°.31

day!. The model parameters are given in text. Data points have been

precessed to the SOL system epoch. Open circle is a Voyager 1 datum, filled

circles are Voyager 2 data. a) Complete 7-lobed figure. b) Data folded onto one
lobe with & = 197°,
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figure. However, it also indicates the degree to which our model for the A ring
edge depends upon theoretical preconceptions. For a straight-line fit through

the data, x?>/DOF = 1.B.

\

The semimajor axis is well-constrained by the data; no model solutions
obtained from this study gave values for a differing by more than the lo
uncertainty of ~+1 km. Thus it is believed that the semimajor axis quoted
here, 136773 + B km, is a model-independent result. Equivalent solutions are
obtained with & differing from the one given above by an integral number of

360°/7.

It must be noted that there is only one Voyager 1 datum: the RSS
occultation. It is this point alone which allows discrimination between pattern
speeds separated by 360/(7ATg) < AQp < 860/(7AT,), where AT, is the time
interval spanned by the Voyager 2 data set, 1.2 days, and AT, is the total time
interval between Voyager 1 and Voyager 2 epochs, 286 days. Our reliance on this
single Voyager 1 datum would be worrisome were it not for its high precision. An
error of 0°.1 day™! in the model solution ) p would require an error in the RSS
observation of ~9°. The uncertainty in the SOL longitude of this observation is

~0°1; theinaccuracy in the timing, < 1 min, is negligible.
3b. B Ring Edge

The initial 4-parameter solution for the B ring, with 9 degrees of

freedom, was as follows:

e =117577 + 16 km
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B = 218° + 11°
e =6.5(0.8) x 107*
Q p = 382°.00 + 0°.04 day~!
X?/DOF = 4.7 .

The mean motion of Mimas is 381°.997 day™!; its position in the SOL
system at epoch is Agp; (Mimas) = 213° + 1°. The solution pattern speed of the B
ring is identical to Mimas' angular velocity. Note also that to within the formal
uncertainty the periapse is aligned with the position of Mimas. The condition for
closed orbits interior to a resonance imposed by basic resonance dynamics
requires that conjunctions occur at periapse for test particle orbits. The 2:1
Mimas resonance location has been computed to be 117553 km, 24 km within
the 4-parameter solution for the B ring edge semimajor axis. It is known that
the inclusion of perturbations due to self-gravity and viscous stresses permits
models in which the particle streamlines extend across the resonance location
(Borderies et al. 1982). Thus the results reported here are consistent with the
hypothesis of forcing by Mimas and we are justified in setting 0 p = {14, thus
reducing the number of free parameters to 3. The best 3-parameter solution,

with 10 degrees of freedom, is:

a = 117677 + 15 km

e =6.3(0.8) x 10™*
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§p = 215° + B° ’
X3/DOF = 4.3

This solution'is shown in Fig. 3. The SOL position of Mimas is indicated.
The x?/DOF for this model, 4.3, is larger than those obtained from the model-fits
of the other eccentric features in this study for which the data are of
comparable quality (chapter III). It is plausible that the simple co-planar
double-lobed m‘odel used here is insufficient to fully describe the B ring shape.

Additional models will be investigated in the future, -

4. Discussion.

In light of the adequate sampling in radius and azimuth of the A ring
edge, in particular the nearly extreme radial positions sampled by the high
precision RSS and UVS data points, it can be said that the shape of the A ring
edge is consistent with a 7-lobed distortion. The semimajor axis & = 138773 + B
km and the peak-to-peak variation of 14 + 1 km are considered model-

independent results of this analysis.

It is difficult to offer a precise interpretation of the kinematics of the A
ring edge because of the complicated co-orbital resonance configuration in this
region. The k =0 (central) resonance is located at 1368775 + 2 km; the
sidebands are spaced at intervals of +3. km on either side. The A ring edge
a = 136773 + 8 km. To within the errors, the A ring edge overlaps the first
several resonances (0 < & < 3) including the strongest (k = 3) for a mass ratio
M = 3.8. (Resonances with & < 0 apparently fall outside the A ring). Note also
from Table Ilc that the pattern:speeds for resonances with 0 < k = 3 fall within

the 1o bounds of the model solution 0 p = 518°.31 + 0°.04 day™!. The way in
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Fig. 3. The model obtained for the B ring edge with 0 p fixed at () (Mimas).
Parameters are given in text. Data points have been precessed to the SOL
system epoch. Open circles are Voyager 1 data; filled circles, Voyager 2. The

position of Mimas in the SOL system at epoch is indicated,
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which the disturbances produced at these closely-spaced resonances interfere is
not well understood at the present time. The problem may be complicated
further by t]\:1e effects of self-gravity and collisional stresses which are
presumably responsible for certain features of the B ring edge (see below). We
can say however that the pattern speed of the A ring edge is consistent with the

mass-weighted average angular velocity of the co-orbital system.

Several important features of the B ring can be deduced from the results
obtained here, The amplitude of the variation in the B ring edge isae = 74 + 9
km. Computations of the amplitude from test particle resonance dynamics
indicate that the location where the particle streamlines begin to cross, i.e.,
where adaBe =1 , occurs for se = 21 km. The self-gravity and viscous
collisional stresses of the B ring particles are evidently responsible for the

eccentricity enhancement and the location of the B ring edge outside the

resonance position.

Self-gravity of the ring material is responsible for a portion of the
perturbation of the particle orbit precession rates. The requirement that the
orbits remain closed in the satellite frame consequently includes a term

proportional to )}, the surface mass density of the perturbed region of the
B

outer B ring: equation 25, Borderies et al. 1982. This equation is only a crude
approximation as it treats the B ring edge as a single narrow ringlet. Using the B
ring shape parameters obtained here, the solution of this equation indicates
that Y, is O(> 10%) gm/cm® Values obtained for other regions of the rings are
of order 10-100 gm/cm? [see Esposito et al. (1983b) for references; chapter II1].
It appears that the outer B ring may be not only a region of enhanced optical

depth but also one of enhanced surface mass density.
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The viscosity in unperturbed regions of the rings can be simply related
to the velocity dispersion, V, and the optical depth (Goldreich' and Tremaine
1982):

VT

yn~ G.SW .

Viscous dissipation in the outer region of the B ring will lead to a loss of energy
and an angular separation, yp, between the periapse and the direction to
Mimas. Angular momentum which enters the outer B ring must be transferred
to Mimas if the outer edge is to remain stationary. Balancing the satellite
torque on the ring with the rate of angular momentum flowing through it leads
to an expression relating ¥ to v in the outer B ring (Borderies et al.1982):

v Mp ]2
Q(ma)? | Mg J '

siny ~

where M, and Hs are the planet and satellite masses, respectively, and m is the
resonance label. The results found here are consistent with 0 < |y] £ 10°
Using the upper value, v is computed to be ~ 85 cm?/sec; the corresponding
velocity dispersion is ¥V~ 0.2 cm/sec. This implies a maximum ring height

h =VA < 10 meters.

Ground-based observations of the rings seen edge-on yield values of h as
large as 3 km. Interpretations of these observations in terms of the local ring
thickness may be confused by effects such as optical depth enhancements for
edge-on geometry, warping in the ring plane due to inclination resonances and
the presence of a relatively few 1-2 km bodies (Shu et al. 1983; Henon 1981). It
is not unreasonable that the typical vertical thickness of the ring plane is much

less than that inferred from these observations. Values of h inferred from the
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damping of density and bending waves are of order 30 meters (Lane et al. 1982;

Shu et al. 1983),

Inferences about the particle size distribution in the rings can be
| obtained from comparisons of ring observations over a broad range in
wavelength. To date, only preliminary comparisons of this nature have been
made. However, the Voyager RSS occultation experiment sensed particles of
radius 1 cm and larger. The analysis of these data has revealed an apparent
upper size limit of 7 ~ 5 meters and implies that most of the mass in the rings
in concentrated in the 3-5 meter particles (Marouf et al. 1983). These results
were derived at only 4 places in the rings: two in ring C and one each in the
Cassini division and:in ring A. The high optical depths for the B ring prevent
such an analysis. However, if the mass in the B ring is also contained in the 3-5
meter particles, then the ring height upper limit derived here implies that at
least dynamically the unperturbed ring plane may be considered a monolayer.
This is the anticipated result for particles suffering sufficiently inelastic
collisions. It also could imply-that the massive particles are dominating the

viscosity.

Without knowledge of the particle size distribution, it is difficult to
unambiguously interpret the ring thickness inferred here. A more accurate
measure of ¥ and h will hopefully be obtained in the future from a more

satisfactory model for the B ring edge.

5. Conclusions

It is concluded from the analysis' of Voyager imaging and occultation

data of the A and B ring edges that:
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1. the shape and kinematics of the B ring edge are determined
primarily by its proximity to the Mimas 2:1 resonance. This

confirms the results reported by Smith et al. (1982).

2. the data for the A ring edge are consistent with a 7-lobed
distortion rotating with the mean angular velocity of the co-
orbital satellite system. However, the dynamics in this region
are complicated because the large libration of the co-orbital
satellites gives rise to a set of closely-spaced rescnances.
These complications prevent us from giving a complete

interpretation of the A ring kinematics at the present time.

3. the vertical thickness of the B ring in unperturbed regions is
of order 10 meters, comparable to valued obtained from the

analysis of spiral density and bending waves.

4. the shape of the B ring is apparently not completely described
by a simple 2-lobed distortion which is co-planar with the rest
of the ring plane. More complicated models will be tried in

the future.

5. the semimajor axes and amplitudes of the A and B ring edges

are:

a(B) = 117577 + 16 km

ae(B)=74+ 9km
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a(4) = 136773 + B km

ae(A) =7+ 1km

The uncertainties in the a’s include the systematic uncertainty (+ 6 km) in
the absolute radius scale determined by adopting the Saturn pole vector
which brings the RSS and UVS/PPS into closest agreement., Any future
changes in this scale must be applied to the values of the semimajor axes

found in this analysis.
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Chapter IIl. Narrow Eccentrie Rings

' 1. Introduction

The main body of the Saturn ring system contains 3 major eccentric
ringlets at 1.29, 1.45, and 1.95 R,. By the time of Voyager 2 encounter in 1981, it
was known that the shapes of these features are simple Keplerian ellipses with
foci at Saturn’s center. The latter two were observed to be precessing with rates
expected from the multipole moments of Saturn (Smith et al. 1981, 1982). A
multi-experimental analysis of Voyager data to study the 1.45 R; ring has been
made by Esposito et al. (1983a). They report an internal structure which is
independent of azimuth as observed at ultraviolet and radio wavelengths, a
mean optical depth across the ring of 7~ 1, and a surrounding gap essentially
devoid of material (7 < 0.01 in RSS, UVS, and PPS data). The ring’s edges are
sharp on a scale of ~1 km,; its width varies from ~28 to ~ 100 km. Its
precession rate is consistent with that expected from planetary oblateness.
Some of these characteristics are shared by the Uranian rings, in particular the

¢ ring. The remaining two narrow ringlets at 1.29 and 1.95 R; have until now not

been analyzed in detail.

Tentative names have been assigned to these rings and will be used freely
in the remainder of this chapter. ‘The ring at 1.29 Ry is called the Titan ring
because of its proximity to the 1:0 apsidal resonance with Titan. No official
name has been given to the gap in which this ringlet sits. We call it the Titan
gap. The 1.45 and 1.95 R, rings, which lie in the Huygens and Maxwell gaps, are

called the Huygens and Maxwell rings, respectively (see Plates 1-3).
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The study of the shapes and kinematics of the eccentric Saturnian
ringlets is described in this chapter. The basic properties of these features
reported in Smith et al. (1981, 1982) and Esposito et al. (1983a) are confirmed.
It is found tha‘t the rings at 1.29 R; and 1.95 R, are kinematically different than
the Uranian and Huygens rings. The eccentricity and precession rate of the
Titan ring are apparently completely determined by resonant forcing by Titan;
the Maxwell ring, though not completely understood, appears to be forced in
part by Mimas and the B> ring. The requirement that differential precession in
the Titan and Huygens rings be prevented by their internal self-gravity yields

estimates of the ring masses, surface mass densities and specific opacities.

2. Ring Models

Comparisons of the imaging observations of the narrow rings, taken at
different times and widely different azimuths, indicate that they are precessing
as units; i.e., there appears to be no differential precession between inner and
outer edges. The centerline of each ring was fitted in the least-squares sense
with a model describing a uniformly precessing, low eccentricity ellipse with

focus at Saturn’s center and which is coplanar with the broader rings: i.e.,
=a{1 -ecos[’tﬂ—o"‘g+b=‘(t —to)]} , (1)

where o is the semimajor axis, e is the eccentricity, & is the SOL longitude of
periapse at epoch, ip, a':f is the rate of apsidal precession, and r, % and ¢t are the
observed radius of the centerline, the SOL longitude and the time of the
observation, respectively. The data were weighted by the inverse square of their
errors. (Tables Illa,b,c list the data for these three features). Four parameters

were allowed to vary: a, e, & and o'i' A priori information regarding the
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expected behavior of each feature was used to determine the input parameter

for & The solution, {a , e , &, &3, yielding lowest residuals was examined.
: 2a. 1.29 R,

Equation 1 of chapter II gives the condition on the angular frequency of
a perturbing satellite and the precession rate of orbits at a Lindblad resonance.
An m =1 resonance is called an ‘apsidal’ resonance and occurs where the
pattern speed equals the rate of apsidal precession. The strongest resonances
have pattern spéeds equal to the satellite’s angular frequency. The proximity of
the 1.29 Ry ringlet to the 1:0 apsidal resonance with Titan suggested

investigation of precession rates near Titan’s mean motion, 22°.577 day™.

The 4 variable-parameter solution for this feature, with 6 degrees of

freedom, is as follows:

a =77871 + Bkm
e =2.6(0.2) x 107
B = 128° £ 16°
&= 22°57 + 0°.06 day™!
x°/DOF = 0.82

The location of the Titan 1:0 apsidal resonance is 77798 km, the errors in this
value are large, of order 50-100 km, and are due to the uncertainties in Saturn's
gravity coefficients (Null et al. 1981). The 1.29 R, ring lies outside the nominal

resonance position. At the SOL system epoch, the position of Titan is Agg;(Titan)



45

= 322° + 1° To within the formal uncertainties of this solution, the ring is
~ precessing with Titan's mean motion; its apoapse.is pointing to Titan. The
~alignment of the apoapse with the satellite’s position is the expected result for

orbits exterior to a resonance {chapter II, equation 8).

The simplest interpretation of these results is that the ring is stationary
in Titan’s reference frame with its eccentricity entirely forced by Titan. Under
this assumption, it is reasonable to set the precession rate & = OQrian and to

solve for 3 parameters with 7 degrees of freedom:

a =77871 + 7Tkm
e =2.6(0.2) x 107¢
8o = 129° + 5°

x*/DOF = 0.7

This solution is shown in Fig. 1. The data points have been precessed to the SOL
system epoch using a’i’ = 22°577 day™l. Two of the UVS data points are
coincident for this model. The position of Titan at the time of Voyager 1
encounter is indicated. The angular separation between the ring's apoapse and

Titan’s position is -13° £ 5° for this model.
2b. 145 R,

There are no strong resonances near the Huygens ring at 1.45 R;. Models
with a"'S' near the value expected from planetary oblateness were examined. The
resulting solution, with 8 degrees of freedom, is shown in Fig. 2. The solutions

for the 4 parameters are:



46

Fig. 1. The co-planar Keplerian ellipse,: with apse precession rate fixed at
() (Titan), which best fits the radius-longitude data for the Titan ringlet at 1.29
R;. Parameters are given in text. Data points have been precessed to the SOL
system epoch. Open circles are Voyager 1 data; filled circles, Voyager 2. The

position of Titan in the SOL system at epoch is indicated.
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Fig. 2. The best-fitting co-planar Keplerian ellipse obtained for the Huygens
ringlet at 1.45 Ry, Parameters are given in text. Data points have been

precessed to the SOL system epoch. Open circles are Voyager 1 data; filled

circles, from Voyager 2.
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e =B87491 £+ Bkm

e =3.4(0.4) x 107

&'=14°69 + 0°.03 day™!
xX*/DOF = 0.70

At a radius of B7491 km, the precession caused by planetary oblateness
(equation 2, chapter II) is 14°.688 + 0°05 day™l; the uncertainty is due to the
formal errors in the values of Jp and J4 (Null et al. 1981). To within the formal
uncertainties of this solution, t:"f = é'p: this feature is apparently freely

precessing in the multipole moments of Saturn’s gravity field.
2c. 1.95 R,

From Voyager images containing this feature (Plate 1), it is apparent
that to first order the shape of the 1.95 R, ringlet is a simple Keplerian ellipse,
unlike the double-lobed figure of the B ring edge. . The radius-longitude data
were fitted initially with a Keplerian model; a precession rate near the value
expected from planetary oblateness alone, 5°.01 day™!, was used as an input

parameter for & This model proved to be inadequate to fully describe the ring:

e =117828+ 11 km

e =2.3(0.8) X 10~
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& = 235° + 28B°
&'=5°01 + 0°12 day™!
X2/DOF = 1.87

The residuals, x*/DOF = 187, are significantly higher than those for the
previous two rings. No Keplerian co-planar elliptical model with a plausible
precession rate had residuals lower than ~ 1.8. Elliptical ring models including
inclination were tried for the Maxwell ring but yielded unsatisfactory results. A

weighted straight-line fit through the data yields x2/DOF = 6.6.

The Maxwell ring lies within 275 km of one of the strongest resonances in
the Saturn ring system, the 2:1 inner Lindblad resonance with Mimas, and within
~ 250 km of the edge of the optically thick B ring. The possibility that the ring is
significantly distorted by Mimas and the eccentric B ring was explored by fitting

a model consisting of the linear superposition of two components:
r =a{l - ecos['d— &g + a’%‘(t - tg)| — efcos2{1$— & +Q p(t - to)]} . (2)

The second term describes an m = 2 pattern with periapse angle, &y, pattern
speed, {1 p, and forced eccentricity, e,. Initially, 6 parameters were allowed to

vary and  p = Q gymes-
The solution of lowest residuals near 5’ =5°01 day~! with DOF = 7, is:

o =117828 + 11 km
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e =2.7(1.0) x 107*
es = 1.3(0.9) x 10~
Op = 213° + 28°
& = 303° £ 17°
5'=5°11 £ 0°.12 day™

X2/DOF = 1.91

The x?/DOF for this model is comparable to that of the Keplerian model.
In addition, the amplitude of the forced component, ae = 15 + 10 km, is not
significant at the Bo level. From these considerations it would appear that the
two component model is not an improvement on the simple Keplerian model.
However, there is some indication from the former that the forcing by Mimas
and the B ring is significant. The position of the 2:1 resonance with Mimas is
117553 £ 2 km. The model solution for a indicates that the ring lies outside the
resonance. For this configuration the line joining the radial maxima of the
forced component should be aligned with the satellite. The position of Mimas in
the SOL system at epoch is Agg, (Mimas) = 213° + 1°. The 6 parameter solution
for the SOL longitude of the radial maximum of the forced component is & - 90°

= 213° + 17°, identical to Agp; (Mimas).

In effect, the eccentric B ring edge behaves like an external satellite at
the angular location of Mimas. Its radial minima point to Mimas. As a

consequence, its inward-directed perturbation on the Maxwell ring is least
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(greatest) at those azimuths where the outward-directed perturbation due to
Mimas is the greatest (least). Therefore, the evidence presented above applies

equally well to the case of forcing by the B ring.

Assuming the reality of the forced component, we are justified in setting
Qp = Qyimes and & = Aggr(Mimas) + 90°. (In doing so, we are neglecting the
possibility that viscous stresses in the ring have caused a measurable angular
separation between the radial maximum of the Maxwell ring and the direction to

the satellite).
The resulting solution with 5 variable parameters and DOF = B is:

@ =117828 + 11 km
e =2.7(0.8) x 10~
Do = 213° + 28°
&=5°11 + 0°11 day™
e, =1.3(0.9) x 107*

x*/DOF = 1.68

In Fig. 3a, the Maxwell ring data are precessed to the SOL epoch using the
solution & given above and plotted against the major (Keplerian) component.
(Inspection of Fig. 3a confirms the inadequacy of a single component model).
The shape of the Maxwell ring in the two component model undergoes rapid
changes due to the vastly different angular frequencies, 5°.01 day~! and 381°.997

day~!, of the two components. The forced component may be thought of as a
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Fig. 3. The current best-fitting two component model obtained for the Maxwell
ringlet at 1.95 R,. a) The major component, 2 co-planar Keplerian ellipse, is
plotted against SOL longitude. The radius-longitude data have been precessed to
the SOL systern epoch using the apse precession rate obtained for this
component, 5= 5°11 day™!. b) The forced component, a double-lobed Saturn-
centered pattern, is plotted against SOL longitude. This model was obtained by
fixing the pattern speed Q p = 0 (Mimas) = 381°.997 day™! and the periapse &y =
Asor(Mimas) + 90° = 303°. The position of Mimas at the SOL epoch is indicated.
The data (differenced radius vs. longitude) have been precessed to the SOL

system epoch using ) p = 381°.997 day™!. See text for parameters and further

explanation. In a) and b), open circles are Voyager 1 data; filled circles, Voyager

2.
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wave disturbance with an azimuthal dependence = cosZ{ﬂ— Asor(Mimas)

. traveling around the ring with Q p = Q gimes. Consequently, the déviations of the
data points from the Keplerian curve in Fig. 3a are time-dependent and will vary
with a frequency equal to {(Q gimes — cb.‘)/lBO = 2.1 cycles/day. A visual
representation of the ‘goodness of fit’ of the forced component was obtained by
using the deviations from the Keplerian component as radii, precessing the data
to the SOL epoch using 0 p = 381°.997 day~!, and plotting the data (differenced
radius vs. precessed SOL longitude) and the forced component model in the SOL
system. The results are shown in Fig. 3b. The position of Mimas in the SOL

system at epoch is indicated.

[ ]
The solution for & is consistent with the value expected for free
precession, though it is surprising that the nominal solution differs from &, by
as much as 0°1 day™!. This may have implications for estimating the surface

mass density, ZB, in the outer B ring (see section 4).

Note that the periapse of the Keplerian component is aligned with Mimas
at the SOL system epoch; i.e., & = Asoz{Mimas). There is no reason to suspect a
kinematical relation between Mimas and the orientation of the apsidal line of
the freely precessing component. Moreover, it is unlikely that this coincidence
represents incomplete separation in time of the two components. The
observations made during Voyager 2 encounter extended over ~ 4.5 days during
which the radial deviations of the data points from the Keplerian curve executed
~9.5 cycles. The locations of the Voyager 2 data in Fig. 3b reveal the high

degree to which the second component is sampled in azimuth during this time

interval.

It is possible that the apsidal alignment of the free component with
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Mimas is a result of using a linear superposition of components in place of a
model which incorporates interactions between them. Note also that the scatter
of the data around the curve in Fig. 3b is large. This may be an additional
indication thr;.t important dynamical effects have been overlooked in studying

the Maxwell ring. Further observational and theoretical analysis of this feature

is required to reach a thorough understanding of its behavior.

3. ¥Width-Radius Relations

Figures 4 and 5 show the relations between the radial (FWHM) width and
the radius for the Titan and Huygens rings, respectively. Only those ISS data for
which the feature was resolved were used. The Titan ringlet was not resolved in
the RSS data for which the resolution was limited by diffraction. The RSS datum
for this feature represents an upper limit in width: The solid lines are least-

squares fits to the data, weighted by the errors in the widths only:

1.29 R, : W(R) = 0.616 (R — 77830) ,
1.45 R : W(R) = 0.803 (R — B7440) + 23 ,

where ¥ is the width and R is the radius,; in km. The minimum and maximum
model widths and meodel radii are indicated on the ordinate and the abscissa,
respectively. Clearly, these figures are well-fitted by straight lines of positive

slope.

The time scale over which differential precession due to oblateness would
circularize a narrow Saturnian ring of non-interacting particles is very short,
< 10% years. This time scale is lengthened for an optically thick ring in which

collisions are important (Borderies et al. 1983), but it is still relatively short,
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Fig. 4. Width-radius relation for the Titan ringlet. Open circles are Voyager 1
data; filled circles are Voyager 2 data. The straight line is a weighted least-
square fit to these data. The maximum and minimum model widths and radii

are indicated on the ordinate and abscissa, respectively. The RSS datum is an

upper limit.
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Fig. 5. Width-radius relation for the Huygens ringlet. Open circles are Voyager 1
data, filled circles are Voyager 2 data. The straight line is a weighted least-
square fit to these data. The maximum and minimum model widths and radii

are indicated on the ordinate and abscissa, respectively.
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~10% years. Goldreich and Tremaine (1979a) have shown that a possible
mechanism for preventing differential precession in a narrow ring is the self-
gravity of the ‘constituent particles. A necessary requirement of this mechanism
is a’ posiﬁive eccentricity gradient, ée Ao > 0, across the ring. The positive
width-radius relations for the Titan and Huygens rings are consistent with this
hypothesis. This is particularly significant for the Titan ring: in the absence of
self-gravity its eccentricity gradient would be negative owing to its position

exterior to the resonance.

The masses of these two rings can be calculated once the eccentricity
gradients are known. Implicit:in this calculation is the assumption that the
gradient has adjusted itself to balance the opposing effects of self-gravity and
differential precession. (In the case of the Titan ring, the tendency for
differential precession includes the perturbing effect of Titan). To determine the
eccentricity gradients, the data for the inner and outer boundaries of the rings
were fitted with elliptical models in which r.':f was held fixed at the wvalue
determined for the centerline. Only those data in which the rings were resolved
were used. The ranges in o and e across each ring, éa, and de, are tabulated in
rows 5 and 6 of Table Illd. The masses, M, determined by a numerical
procedure described in Goldreich and Tremaine (1979b), with a modification due
to the effect of Titan for the 1.29 R, ring, are listed in row 9. To first order in e,
the mass in the ring is evenly distributed in azimuth. The linear mass density is

given by L = M Rna. The mean surface mass density, Y, = L/#, where ¥ is the

ring’s mean width, is listed in row 10 for each ring.

Reliable optical depths have been determined from the UVS/PPS data
only. The mean optical depth across the ring and the width are 7~ 1.0 and ¥ =

57 km for 1.45 R, T ~1.8 and W = 18 km for 1.29 R, in the & Sco occultation.
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TABLE IITd
Titan Ringlet2 Huygens Ringlet
(1.29 R) (1.45 R))
1. a (xm)? 77871 + 1 87491 + 8
2. e (1074 2.6 + 0.2 3.4 + 0.4
3. o 129° + 503 3420 + 9o
4. © (°/day) 22.571 14.69 + 0.03
5. &a (km) 25 + 3 64 + 3
6. de (1074 1.4 + 0.4 3.4 + 0.6
7. r; (km)l 77735 + 12 87322 + 8
[eup] [1 x107%]
8. r, (km)l 77919 + 8 87590 + 8
leyy) (8 x 107} 1 x 1074
P
9. M_ (1018gm) 2.1 6.1
10. X (gm/cm?) 17 17
11. K (cm?/gm) .075 .052

1 Error includes
+6 km.

2 Solution for 3

3 Agop(Titan) + 1800 = 1420

Q(Titan)

W

I+

1°,

229577 day 1.

the systematic uncertainty in absolute radius of
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These values may be used to compute the specific opacity (i.e., the optical
extinction cross-section per unit mass), x = TW/L, at a particular location in the
ring. Normal‘ optical depth is inversely related to width for a ring with L
independent of azimuth. This is observed in the Uranian o, #, and ¢ rings for
which optical depth and width measurements have been obtained at varying
azimuths (Nicholson et al. 1982). For these rings, x is independent of azimuth.
Assuming this to be true for the Saturnian rings as well, we find for the Titan

ring £ = 0.075 cm®/gm; for the Huygens ring, £ = 0.052 cm?/gm.

Figure 6 displays the width-radius relation for the Maxwell ring. A
weighted linear least-squares fit to these data was not satisfactory: the result
was consistent with relations of either positive or negative slope. The
appearance of Fig. 8 provides strong evidence that this feature in significantly
different than the Titan or Huygens rings. The measurements of de Aa and the
calculation of the mass and specific opacity will be deferred until the shape and

kinematics of the Maxwell ring have been satisfactorily explained.

4. Discussion

The Huygens ring is the most readily understood of the Saturnian
eccentric rings., There are no strong resonances near this feature. Its
eccentricity is presumably unforced by resonant perturbations from distant
satellites; its motion is consistent with free precession in Saturn’s non-spherical
gravity field. The observed positive linear eccentricity gradient is consistent
with the hypothesis of suppression of differential precession through the
collective self-gravitating behavior of its ring particles. Its model width varies

from 40 to 88 km. The mass and ), are 6.1 x 10® gm and 17 gm/cm?

respectively. Esposito et al. (1983a) have compared the radial profile of the
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Fig. 8. Width-radius relation for the Maxwell ringlet. Open circles are Voyager 1

data; filled circles are Voyager 2 data.
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1.45 Ry ring in the UVS, PPS, and RSS data. The internal structure within this
~ feature is reproducible at different azimuths (and different widthé) on a scale of
~4 km, and appears the same at ultraviolet and radio wavelengths. These
characteristics are similar to those of the Uranian £ ring which has a mass of
5x 10'8 gm and ¥ = 25 cm®/gm (Goldreich and Tremaine 1979b), a radial width
varying from 20-100 km, a positive linear eccentricity gradient, free precession
in Uranus' gravity field and reproducible internal structure on a scale of ~3 km

(Nicholson et al. 1978; Nicholson et al. 1982).

The Titan ring is the only major eccentric narrow ring of either the
Saturnian or Uranian ring systems which appears to be entirely forced by the
perturbations of a distant satellite. The angular difference between the ring's
apoapse and the direction to Titan is —13° + 5°. Though the magnitude of this
number is not significant on the 3¢ level, the sign implies that the ring is leading
Titan in rotation. This is the anticipated result for a self-gravitating ring in
which orbital energy is being dissipated through collisions. However, this result
may also imply that the ring has a small component of free eccentricity and is

librating in the reference frame of Titan.

BEquation (B8) in Chapter II is the relation between the (forced)
eccentricity of the periodic orbits in a ring in terms of Aa, the distance of the
ring from the resonance location, and other known quantities. For the Titan

ring, this relation is:

(3)

Mo 2 l' 2 41-1
Cper = Titan @“H 11 j21 JE[RP] _ 185 J.4[Rp] '

" MpGritanhAo | 2

with
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[ dogn
Hy = la d’i -3a+ 2689 . (4)

For a librating ring, the semimajor axis and forced eccentricity of the
ring vary per\iodically. However, the magnitude of the forced eccentricity is
always uniquely related to Aa by (3). The possibility of free eccentricity in the
Titan ring will be investigated in the future. At present we assume that its
eccentricity is entirely‘ forced. Subiject to this assumption, Aa may be
calculated using (3) and the measured values of & and e: Aa =19 + 2 km.
Using the zonal harmonics of Saturn’s gravity field given by Null et al. (1981), Aa
= 75 km, the error is large, of order 50-100 km. It is undoubtedly greater than
the error in Aa found using the ring's measured eccentricity. Thus the analysis
of this feature, in principle, provides a precise linear relation among /g, /4, and
Jg which constrains the gravity coefficients obtained from the combination of
Pioneer gravity data and satellite secular rates. [In particular, it provides a
better constraint on J, (with Jg assumed) because the Titan ring is closer to
Saturn than the closest approach distance of Pioneer 11, 1.35 R,.] This relation
will be given at a later date when an estimate of the maximum free eccentricity
that can be accommodated by the data has been made. At present our model-
dependent value for the location of the Titan 1:0 apsidal resonance is g5 =
77852 + 9 km. The error includes the systematic uncertainty in the absolute

radius scale of + 6 km.

In many respects, the 1.29 R, Saturnian ring resembles the Huygens and
Uranian ¢ rings. Though narrower than these rings (its model width varies from
13-38 km), its mass and ), are comparable: M, = 2.1 x 10 gm; ¥} = 17

2

gm/cm*®. The PPS profile reveals sharp edges on a scale of ~1 km and a normal

optical depth 7 ~1.8. It is embedded in a 184 km gap essentially devoid of
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material (v < 0.05).

The PPS profile of the Maxwell ring also exhibits sharp eﬁges. a normal
optical 7~ 1.B, and 7< 0.05 for the Maxwell gap. However, this feature is
kinematically different than any of the known narrow eccentric rings. At the
present time the most plausible model involves the linear superposition of two
components. The major component is a Keplerian ellipse precessing
predominantly under the influence of Saturn’s multipole moments. The other
is, like the outer B ring edge, a Saturn-centered ellipse with a pattern speed and
orientation expected for a ring whose eccentricity is forced by Mimas and the
elliptical outer B ring. However, the residuals are large enough to suggest that
important dynamical effects may be yet unaccounted for in the current model.
These will be investigated in future work on this ring. The width-radius relation
is unlike those of the Titan and Huygens rings and confirms the uniqueness of

this feature among Saturn’s ringlets.

1t is known that the mass in the outer B ring will induce a perturbation,
a’g'B. on the precession rate of orbits in the Maxwell ring which can be related to
Y5 Though the solution for & falls within the formal uncertainties of the value
expected for free precession in Saturn’s field, B.'p. it is possible that the large
difference A = & — &, = 0°.1 day™!, is attributable to this effect and could be
used to estimate Y. Verification of this assertion must await a more precise
model solution for r.':f the current uncertainties are O(Aa':a') and can provide only
a crude upper limit to } ;. An independent estimate of ),; may be obtained
from the shape of the B ring edge and more precise versions of the conditions

for non-precessing streamlines in the outer B ring (see Borderies et al. 1982;

Section 4, Chapter II).
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It has been suggested that small shepherding satellites may confine a
narrow ring of material and in some cases excite and maintain the eccentricities
of the ring pfirticles (Goldreich and Tremaine 1979a). This mechanism was
proposed to explain the narrow Uranian rings and was observationally verified
by the Voyager discovery of the F ring shepherds. A natural consequence of the
shepherding interaction is a high optical depth ring (7 2 0.5) embedded in a low
optical depth region. This is the observed configuration for the Uranian and
Saturnian ringlets. It is possible that the Titan, Huygens, and Maxwell ringlets

owe their existences to small shepherding satellites orbiting within each gap.

The dimensions of these gaps are given in Table IIld. The radii of the
inner and outer gap edges, which are circular to within measurement errors, are
listed in rows 7 and B, respectively. An upper limit on the eccentricity of each
edge, e,,, is listed in brackets below its radius, with the exception of the Titan
gap inner edge. The optical depth of the ring material at this edge is low (Plate
3). Consequentiy. radius measurements were too scanty to permit an estimate

of eyp.

Forcing by Titan is expected to produce an eccentricity of ~1 x 10~ in
the outer Titan gap edge. We estimate e, =8 x 1075, It is possible that detailed
analysis of this edge will yield a measured eccentricity. This matter will be

investigated in the future.

The semimajor axis of the ringlet’s inner edge is given by a; = a —da 2.
Comparison of this value with the gap center reveals that in each case the
ringlet is situated in the outer half of its gap. [Note in particular that a;(Titan)
= 77859 + 2 km. Considering the uncertainties, this position is identical to the

1:0 apsidal resonance location found from this work, g, = 77852 + 9 km]. The
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maximum radial extent of the ringlet's outer edge is given by:
Tmex =0 +6a/2 + (e +daR)e 4—»52/2) . \ (5)

The Titan, Huygens, and Maxwell rings come within 10 + 4, 21 + 5, and ~ 80 km,
respectively, of the outer gap edges. [We can say from these results that the
outer edge of the Huygens ring never touches the outer edge of the Huygens gap,

in contrast to the statements made by Esposito et al. (1983a)].

In the C ring, where typically 7 £ 0.5 and the viscous stresses are likely
to be small, a satellite of radius 7y (km) and density p ~ 1 gm/cm?® can open
and maintain a gap of width W, (km) ~ (74)? For the Titan and Huygens
rings, it is possible that satellites a few kilometers in radius are maintaining the
separation between ring and outer gap edge. The Maxwell ring presents a special
case in this regard: there is a very narrow (~ 2 km wide) ringlet situated ~20
km inside the outer Maxwell gap edge. (This feature was not considered a major
ringlet and was not studied here.) Presumably this tiny ringlet is also
shepherded by satellites which are maintaining the ring's position relative to the
gap edge. There is no need, therefore, to invoke a satellite 10 km in radius to
maintain the 80 km outer Maxwell gap.. A systematic search for embedded
satellites in the Cassini division (of which the Maxwell gap is a part) yielded
negative results. An upper limit of 7rg; ~ 6 km was placed on any shepherding

bodies in this division of albedo = 0.8 and p = 1 (Smith et al. 1982).

The origin of the gaps in which the ringlets lie remains a puzzle. The
Mimas 2:1 resonance is the strongest in the entire ring system and has been
held responsible for the Cassini division (Goldreich and Tremaine, 1978). The
Titan 1.0 apsidal resonance is the strongest in the C ring. It is reasonable to

suggest that it is responsible for the Titan gap. The Huygens gap, however, is not
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associated with any strong resonances. Evidently, resonances are not necessary
for the clearing of gaps: the Encke gap at 2.21 R, among others, is not
associated with any resonances. However there is indirect evidence of
shepherding satellites in the Encke gap (Cuzzi and Scargle 1983). 1t is possible
that the 4c1earing of a gap by either strong resonances or small embedded

satellites may leave behind ring particles large enough to shepherd the material

between their orbits into a narrow ring.

The eccentricities of the Huygens, Maxwell, and F rings may well be
maintained by shepherding bodies. From the work presented here, it appears
that the eccentricity of the 1.29 R; ring is predominantly if not completely
forced by Titan. The dynamical interaction between a shepherd and a narrow
confined ring may be complex; the orbits of both may evolve through this
interaction (Goldreich and Tremaine, 1981). If shepherding bodies are confining
the Titan ring, it is likely that their orbital motions have also fallen under the

dominating influence of Titan.,

The close passage of a shepherding body may induce perturbations in
nearby ring particle orbits which take the form of radial variations or waves.
Based on the arguments presented above it appears worthwhile to search for a
wave pattern in the outer edges of these ringlets and/or the outer edges of the
gaps in which they lie. Such an observation would lend credence to the
hypothesis of shepherding satellites in explaining the existence of the narrow

Saturnian rings.

It is illuminating to compare «'s deduced for different ring locations.
Values have been inferred for a few local regions in the A and B rings and the

Cassini division from the analysis of spiral density and bending waves. These
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vary from £ ~ 0.4-2.1 x 107® cm®/gm (Esposito et.al. 1983b) and are ~5-20
times smaller than those obtained here for the Titan and Huygens rings. [The
only previously reported value of specific opacity in the C ring, « = 0.05

cm?/gm, was obtained by Esposito et al. (1983a) for the Huygens ring in a

manner virtually identical to that described here].

For a mono-dispersive particle size distribution with spherical particles
of radius a, and density p, £ ~ 1/pa,) and g, is a measure of the particle size in
the ring. For a ring with a broad particle size distribution, it is untenable to
assign a precise physical meaning to a,. Nonetheless, the differing values of «
may imply a greater relative number of small particles in these C ringlets than

that found in the A ring, the B ring or the Cassini division.

There is evidence that these ringlets differ significantly from the
majority of the C ring as well. The Tyys and Tpps of the Titan and Huygens rings
are among the highest in the entire C ring when examined at a resolution of ~5
km. The only other C ring region of 7~ 2 at this resoclution is associated with
the Mimas 8:1 resonance at 1.495 R, (Lane et al. 1983). Optical depths
throughout the remainder of the C ring are £ 0.5. In addition, it is found from
preliminary comparisons of Voyager observations made in' the ultraviolet,
visible, infrared, and radio that most of the C ring is apparently devoid of
particles of millimeter size and smaller (Esposito et al. 1983b). In comparing
Tyvs and Tgss of the Huygens ring, Esposito et al. (1983a) infer that ~ 1/2 of the
cross-sectional area of the ring is due to particles with typical radii < 1 em. The
greater optical depths and greater relative number of small particles in the
Huygens and (presumably) Titan rings, compared to other C ring locations, are
consistent with the expected association.of increased collision frequency and

small-particle production in regions of high 7. These results may imply that
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high s and high small-particle concentrations, which are not representative of
the C ring, are being produced in these features by either resonances or the

confining of material by shepherding satellites.

5. Conclusions

1. The Titan and Huygens rings at 1.29 and 1.45 R, are the
Saturnian analogs of the a, 8, and ¢ rings of Uranus. The

following structural characteristics may be compared:

i. narrow and eccentric: e(Titan, Huygens, a, 8) ~ 3-8 X

1074 e(e)~ Bx 1078, W ~ 10-60 km.
ii. sharp edges on scale of ~ 1 km (g, Titan, Huygens).
iii. normal optical depths 7~ 0.5-2.0 (all).
iv. normal optical depth of surrounding region 7 £ 0.05 (all).
v. positive linear width-radius relations (all).
vi. Y, ~ 20 gm/cm? (g, Titan, Huygens).

2. The Titan ring is the only feature whose dynamics appear to
be completely determined by an external satellite. A
determination of the location of the Titan 1:0 apsidal
resonance, more precise than that obtained using Saturn’s
gravity coeflficients, has been made; 77852 £ 9 km. To within
the model errors, the semimajor axis of the ringlet inner edge

coincides with this resonance position.

3. There is some evidence of an angular separation between the

Titan ring’s apsidal line and the direction to Titan. This may
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be a manifestation of viscous effects in the ring or a small-
amplitude libration around the Titan-Saturn line. Neither
possibility can be excluded on the basis of the present

analysis.

. The kinematics of the Huygens ring are determined solely by

Saturn’s non-spherical gravity field.
. The amplitudes of the radial variations of these two rings are:

2e(1.29R,) = 20 + 2 km
ae(145R) =30+ 4km

The outer edges of the:1.29 and 1.45 R, rings come within 10

+ 4 and 21 + 5, respectively, of their gaps’ outer edges.

. The comparatively large measured optical depths and large
inferred specific opacities for the Titan and Huygens rings
suggest an environment and. particle-size distribution
different from the remainder of the C ring and presumably

caused by the mechanism responsible for ring confinement.

. The Maxwell ring at 1.95 R, shares with the other eccentric
rings the first 4 characteristics mentioned in 1). However, the
radius-longitude and width-radius observations of this ring
are inconsistent with its being kinematically identical to the
Titan, Huygens, or Uranian (o, £, £) rings. The current best-fit
model suggests that the ring particle orbits are being

perturbed by Mimas and the B ring. Further analysis of this
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feature may provide an estimate of the surface mass density

in the outer B ring.
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PART 2

THE PERIODIC VARIATION OF SPOKES
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Preface

The spokes in Saturn’s rings were perhaps Voyager's most mystifying
discovery and still elude understanding. Part 2 of this dissertation is an investi-
gation of the long-term kinematics of these features. In Chapter IV, a summary
of the spoke studies made to date is given and the results of these studies are
placed in context with the results presented here. Chapter V is a published
paper written in collaboration with G.E. Danielson [(188R). Astron. J. 87, B26]. It
reports on the discovery of a periodicity in the variation of spoke activity on the
morning ansa of Saturn’s rings as observed in Voyager 1 images and the correla-
tion of this activity with the sector of Saturn’s magnetic field responsible for the
most intense emission of the Saturn Kilometric Radiation (SKR). The sixth and
final chapter, a collaboration with G.E. Danielson and V. Haemmerle, details the

results of extending the analysis of Chapter V to include Voyager 2 data.
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Chapter IV. A Summary of Spoke Observations

There is still doubt concerning the first detection of spokes. Claims have
been made in the past of observations of spoke-like markings on the rings but
none seem to fit the precise description of these features as we now know them.
Between 1887 and 1955, at least six independent observations of radial and/or
triangular-shaped features projecting from the outer Cassini division into the A
ring were reported (Beck and Koppmann 1982; Alexander 1962). These include
remarkably similar drawings made by E.M. Antoniadi in 1896 and by P.
Stroobandt in 1923. G. Ruggieri in 1955 noted clear (as opposed to dark) radial
streaks in the A ring but attributed all previous findings plus his own to optical
illusion. The most recent claims of visual detection of spokes and the only
ground-based report of such features in the B ring were made by S. O'Meara
(1982). His obsei‘vations were made between the years 1976 and 1978 using a 23
cm telescope in twilight (to avoid glare from the rings) and included time-
invariant dark ‘bridges’ seen with equal prominence on both ansae of the A ring
and ‘spikes’ in the B ring, prominent only on the morning ansa and variable in
visibility with a period approximately equal to Saturn's rotation period. The
lack of apparent motion of the A ring bridges in O'Meara's observations leads
one to agree with Ruggieri and O’Meara in suspecting that these features may
indeed be an illusion and one, in fact, connected with the inherent azimuthal
variation in brightness of the A ring. No ground-based photographic or pho-
toelectric detection has yet been made of any spoke-like features in the A or B

ring.

As seen by the Voyager cameras at low phase angles, the spokes appear

as dark features against the bright rings (Fig. 1, chapter V) but their
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distribution in radius is strictly confined to the outer half of the B ring. They
, have been seen up to, but never past, the outer B ring edge at a radius of 117580
km and extenFl inwards to ~ 100000 km. Spokes of all contrasts (from the limit
of detectability up to the maximum of 25%) may extend the entire length of this
region (w]:ﬁch includes the radius at which orbital motion equals the angular
velocity of the magnetic field), and are typically 2000 to 5000 km wide. However,
short wispy spokes (as appear in Plate 4) are almost always of low contrast and
are generally seen in the outer part only. All spokes are roughly radial or
sheared away from radial in the trailing direction. A qualitative search was con-
ducted for spoke-like markings on both the illuminated and unilluminated sides
of the A ring as seen in the frames comprising the Voyager 2 inbound (110
km/pix) and outbound (300 km/pix) movies. This search yielded negative

results,

Grun et al. (1983) distinguish three classes: 1) extended spokes, seen
between 100000 km and the corotation radius at ~ 112000 km, which have
diffuse edges and are slightly wedged shaped. Their widths at the base (towards
Saturn) can be as great as 20000 km; 2) narrow spokes between 104000 and
116000 km having sharp edges, and typical lengths and widths of 6000 arid 2000
km, respectively; and 3) filamentary spokes, outside 110000 km, which in gen-
eral join with a wider spoke further in. They are typically 3000 km in length and

500 km wide.

The distribution of spokes in orbital longitude on the ring plane is
difficult to quantify as it depends on their size, number and contrast., If we use
an index which is the product of these three variables, called ‘spoke activity’,
thén it can be said that the distribution of activity in azimuth (at a fixed time)

generally peaks on the morning ansa. The distribution in time at a fixed orbital
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longitude (Porco and Danielson 1982) exhibits a variable component with a
- period consistent with that inferred for Saturn’s rotation period: 839.4 minutes.
These findings provide the first demonstration of a relationship between the

maghetic field and the spokes.

A spectacular contrast reversal was discovered after Voyager’s closest
approach to Saturn: viewed in a forward-scattering geometry the spokes
appeared brighter than the background ring plane (Smith et al. 1981; Plate 4).
This observation suggests that spokes are comprised of particles whose sizes are
comparable to the wavelength of visible light so that their phase functions are
dominated by a strong fbrward-scattering diffraction lobe. This interpretation is
strengthened by the association of spokes with the most optically thick part of
the rings which itself looks brighter in forward-scattered light (relative to the
inner B and middle A rings), suggesting that the entire spoke region is one of

enhanced concentration of small particles relative to other regions.

The presence of small particles raises the question: how high are they
above the ring plane? The analysis of a Voyager image taken within + 5 seconds
of ring plane crossing yielded an upper limit of 80 kilometers (Grun et al. 1983).
The actual value, however, is probably much less. For spoke particles to appear
distinct from the other particles in the rings requires only that they behave as
individual scatterers: for sub-micron particles scattering visible light, a particle

diameter’s separation is sufficient.

In detail, the B ring is a random array of narrow ringlets of varying opti-
cal brightness (Plate 4). Recent analysis (Cuzzi 1983) indicates that these
ringlets are the result of albedo rather than optical depth variations. One of the

most puzzling aspects of spokes is that they lie coherently across these regions
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for many thousands of kilometers. Whether spoke particles move across the B
-ring or are observed close to their points of initial elevation has not yet been
demonstrated., However, the latter seems much more plausible. Smith et al
(1982) observed a narrow radial spoke grow to a length of 6000 km in less than 5
minutes. If the spokes are indeed the manifestation of a discharge phenomenon
which preoceeds along the length of a spoke then this formation time implies a
minimum disturbance speed of 2 x 10° em/sec, much greater than any expected
mechanical propagation speed for the rings: e.g., the velocity dispersion of the

larger ring particles is £ 0.5 cm/sec.

Knowledge of the ways in which spokes evolve with time is obviously
essential to understanding the mechanisms which determine their origin and
decay. Initial analysis of Voyager 1 images of the morning ansa of the rings
taken in sequence 30 minutes apart revealed that spokes were predominantly
moving at Keplerian angular velocities (Fig. 1). Since the time of their discovery
it was suspected that spokes formed as perfectly radial features. The discovery
of a radially forming spoke in a sequence of Voyager 2 images supported this
suspicion (Smith et al. 1982). Spokes have been observed to travel the entire
circumference of the rings; yet no where on the ring plane, in either Voyager 1
or Voyager 2 frames, do spoke tilts approach that value expected for constant
Keplerian motion over an entire orbit. This implies that either average individual
particle motions over several hours or more can significantly depart from
Keplerian or the recycling time of spoke particles in a single feature is less than
one rotation (Porco and Danielson 1982). The spoke motion observed in the

latter case is a phase speed.

Recent measurements have shed some light on this. In measuring the

motions of two narrow forming spokes (including the one reported in Smith et
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Fig. 1. Measurements taken from two sets of Voyager 1 images, each set
consisting of three frames recorded 30 minutes apart. The angular velocity of
spokes is plotted against radial distance. The angular velocity of the magnetic

field and the variation of Keplerian motion with radius are indicated. [From

Smith et al. (1981).]



85

wy vo_ X 30NVISIA Tvigwy
?° Ll FoLl [ARN 0°1l ] 9°0l veol

| R ! | 1 094

— — 084

- % . —{ 008
o
. / o - ozs
Aop/sessbap 9/°018
— NOILOW — o¥8
NOILVLO¥-0D
JILINOWW -
7 — 098
®
o9 o

— 088

NOILOW V11940 NVI¥31dIN —
i | L.//'A 006

| 1 | | | 026

(Aop/seasb3p) A11D0OTIA IVINONY



86

al. 1982), Grun et al. (-1983) determined that inside the corotation point the

trailing edges travel with the angular speed of the magnetic field, thereby
remaining radial, while the leading edges move at Keplerian speeds. After for-
mation, both edges tilt away from radial at the Keplerian rate. (Both edges of
‘old’ spokés measured in this study moved with Keplerian motion). The angle of
the wedge produced by the differential motion between edges is taken to be a

measure of the time during which the spoke was ‘active.,’ Typical active times

inferred from wedge-angle measurements of old spokes are one to three hours.

However, other recent measurements of spoke kinematics are
apparently in conflict with these. Two different spokes were observed to form
as diffuse features, grow in radius, darken, and move (both leading and trailing
edges) with corotation motion for ~ 2 hours, after which their motions became
Keplerian (Epplee and Smith 1983). All other non-forming spokes observed in

this study also moved with Keplerian speeds.

In total, only 4 spokes have been cobserved to form. While it appears
from these two analyses that the angular velocities of forming spokes can
significantly differ from Keplerian, there is still some disagreement concerning
' the kinematics of formation. More measurements of this nature are necessary

to clarify this important issue.

The question of where on the ring plane and where in the magnetic field
individual spokes are most likely to form is related to the foregoing arguments
and has only been partially addressed. Grun et al. (1983) have compiled fre-
quency histograms of the orbital and magnetic longitudes at which old spokes,
mapped backward in time under Keplerian motion, would have appeared per-

fectly radial. They studied morning ansa spokes only and found that the distri-



87

bution in orbital longitude peaks ~2 hours out of the shadow, and that the dis-
tribution in magnetic longitude is slightly peaked in the SKR-active sector. The
latter finding is consistent with that of Porco and Danielson (1982). The
significance of\ the former will be in question until a) the same measurements

are made on evening ansa spokes and b) the kinematics of spoke formation is

understood.

Spokes were also seen on the unilluminated side of the rings by the Voy-
ager 2 cameras. They presumably extend below: the ring plane and are
illuminated by light from the disc of Saturn which is scattered off the ring plane
through phase angles of 80°-120 ° (Smith et al. 1982). It was concluded from the
small degree of shear in these features and the assumption of continual
Keplerian motion that they were not spokes which had passed through the ring
plane one-half an orbital period after their creation on the illuminated side of
the rings. However, if spoke velocities differ {rom Keplerian for a time as long as
that suggested by the measurements of Epplee and Smith (1983), then this con-
clusion may be incorrect. Further analysis is required to determine the origin

of the dark-side spokes.
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ABSTRACT

The discovery of a periodic variation in spoke activity in‘Saturn’s rings
from the analysis of Voyager images is reported. A Fourier power spectrum was
computed using a data set generated by quantifying spoke activity observed on
the morning (western) half of the rings in Voyager images spanning 5.5 (~ 12
Saturn rotations). A peak ~ 140 above the noise in the frequency domain was
found at a period of 621 + 22 min. Within the formal error, this value is
consistent with the 639.4-min rotation period of Saturn's magnetic field.
Maximum spoke activity is most likely to be observed on the morning half of the
rings when a particular magnetic field sector coincides with this area. This
magnetic sector contains the region which is aligned with local noon at the time
of the emission of the SKR (Saturn Kilometric Radiation). These results suggest
that the fundamental period of spoke variation is that of Saturn’s magnetic
field, and that spoke activity is associated with the region of the field which gives
rise to the SKR. Passage of this region through Saturn’'s shadow may play a

significant role in the creation and/or rejuvenation of spokes.
INTRODUCTION

Thirty-seven days before closest approach to Saturn, the Veyager 1
Imaging Science experiment team discovered radial features on Saturn's B ring.
These features, which came to be called “spokes,” are described in a paper by
Smith et al. (1981) devoted to the Voyager ! Saturn encounter. Mentioned in

that paper, and of particular importance to the study here, are the following:

1. Observations of spokes taken over widely varying phase angles
indicate the presence of micron-sized particles which are

possibly elevated above the ring plane.
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2. Spokes are typically 10,000-20,000 km in length and extend
over a region of the B ring which includes the point at which

Keplerian motion matches the motion of the magnetic field.

3. By tracking spoke features from image to image, it was
determined that over time scales of order 30 min spokes
move predominantly at Keplerian angular velocities and not

with the angular velocity of the magnetic field.

4, The majority of spokes are sheared away from radial in the
trailing sense. When mapped backward in time wunder
Keplerian motion to Saturn’s shadow on the ring plane,
spokes are parallel to neither the morning nor the evening

edge.

5. Spokes are observed most commonly and with greatest

contrast on the west (morning) ansa.

Also of importance are the discoveries by the Planetary Radio
Astronomy (PRA) experiment of (Warwick ef al. 1981) of very broadband
electrostatic discharges (SED) believed to arise on the ring plane, and of a
strong source of kilometric wavelength radiation (SKR). Analysis of the SED
by Evans et al. (1981) confirmed the periodic nature of these emissions
which occur over at least one-half of the orbit of a system rotating around
Saturn with a peried of 611 + 5 min. From the statistical properties of the
SKR and from a reasonable source model, Kaiser, Desch, and Lecacheux
(1981) were able to constrain the possible locations of these long-
wavelength emissions. They favor a source which is confined to high

magnetic latitudes (pgrs > 60°) and begins emitting most intensely when
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magnetic longitude Agg = 100° coincides with the noon meridian. (The
magnetic longitude system ' used here is the Saturn Longitude System, SLS,
defined by Desch and Kaiser 1981.) An association with a dayside polar
cusp in Saturn’s magnetosphere is suggested. In addition, from data
acquifed by the Voyager 1 Ultraviolet Spectrometer, Sandel and Broadfoot
(1981) found a reasonable correlation between the SKR emission probability
and the intensity of Saturn’s northern aurora when the two phenomena
were compared iﬁ a system defined by the SLS longitude of the Sun at the

time of emission.

The present work describes the beginnings of an analysis of Voyager
imaging data for the purposes of investigating the kinematics of spokes and
their relationship, if any, to observed magnetic phenomena within the
Saturn system. The data and methods of reduction used for this study are
cutlined. It is found from Voyoger 1 data that the variation of spoke
activity on the ring plane at a fixed solar longitude (i.e., relative to the
subsolar point) is periodic in time. A preliminary analysis of Voynger 2
imaging data supports this result. Furthermore, maximum spoke activity
is most likely to occur within a range of magnetic longitudes (herein
referred to as the “spoke-active’” sector) which coincides with that region of
Saturn’s field which is aligned with local noon at the time of the SKR
emission (herein referred to as the "SKR-active” sector). The implications

of these findings are discussed.
DATA DESCRIPTION
The data used for this analysis fall into three separate groups:

1. Voyager 1 inbound ring movie frames. These were taken
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every 288 s for a period of ~ 10 hr on day 299 of 1980 with the
Voyager 1 narrow-angle camera through' the clear filter
(Smith et al. 1977) at a range of 25,000,000 km. The
resolu‘tion obtained was 230 km/pixel. The spacecraft angle
a‘bove the ring plane was ~9° and the phase angle was ~ 13°,
In these images, as for all images used in this study, the
spokes appear dark. Only the morning ansa of Saturn was

imaged, giving a total azimuthal coverage of the ring plane of

~ 100° per frame.

. Yoyager 1 intermediate frames. Between the Voyager 1
inbound movie and closest approach, the Voyager cameras
repeatedly took a series of exposures. Once in every series an
image of the western half of the ring system was obtained in
the blue filter with the narrow-angle camera. The best of
these images, those for which the pointing was accurate,
comprise the Voyager 1 intermediate data set. This set covers
~ 5.5 days (~ 12 Saturn field rotations), starting at day 303 of
1980. As for the inbound movie, the phase angle was ~ 13°
and the subspacecraft latitude was ~9°. The resolution for

these frames was ~ 180 km/pixel.

. Yoyager 2 frames. These frames were taken between day 177
and 198 of 1981 with the Voyoger 2 narrow-angle camera
through a clear filter. The resolution ranges from 354 to 532
| km/pixel. The spacecraft latitude and phase angles were 10°

and 7°, respectively.
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DATA REDUCTION AND ANALYSIS
a) Intermediate Data Set -

To investigate long-term spoke motion, the Voyager 1 intermediate
frames were used. (Voyager 2 frames were reduced in an identical way but the
detailed analysis of these images is not yet complete.) The interval between
these frames was typically 2 hr or more, corresponding to ~ 70° of rotation in
the “spoke region” of the B ring. Therefore no attempt was made to follow or
weight individual spokes. Instead, a judgment was made by eye of the total
amount of spoke activity within an arc of .~ 40° centered on the semimajor axis

of the western ansa of each image.

The spoke activity thus measured was binned into four categories based

on the following criteria (Fig. 1):

1. Category 1 (least activity). few if any distinct, low-contrast
spokes. Diffuse background activity (defined to be that which
often appears in a region from ~ 103,000 to ~ 105,000 km) is

sometimes evident at low contrast.

2. Category & (intermediate low). generally one or two medium-
contrast, distinet spokes and in some cases some medium-

contrast background activity.

3. Category 3 (intermediate high). in general, two high-contrast
spokes, or alternatively, several medium-contrast spokes with

medium- to high-contrast background activity.

4. Categary 4 {(marimum actizdity). at least three very high-

contrast, long spokes with or without background activity or,



95

Fig. 1. Voyager 2 narrow-angle frames taken through the clear filter
(Mepp = 4970 ﬁ) exemplifying the four spoke-activity icategories. The resolution

in these frames is ~500 km/pixel. The distinct black dots are part of the

camera system and are not real.
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alternatively, one or more very wide and long dark blobs.

Oftentimes, spokes in this category extend inward of the

common spoke inner boundary at ~ 103,000 km.
The appearance of spokes is more varied than is accounted for by these
criteﬁa. Therefore, the descriptions given above must be considered typical
but not strict representations of each category. A frame was placed into a
particular category if the spoke activity within the 40° measurement
“window,” integrated over distinct and diffuse features, was approximately

equal to the activity of the representative frame.

The function of this type of quantization represents is monotonic
but not linear. In the analysis described below, no use is made of the

amplitude of the variation in spoke activity.

The Fourier power spectrum of the intermediate data set was
computed using periods ranging from 4000 te 250 min by employing a
technique appropriate for unequally spaced data (Deeming 1975). The
results are shown in Fig. 2. A pronounced feature can be seen near 825
min. This feature is ~ 4 times stronger than the next highest peak at 735
min and is ~ 140 above the noise. To determine the period more
accurately, a value of 625 min was used as a first-guess input parameter to
a non-linear least-squares routine that fitted a sinusoid to the data. The
amplitude of the sinusoid was held fixed while the phase and the period
were allowed to vary. This procedure determined the phase and period at

which the residuals for the intermediate data set were minimized.

The uncertainty associated with this period was assessed in the

following way. The categorization of spoke activity was done on a subset of
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Fig. 2. The Fourier power spectrum of spoke activity observed on the morning
ansa between days 303 and 309 of 1980. The ordinate is spectral power relative
to o, the standard deviation of the noise inherent in this analysis. The only

significant peak occurs 140 above the noise at a period of 621 min. The half-

width at half-maximum is 22 mn.
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the data by several different observers and the standard deviation about
the mean category for each frame used in these trials was computed. This
deviation.\O.S (where 1 = 1 category), is small, giving us confidence in the
categorization procedure. Experiments were then run in which Gaussian
noise 'with a 1-category standard deviation was added to the data; the power
spectrum was again computed. The height of the spectral feature was
degraded as would be expected from adding noise, but the rms
displacement of the feature in these experiments, i+ 8.5 min, was small in
comparison with its width. This implies that measurement errors due to
the rather subjective method of estimating spoke activity are not the
dominant source of uncertainty. Therefore we take the half-width at half-
maximum to be the uncertainty, and obtain a final value for the period of

621 £ 22 min.
b) Association of Magnetic Longitude with Spoke Activity

The proximity of this value to the rotational period of Saturn’s magnetic
field, 639.4 min (+ 3 s), motivated a search for a preferred magnetic region of
spoke activity. To this end, we chose the Voyager 1 and Voyager 2 frames which
fell into categories 4 (highest activity) and 1 (lowest activity) and computed the
SLS longitudes of the morning ansa at the (spacecraft event) times at which the
frames were acquired. These longitudes were binned into magnetic quadrants

and the resulting histograms are shown in Fig. 3.

Although the statistics from Voyager 1 data are poor (there are only ten
category-4 frames and 14 category-1 frames), there is a suggestion in Fig. 3(a)
that high-contrast spokes occur within the magnetic quadrant which coincides

with the SKR-active sector; the quadrant of least activity coincides with the SKR-



101

Fig. 3. Frequency distributions showing the number of frames (ordinate) in
category 4 (greatest activity) and in category 1 (least activity) that fall within
the SLS quadrants given on the abscissa. (a) Voyager 1 results spanning ~ 12

Saturn rotations. (b) Voyager 2 results spanning ~ 47 Saturn rotations.
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inactive sector (see Fig. 2 of Kaiser et al. 1981).

A similar analysis performed on 22 category-1 and 24 cateéory-4 Voyager

2 frames extending over 21 days (~47 rotations) yields similar results [Fig.
3(b)1.

From data acquired by the Voyager 2 PRA experiment, Kaiser and Desch
(1982) have determined that the northern-hemisphere SKR source is centered
at Agrs =115° £ 15° and pgs = 78° £ 4°. Figure 4 shows the results of summing
the Voyager 1 ahd Voyager 2 data, which span a total interval of 260 days (~ 586
Saturn rotations), dividing the abscissa into octants 45° wide, and centering the
entire scale on Agig = 115° Also plotted in Fig. 4 are the 100-kHz occurrence
rates of the SKR for the Voyager ! inbound observing position {taken from Fig. 2
of Kaiser et al. 1981). The correlation in both SLS longitude and distribution
width between the spoke-active sector and the SKR-active sector is striking. The
likelihood of observing a similar distribution of spoke activity from an
equivalent-sized random sample of data in which no correlation exists has been

computed using a chi-squared test to be < 0.57%.

[It must be noted that the current estimate of the formal error in the
period of rotation of Saturn’s field, +3 s, implies a possible accurnulation of
+ 35° uncertainty in magnetic longitude between the SLS epoch (1980.0) and the
Voyager 1 data analyzed here, and a possible relative uncertainty of +20°
between Voyager 1 and Voyager 2. However, the accepted value of the period

remains unrevised at 639.4 min (Kaiser 1981, private communication).]
¢) Inbound Movie

A study of the detailed variation in spoke activity on the morning ansa

during one complete and fully sampled magnetic field rotation was made by
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Fig. 4. Frequency distribution like those in Fig. 3, but showing the sum Voyager
1 and Voyager 2 results which span a total interval of ~ 586 Saturn rotations.
The data are binned into octants 45° wide; the abscissa is centered on
Asis = 1156° Also shown are the + 15° uncertainty in the location of the SKR
source region and the 100-kHz SKR occurrence rates (dotted distribution) taken

from Fig. 2 of Kaiser et al. (1981).
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examining the frames from the Voyager 1 inbound movie. These frames were
, reduced on an image-processing system at Caltech using a Vax 11/780 computer
and an ellipse-fitting program specifically designed for the present study.
Navigation parameters for each image were acquired from the Supplementary
Experimeﬁtal Data Record (SEDR) and were used to. compute first-guess ellipse
parameters. The difficult process of accurately determining these parameters
from the SEDR in the case when only half or less of the ring system was imaged
was made easier by constraining the semimajor axis. The absolute radius of a
given ring feature was obtained independently (Diner 1981, private
communication) and converted into pixels using the scale (km/pixel) given in
the SEDR. This parameter was held constant while the others (center, axis ratio,
and orientation in the frame) were adjusted. The ellipses were fitted to images
of the rings to within a precision of ~ + 1 pixel in radius as determined by visual
inspection. A longitude system fixed with respect to the Sun (i.e., approximately
inertial) was projected on the ring plane and thus allowed the absolute
coordinates of spokes to be measured. Spokes were followed from frame to
frame; those passing a particular solar longitude on the morning ansa per unit
time were counted and weighted by eye in proportion to their area and contrast.
These weighted numbers were added, yielding a subjective but consistent

measure of spoke activity for each time interval.

The data are shown in Fig. 5. The unit of time is 1 FDS (Flight Data
Subsystem) count of 4B min. The height of each interval is proportional to
spoke activity. We have computed the SLS longitude of the morning ansa at the

central time of each interval; these longitudes are also shown in Fig. 5.

Observations of spoke activity spanning one rotation cannot be expected

to yield results as statistically significant as those obtained from a data set
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Fig. 5. The distribution of spoke activity on the morning ansa vs time for one
complete Saturn rotation measured on Voyager ! inbound movie frames. The
unit of time is 48 min; the height of each interval is proportional to spoke
activity. Also shown above is the SLS longitude of the morning ansa at the

central time of each interval.
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spanning many rotations. Nonetheless, the general features of spoke variation
discussed in the previous sections are apparent in Fig. 5. First, the occurrence
of spoke activity is not random but exhibits a pronounced peak. In addition, it
appears that ti1e distribution of the intermediate activity lying under this peak
is approximately centered in a magnetic region extending from ~ 50° to ~ 185°,
indicating a tendency for spoke activity to occur within the SKR-active sector.
These features will be investigated in greater detail by analyzing the Voyager 2

inbound movies.
DISCUSSION

The excellent correlation of maximum and minimum spoke activity with
specific magnetic longitudes over an interval of 586 rotations suggests that the
fundamental period in the variation of spoke activity as defined here is that of
Saturn’s magnetic field, 639.4 min. The period derived from the power
spectrum, 621 + 22 min, is compatible with this result. Nonetheless, the center
of the 14¢ feature in the power spectrum, which can be located to a precision of
+8.5 min (i.e., the 1o uncertainty expected from the measurement errors
alone), does not fall within +£8.5 min of Saturn’'s rotation period. This
discrepancy may be real and possibly caused by statistical fluctuations in the
production of spokes. Alternatively, it might be the result of a process which
causes drifts in the longitude of spoke activity but is not coherent over long
time intervals. Both interpretations are consistent with the rather short length
of the data string (~ 12 rotations) used for computation of the power spectrum
and the broad width (~ 120°) of the spoke-active sector inferred from Figs. 4 and
5. Within this sector, time-dependent excursions in the longitude of maximum
spoke activity over the short time interval spanned by the VYoyager 1

intermediate data set might account for the discrepancy between the measured
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and the fundamental period. However, on a time scale that is long compared to
the duration of these excursions, the dominating influence on ‘'spoke activity
would be the modulation due to Saturn’s field. This implies that a power

spectrum computed from a data string hundreds of rotations in length,

therefore, would reveal a substantial peak centered very close to 639.4 min.

Note that the period derived from the power spectrum is also compatible
with a number of other physically reasonable periods within the Saturn system.
For example, the Keplerian orbits within Saturn’s rings, corresponding to the
range of periods represented by the +22-min uncertainty, extend from
~ 107,500 to ~ 112,700 km, well within the spoke region of the B ring. The period
associated with the SED, 611 + 5 min, also falls within this range. The
possibility that spoke activity might on short time scales be related to the
periodic phenomenon responsible for the SED, or to some other system orbiting
Saturn within the spoke region, cannot be absolutely excluded on the basis of
the limited available evidence. The issue of short-term variations in the period
of spoke activity will hopefully be resolved by analysis of the long data set

available from Voyager 2.

The observation that the spoke-active region coincides with the SKR-
active region suggests a relationship between the two phenomena. However, the
spoke region of Saturn’'s B ring, when mapped onto Saturn's field falls at
magnetic latitudes 38°-45°, well below the 72°-B0° auroral region of the SKR
emission. In addition, SKR emission is Sun locked, occurring when the SKR-
active sector begins to align itself with local noon. The observation that high-
contrast spokes appear much more frequently on the morning half of the ring
plane suggests that this creation process is also Sun locked but does not occur

at the same longitude relative to the Sun as the SKR emission {Fig. 8). It is
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Fig. 8. (a) The configuration of the center of the SKR-active sector (relative to
the Sun) most likely for the appearance of high-contrast spokes on the morning

half of the rings. (b) The configuration at which the most intense SKR emission

occurs.
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plausible, however, that the same inhomogeneity or feature in Saturn's near-
surface field which is responsible for the occurrence of SKR (Kaiser et al. 1980)
is also respons‘ible at some later time for the initiation or enhancement of spoke
activity. Passage of this SKR-active region through BSaturn’s shadow, for
example, may play a significant role in either creating new spokes or
straightening and enhancing old ones. It will be interesting to determine
magnetic longitudes of the evening ansa for those rare frames on which high-
contrast spokes are seen there; and to see if the appearance of spokes on the
unilluminated side of Saturn’s rings (Smith et al. 1982) occurs at a preferred
longitude. 1t should be noted that the: SKR southern hemisphere source is
located at ~0° + 60° approximately 120° in longitude away from its northern-

hemisphere counterpart.

A suggestion made by Smith et al. (1981) is relevant to this discussion:
that the creation of spokes as discrete features is related in some way to the
magnetic field, but the short-term motion of the individual particles which
comprise a spoke is predominantly Keplerian. Over one rotation, Keplerian
motion along the length of a typical spoke (~ 10,000 km) would result in a shear
of ~50° Angular velocity measurements on 11 spokes from six pairs of Voyager
1 images taken only ~ 35 min apart (results are in preparation) show that, on
the average, the short-term motions of spokes may depart slightly from pure
Keplerian motion; but even these velocities, maintained for an entire rotation,
would produce a shear close to 50°. No shear approaching this value has been
observed anywhere on the rings in Voyager 1 images. Therefore either the
average motion of spoke particles over several hours or more can significantly
depart from Keplerian motion, or the lifetime of a spoke as a discrete feature

consisting of a given set of particles is less than one rotation. In observing
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spoke activity on the morning ansa over many rotations as was done here, one is
witnessing in the latter case spoke features just recently formed, or in the
former case, rejuvenated (i.e., straightened and enhanced) at the site of old

\

ones by some process related to Saturn’s field and possibly Saturn’s shadow.
CONCLUSIONS

Analysis of Voyager 1 images and preliminary analysis of Voyager 2
images reveal a periodicity in the variation of spoke activity in Saturn’s B ring.
The evidence f‘romla data set spanning ~586 rotations suggests that the
fundamental period of this variation is that of Saturn’'s magnetic field, 639.4
min. A power spectrum computed using a data set spanning ~ 12 rotations
yields a period of 621 + 22 min, consistent with the magnetic period. Maximum
spoke activity is most likely to occur within a range of magnetic longitudes
containing the source region of the SKR. Passage of this region through
Saturn’s shadow may play a significant role in the creation and/or rejuvenation

of spokes.
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Chapter VI. Spoke Variability in Voyager 2 Images

1. Abstract

In this chapter, the analysis described in Chapter V is extended to
include a Voyager 2 data set spanning ~ 90 Saturn rotations. The period of
spoke activity variability is found from a Fourier analysis to be 840.6 + 3.5 min,
in excellent agreement with Saturn’s inferred rotational period. Another feature
in the power spectrum occurring at ~ 610 min is intriguingly close to the period
of the Saturn Electrostatic Discharges (SED). The significance of these results is
discussed. The correlations of maximum and minimum spoke activity with the
SKR-active and SKR-inactive regions of the Saturn Longitude System (SLS) are
confirmed. It has been determined that the occurrence of maximum evening-

ansa spoke activity is also associated with the SKR-active sector.

2. Fourier Analysis

The data set used in this study consists of Voyager 2 narrow angle
frames taken through the clear filter between days 174 and 213 of 1981. The
resolution of these frames ranges from 551 to R32 km/pixel, the sub-s/c
latitude and phase angle are ~ 10° and ~ 7°, respectively. Spokes appear as dark
features against the rings. The frames were categorized according to an index
referred to as ‘spoke activity’, a (subjective) measure of the product of the areal
coverage and contrast of the spokes. The analysis of the Voyager 2 data string
presented here was different from that described in Chapter V in only one
regard: the frames were binned into B half-categories (0.5, 1.0, ... 3.5, 4.0)
instead of 4 full categories (1.0, . ,4.0) for the purposes of decreasing

quantization noise. The uncertainty in the assignment of a frame to a spoke
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activity category was estimated by performing the categorization procedure
several times on R00 frames and computing the standard deviation around the
mean category for each frame. The value of the deviation determined in this way

\

was. 0,68, where 1.0 = one full category.

Table 1 lists the Voyager 2 frames used for this analysis according to
spoke activity category (column 1). Column 2 is the FDS (Flight Data
Subsystem) number of the frame where 1.0 equals 4B minutes, and 0.01 equals

4B seconds.

In some cases, a frame was placed in a category for spoke activity that
was not exactly centered on the ansa of the rings. This is particularly true for
the high activity categories in which frames with a highly active spoke region
centered exactly on the ansa are relatively rare. For these frames, the
approximate angular displacement in degrees of the spoke active region from
the ansa is listed in column 3. In the Fourier analysis, the FDS #'s of these
frames were altered to the FDS #’s at which the off-centered region would (or
did) appear on the ansa. The rotation rate used to make this adjustment was
taken to be B50°/day, typical of the Keplerian angular velocities of the spoke
region of the rings. The largest angular displacement for the morning-ansa data
set was 35° or 60 minutes of time. From examination of the frames comprising
the Voyager 1 inbound movie of the rings, it is apparent that the evolution in
contrast and areal coverage of the spokes in frames at this resolution is
negligible over this time interval. Therefore, the error introduced in
categorizing spoke activity within 60 minutes of the exact ansa-crossing time is
insignificant. The typical time interval between these frames was ~ 3 hours; the
entire length of the Voyager 2 data string was ~ 90 Saturn rotations. A Fourier

power spectrum was computed using a technique appropriate for unequally
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spaced data. Once the period of the major peak in the spectrum was
determined, this value was used as a first-guess input parameter to a non-linear
least squares routine that fitted a sinusoid (of fixed amplitude and varying

\

phase and period) to the data string,

Figure 1 is the Fourier power spectrum of the Voyager 2 data set
computed over a range of periods corresponding to the approximate length of
the data string (40,000 min) and to twice the typical sampling period (360 min).
The most outstanding peak occurs at ~640 min. The value of this peak,
determined from the non-linear least squares routine, is 640.8 min; the
uncertainty we assign to this number is the half-width at half-maximum, + 3.5
min. The value obtained from a Voyager 1 imaging data set spanning ~ 12
Saturn rotations was 622 + 21 min (chapter V). The longer Voyager 2 data set

has yielded a more precise determination of this period.

3. Correlation of Activity with the Magnetic Field

The correlation of spoke activity with specific sectors of the SLS
(reported in Chapter V) was found by computing the SLS longitude of the spoke
active region in each frame at the time the frame was acquired and binning
those frames of greatest and least activity according to SLS longitude. The same
procedure was followed here. The entire morning-ansa sample consists of 408
frames which include the Voyager 2 data set (3684 frames) listed in Table 1 and
the Voyager 1 data set (44 frames) described in Chapter V. The lowest two half-
categories (0.5 and 1.0) of the Voyager 2 data set were grouped together with
Voyager 1 category 1 frames into the lowest activity group: the highest two (3.5
and 4.0) were grouped with Voyager 1 category 4 frames into the highest activity

group. The total number of frames falling into these groups was 76 and 868,
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Fig. 1. Fourier power spectrum of spoke activity observed on the morning ansa
of the rings between days 174 and 213 of 1981. The second highest peak occurs

at a period of ~ 610 min.
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respectively. Their sum represents 35% of the entire morning ansa sample of

408.

Figure 2 shows the resulting histograms, equivalent to Fig. 4 of Chapter
V. Though the spoke activity distribution in Fig. 2a is somewhat broader than
Fig. 4 in Chapter V, the correlations of greatest activity with the SKR-active
sector and least activity with the SKR-inactive sector are confirmed. The
likelihood of obtaining either distribution from an equivalent-sized random

sarnple in which no correlation exists is < 0.5%.

The same Voyager 2 data set examined for variation in morning-ansa
spoke activity was examined for the presence of spokes on the evening side of
the rings. In many of the frames taken from a range of 32.1 x 108 km or less,
the evening ansa was not imaged. For this reason, those frames with FDS #
greater than 43000.00 were rejected: the total evening ansa sample consists of

3R% frames and includes no Voyager 1 frames.

In general, evening-ansa activity at its maximum is moderate compared
with that on the morning side of the rings: in only a handful of frames does it
equal the greatest morning ansa activity. The evening-ansa sample was divided
in two groups only: those frames which exhibited high evening-ansa activity and
those for which activity was feeble or non-existent. For the former group, the
angular displacement of the spoke active region from the exact ansa location
was noted and is listed in column 4. Thus, the frames with FDS # < 43000.00
comprise the evening ansa sample: those with entries in column 4 are the

frames falling into the maximum evening-ansa activity category.

Figure 3 is the histogram, equivalent to Fig. 2, for evening-ansa activity.

It is apparent that maximum evening-ansa activity is also correlated with the
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Fig. 2. Frequency distributions showing the number of frames in the categories
of A) greatest and B) least morning-ansa.spoke activity which fall into the SL3
longitude bins given on the abscissa. The center of the SKR source region is

indicated along with the 100 kHz SKR occurrence rates.



NUMBER OF FRAMES

GREATEST ACTIVITY
ol A ]
* 50
8 L/xSLs= 115° +15°
16 E I
1} AR
I35
12} | L3
T
LLJ |
I
8. | .. =20
sr | : :
4 | § -_L ;
2 l tecesseccsens ..5-5
B N T 1 1 1 !
03 48 93 138 183 228 273 318 03
MAGNETIC LONGITUDE (SLS)
SPOKE ACTIVITY

124

LEAST ACTIVITY
B
20+
:...].: -4 50

18 l‘:’/ASLs =115 £ 15°
6} : |
b i
2| i |
o} T
sl-..: | E..: {20
6| | :
ab [ : : :
2+ | -

| 1 l 1 J 1 ] |

03 48 93 138 183 228 273 318 O3
MAGNETIC LONGITUDE (SLS)

sssssces SKR OCCURRENCE

SKR OCCURRENCE RATE (%)



125

Fig. 3. Frequency distribution of the number of frames exhibiting high evening-
ansa spoke activity versus SLS longitude. Distribution of SKR occurrence rates

is indicated.
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SKR-active sector. The distribution over magnetic longitude of the entire evening

ansa data set is flat.

4. Discussion

The magnetic dipole field lines passing through the spoke region in the
rings intersect the planet’s surface at northern magnetic (planetocentric)
latitudes of ~39°-45° and planetographic latitudes of ~45°51°, [The latter
range is computed using a dynamical oblateness for Saturn ¢ = 0.096 (Stevenson
19B2)]. The atmospheric motions at these latitudes are ~ 7020-7080 m/sec (A.
Ingersoll, private communication). Presumably, dynamic friction causes the
lower ionosphere to move with these speeds as well. The corresponding range in
rotation periods of these motions is ~632-826 min, well outside the period of
spoke variability quoted here, 640.6 + 3.5 min. On the basis of this comparison,
we can exclude electrical storms in the lower Saturnian ionosphere as a cause of

the periodic variation in spoke appearance.

The modulation period of the- SKR, inferred to be the rotation period of
Saturn's magnetic field, is 639.4 min (+3 sec) and is identical (within the
uncertainties) to the spoke variability period derived here. The primary
modulation in the appearance of spokes is undoubtedly due to the magnetic
field. Moreover, the greatest spoke activity anywhere on the ring plane is likely
to be associated with the SKR-active sector. The latter observation joins a
growing body of evidence, including observations of auroral brightenings (Sandel
and Broadfoot 1981) and charged particle periodicities {Carbary and Krimigis
1982), which indicates the existence of a large-scale anomaly in Saturn’s field.
The Voyager 1 and 2 magnetometer data showed no evidence of asymmetry in

the low order — dipole, quadrupole, octupole — terms in the spherical harmonic
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expansion of Saturn’s magnetic field (Connerney et al. 1982). These results
imply that if an anomaly exists in the SKR-active hemisphere, it must be a near-
surface feature extending from the auroral regions at ~B80°N to the ‘spoke’

latitudes at ~ 40°N,

It is interesting to note that the apparent relationship of spoke activity
to the sun indicates that the periecdicity is a synodic rather than a sidereal one.
This is also true for the period assigned to the magnetic field rotation since the
emission of the SKR is also a Sun-locked phenomenon. However, the magnitude
of the difference between the sidereal day and the mean solar day on Saturn is
small. Saturn’s mean motion around the Sun is 0.033°/day which amounts to a
change in a 10 hour period of ~0.03 min or 1.8 sec. This difference is not
detectable in either the SKR or the spoke variabilities for which the

uncertainties are + 3 sec and + 4 min, respectively.

Of interest in the power spectrum shown in Fig. 1 is a peak at ~8610
minutes. The period of the SED, the impulsive broadband (20 kHz-40 MHz)
emissions discovered by Voyager, is 611 + 5 min {Evans et al. 1981). The near
coincidence of these nurmbers is intriguing as a relationship between spokes and

SED has long been suspected.

Energy considerations in this regard are illuminating. The power density
estimated in the SED bursts is 10 watts/Hz: peak values are an order of
magnitude greater (Evans et al. 1983). From Voyager data it is apparent that
the bandwidth is at least as wide as the bandwidth of the PRA receivers: 40 MHz.

Assuming a 100 MHz bandwidth yields a total power of 106 erg/sec.

The minimum power required to lift spoke particles can be estimated

from their physical characteristics. Assuming ice particles of radiusr = 0.5 u, a
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spoke area A = 10% em % 108 cm = 10! cm? and an optical depth T = 0.1, one
can compute the mass in a spoke to be M = A7rp & 10!2 gm, For a particle
scale height, &, the kinetic energy ~ #(Q h)? ~ 10%* h? erg. Examination of the
Voyager 1 inbound and outbound movies reveals that there are ~50 major
spokes produced per 10 hour interval. For 2 = B0 km, the power in the spokes
P ~ 105 ergs/sec. A more realistic scale height, A = 10* cm, yields P & 10°
ergs/sec, much less that that generated by the emission of the SED. It appears

that a relationship between SED and spokes is not energetically implausible.

No consensus has been reached on the origin of the SED. The SED are
observed at frequencies below the expected dayside ionosphéric cut-off
frequency of ~1 MHz. Warwick et al. (19B1) rejected the possibility of an
atmospheric source on the basis of this observation and instead suggested a
source orbiting in the ring plane where the Keplerian orbital periods are ~810
min. Burns et al. (1983) have argued that the large ring shadow on the
equatorial region of the planet, where the zonal wind periods are 610 min, could
reduce the electron density in this region enough to permit the escape of low
frequency radio noise. Kaiser et al. (1983) have re-analyzed the SED data, giving
particular attention to the spacecraft-Saturn geometry, and find that the
frequency-dependence and occurrence pattern of the SED can be explained by
an equatorial storm system in the ring shadow extending ~ 80° in longitude but
having a limited latitudinal extent, ~ 1°. The latter interpretation makes an
SED-spoke relationship unlikely since the ’spoke’ latitudes fall well above the

equatorial region of the planet.

An indication of a periodicity in spoke activity equal to that of the SED
could provide an important clue to the origin of both SED and spokes. Further

analysis is required to determine whether the peak in the spoke activity power
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spectrum at 810 min is significant and whether it, indeed, represents =a

relationship between the two phenomena.

The result that evening-ansa activity is also associated with the SKR-
actiﬁe sector has important implications for the origin and evolution of spokes.
It is true that the relative magnitude of the activity is diminished on the evening
ansa: i.e., areal coverage and (most notably) contrast are decreased. It is
reasonable to conclude, therefore, that the spoke activity observed on the
evening side is that which formed as maximum morning-ansa activity and
evolved through one-half an orbit to appear visible but less contrasty on the
evening side. There appear to be no processes operating between the morning
and evening sides (e.g., passage of the SKR-active sector through the Sun-Saturn
plane and the most intense emission of SKR) which intensify the evening activity
as the passage of this sector through the shadow intensifies the morning
activity. The fact that the variation in spoke activity includes variability in areal
coverage as well as contrast allows one to argue for enhanced probability of
spoke creation in the SKR-active sector: i.e., the creation of new features as well
as the contrast enhancement of old ones. Grun et al. (1983) have found results
consistent with this hypothesis. These arguments lead to the suggestion that
the origin of the spokes is intimately connected to the magnetic field and
cannot be attributed to external processes such as meteorite impact as

proposed by Goertz and Morfill (1983).

5. Conclusions

1. The period of the variability in spoke activity, derived from an
analysis of Voyager 2 images spanning ~ 90 Saturn rotations,

is 640.6 + 3.5 min. This strongly suggests modulation of
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spoke activity by the rotation of Saturn’s magnetic field.

2. The correlation of maximum spoke activity with the lSKR-
active. sector of the SLS is confirmed. This observation
strengthens the likelihood of a near-field anomaly in the

northern hemisphere of Saturn’s field.

3. The greatest spoke activity observed on the evening ansa is

also correlated with the SKR-active field sector.
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TABLE 1

SPOKE FDS # ANGLE EVENING ANSA
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FDS #

42604.19
42607.02
42670.38
42673.17
42731.35
42734.14
42887.52
42898.28
42906.14
42927.37
42938.17
43060.11
43091.59
43126.22
43266.13
43277.43

42084.55
42092.52
42111.25
42127.19
42161.50
42167.08
42212.07
42225.26
42238.37
42259 .49
42299.34
42326.04
42339.23
42347.20
42373.50
42394.58
42397 .41
42424.07
42426 .50
42429.29
42447.58
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42487 .47
42490.26
42500.58
42508.55
42514.13
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ANGLE EVENING ANSA
ACTIVITY
+20
+15
0 TO -55
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+35
0
=30
+10
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0
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+10
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SPOKE FDS # ANGLE EVENING ANSA
CATEGORY ACTIVITY
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SPOKE FDS # ANGLE EVENING ANSA
CATEGORY ACTIVITY
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SPOKE FDS # ANGLE EVENING ANSA
CATEGORY ACTIVITY
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TOTALS

Morning Activity:

FDS #

42140.34
42156.28
42180.19
42190.59
42204.10
42217.25
42230.40
42270.25
42310.14
42349.55
42535.25
42561.55
42739.28
42977.58
43152.44
43205.41
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Evening Activity: Active
Inactive - 231
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ANGLE EVENING ANSA
ACTIVITY

+30

+35

30
33
61
65
63
53
43
16

- 91
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Plate 1. Four images of the Cassini division taken within 7 hours of each other.
The middle two panels are taken from two images of the east ansa; the outer
panels from the west ansa 1B0° away. Resolution is ~8 km/pixel. The Maxwell
ringlet at 1.95 R; is clearly visible in a gap whose width varies due to variations
in the B ring edge. Note that the B ring edge has a spatial frequency of variation

equal to twice that of the ringlet.
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Plate 2. Two Voyager 1 images (~ 25 km/pixel) of opposite ansae of the rings
joined to illustrate the eccentric Huygens ringlet at 1.45 R, The gap in which
the ringlet sits, the Huygens gap, is ~ 268 km wide. Note that the ringlet’s width

increases with radial distance from the planet.
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Plate 3. High resolution {~5 km/pixel) Voyager 2 image of the C ring in the
vicinity of 1.29 R;. The Titan ringlet is the bright narrow ringlet sitting in a dark
gap in the upper right quarter of the photo. Note the Titan gap's sharp bright

outer edge and faint inner edge. The ringlet here is ~ 21 km wide; the gap width

is ~ 184 km.
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Plate 4. High resolution (60 km/pixel) Voyager image taken in forward-
scattered light showing wispy sheared spokes in the outer-most B ring, typical
wedge-shaped structure, and the random array of bright and dark narrow

ringlets across which these features lie.
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Not too bad for a girl from the Bronx, huh?



