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We determine the geometry of the 3 July 1989 occultation of 28
Sgr by Saturn and use the results to derive Saturn’s pole as defined
by the ring plane. The analysis makes use of high-precision tim-
ings of 12 circular edges in the C-ring (radii = 84750 to 90615
km), three features in the Cassini division, the edges of the Encke
gap, and the outer edge of the Keeler gap. Our group of observing
sites includes one southern hemisphere station (CTIO) and five
northern hemisphere stations (three Tucson-area stations, the UK
Infrared Telescope in Hawaii, and San Pedro Martir in Baja Cali-
fornia), which provides a terrestrial chord separation ~10,000
km. Assuming ring radii obtained from an analysis of Voyager
radio- and stellar-occultation data (P. D. Nicholson, M. L. Cooke,
and E. Pelton, 1990, Astron. J. 100, 1339-1362), we use edge
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timings to solve for the position angle and opening angle of the
apparent ring ellipses. The star 28 Sgr appears to be well repre-
sented as a uniformly illuminated disk with an apparent radius of
9.0 = 0.3 km projected at Saturn at the wavelengths of observa-
tion (\ ~ 3 wm). The internal consistency of the data set and
redundancy of stations indicates that the relative positional error
of a given sharp ring edge timing is at the level of 2 km or smaller;
the absolute error is roughly 5 km. Qur derived pole position, «, =
40.599° = 0.020°, &, = 83.536° = 0.005°, is consistent with the
pole and ring radius scale deduced from Voyager stellar and radio
occultation observations (P. D. Nicholson, M. L. Cooke, and E.
Pelton, 1990, Astron. J. 100, 1339-1362) and the solution found
in the accompanying paper (French et al., 1993, this issue). © 1993

Academic Press, Inc.

1. INTRODUCTION

The occultation of the bright star 28 Sgr (V = 5.37,
B-V = 1.64, spectral class K4I1I) by Saturn, its rings, and
Titan on 3 July 1989 was observed by many professional
and amateur astronomers from the eastern and western

215

0019-1035/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.



OCCULTATION OF 28 Sgr BY SATURN

FIG. 1. Overall view of the geometry of the 28 Sgr occultation,
together with station chords which provided data for our solution. The
southern chord, CTIO, is well separated from the others and plays a
crucial role in the analysis. Points on the chords move from right to left
(west to east) as time increases. The ring radii shown correspond to
those listed in Table I: the outermost feature is the Keeler gap, next the
Encke division, then a ring corresponding to the general radius of the
three Cassini divisions, and finally, two rings which denote the inner-
most and outermost of the C ring edges used.

tion is obtained through the use of the Cassini-division
and A-ring features. The straight lines in Fig. 1 show the
paths of all of the stations whose timings were used in
this analysis. Figure 2 shows these paths in higher resolu-
tion west of the planetary limb. As in Fig. 1, the y-axis in
Fig. 2 is oriented along the projection of Saturn’s spin
axis in the sky plane. In Figs. 1 and 2, paths of our sta-
tions are plotted with solid lines, whereas those of NE
are plotted with dashed lines. The latter are for the most
part invisible on this scale as they overlap substantially
with our North American stations except for Hawaii. In
Hawaii, our UKIRT experiment and NE’s IRTF experi-
ment were at adjacent telescopes on Mauna Kea.
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FIG. 2. Expanded view of the immersion limb in Fig. 1.
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This paper is organized as follows. In Section 2 we
describe the six experiments and the methods of data
reduction, including a discussion of methods used to re-
duce noise and otherwise smooth the data. Section 3 dis-
cusses the method of using atmospheric scintillations to
independently calibrate timings at different stations. Sec-
tion 4 discusses the fiducial features and presents a table
of timings. Section 5 presents the method used to reduce
the timings, and the results for Saturn’s pole position and
ring radius scale. We conclude with a discussion in Sec-
tion 6.

2. DESCRIPTION OF EXPERIMENTS

Table 11 lists the relevant parameters for the six experi-
ments used in determining the Saturn pole and ring radius
scale. The 28 Sgr data are classifiable into data from (1)
aperture experiments, in which the stellar flux within a
fixed aperture is continuously measured, and (2) array
experiments, in which the star and occulting planet are
rapidly imaged on a two-dimensional array. The advan-
tage of experiments of type (1) is that variations in the
flux can be measured at a high frequency, typically about
10 Hz, and the data set is more accessible to immediate
reduction as it consists of a simple table of flux vs time.
The disadvantage of (1) is that a spatially varying ring
background signal is also measured in the aperture and
cannot be straightforwardly removed. The advantage of
(2) is that it provides a precise separate measurement of
the background signal at all times. The disadvantages of
(2) are that the data take longer to reduce, and the data
rate is substantially lower, typically around 2 Hz. In this
paper we are concerned with the precise location of sharp
ring edges; the determination of a slowly varying back-
ground signal is of minor concern.

During aperture observations of the ring occultation,
the aperture was centered on the star at all times. An
accurate prediction ephemeris for each station was avail-
able for this purpose (D. J. Mink, personal communica-
tion, 1989) and was needed during the times when the star
essentially vanished behind the B-ring. During the period
of planetary occultation, the observers attempted to fol-
low the predicted position of the primary refracted image
along the southern limb of Saturn, but after the stellar
flux had diminished substantially this strategy was diffi-
cult to implement. In general, guiding errors were infre-
quent and affected only a few of the events analyzed in
this paper. All stations experienced photometric condi-
tions throughout the occultation.

Figures 3a-3f provide a convenient overview of the
data set used in this analysis. These figures plot the ap-
proximate optical depth as a function of ring-plane radius
at each station for both the inbound (ingress) and out-
bound (egress) part of the ring occultation. Panels are
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hemispheres. The combined data set is capable of yield-
ing very high-precision information on the structure of
Saturn’s rings (Turtle et al. 1990, 1991), its atmosphere,
and its largest satellite Titan (Hubbard et al. 1990a, 1993,
Sicardy et al. 1990). The relative positions of the observ-
ing telescopes in the shadow plane are known with preci-
sions on the order of tens of meters, but the absolute
position of the center of the shadow and the precise as-
pect of the ring system projected in the shadow are less
well known and are best determined from the data set
itself. Determination of the exact occultation geometry is
also essential t¢ a detailed analysis of ring and atmo-
spheric structure.

This paper carries out an essential first step in the anal-
ysis of 28 Sgr data by employing a subset of these data to
provide the necessary calibration of the geometry for fur-
ther analysis. We are concerned with the determination
of the locations of 12 sharp-edged features in the C ring,
3 features in the Cassini division, the edges of the
Encke gap, and the outer edge of the Keeler gap, all
of which exhibit radial variations in Voyager imaging
and occultation data of ==2 km. The features are char-
acterized by sharp, virtually discontinuous changes in
optical depth as a function of radius and thus can be
considered in this data set as semitransparent knife
edges which sweep across the finite projected disk of
28 Sgr. Although the star has a projected diameter
of 18 km at Saturn, the unocculted stellar profile
appears to be well approximated by a uniformly
illuminated disk. Thus the instant that a knife edge
passes over the centroid of the projected stellar disk can
be located to a spatial precision of ~1 km, which is
comparable to the precision of the best Voyager-based
data.

At the 1-km level of precision, many effects must be
taken into consideration in solving for the ring geometry.
The large angular size of the Saturn ring system (over 40
arcsec) and the precision of the data set combine to pro-
duce an unprecedented challenge to standard methods
for the reduction of ground-based stellar occultation
data. Previously developed astrometric algorithms,
which we have applied to observations of occultations by
Neptune and other bodies (e.g., Hubbard et al. 1987), do
not suffice for the Saturn data set.

Our basic objective is to find a solution that is compati-
ble with the most recent analysis of the Voyager radio
and stellar occultation data (Nicholson et al. 1990; NCP
hereafter), and which is fully consistent among all 28 Sgr
occultation data sets of comparable precision. In order to
accomplish this goal, timings of a set of fiducial ring fea-
tures were exchanged with observers of the 28 Sgr occul-
tation at stations other than our own (French et al. 1993).
In the following, we refer to the companion paper by
French ef al. and the corresponding authors as the north-
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east group, or NE. The present paper is authored by the
southwest (SW) group.

A common set of pooled ring edge timings from 10
stations distributed over 5 geographically diverse loca-
tions has been used in independent reduction and analy-
sis schemes by the NE and SW groups. The timings were
obtained independently by each group from its own pro-
prietary data and then contributed to the pool. The meth-
ods adopted for the data reductions and the algorithms
used in determining the astrometry were entirely inde-
pendent. In general, the two analyses were kept as inde-
pendent as possible, with the following exceptions: Cer-
tain standard solutions were compared at intermediate
stages, which proved useful in exposing inadequate ap-
proximations as well as systematic timing problems at
certain stations. Timing calibrations between our stations
and those of NE were achieved by making use of cross-
correlations of scintillations of 28 Sgr in Saturn’s atmo-
sphere, as described below. This process has led to the
satisfactory result that the independent but concordant
final solutions for the 28 Sgr-based ring radius scale and
Saturn pole position are in agreement with the results of
NCP.

The fiducial features adopted in this analysis are listed
in Table I, together with the radius R of the feature from
the center of Saturn as determined by NCP. Our number-
ing system for these features is arbitrary, and we list the
corresponding number for each feature used by NE; the
latter is in most cases consistent with the numbering of
NCP.

Figure 1 illustrates the general geometry of the Saturn
occultation. Although most of the fiducial features lie in
the C-ring, substantial leverage on the astrometric solu-

TABLE I
Fiducial Ring Features

ring (this paper) ring (NE) comments Rycp (km)
1 23 C-ring feature 90615.163
2 24 C-ring feature 90404.558
3 25 C-ring feature 89939.913
4 26 C-ring feature 89787.932
5 41 C-ring feature 89296.271
6 27 C-ring feature 89189.284
7 28 C-ring feature 88595.116
8 29 C-ring feature 86603.073
9 30 C-ring feature 86370.762
10 42 C-ring feature 85759.659
11 34 C-ring feature 84950.453
12 35 C-ring feature 84749.859
14 1 Keeler gap outer edge 136521.668
16 3 Encke div. outer edge  133745.499
17 4 Encke div. inner edge 133424.226
19 T Cassini div. feature 122047.573
20 15 Cassini div. feature 118965.036
21 13 Cassini div. feature 118627.166
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TABLE I1
Station Parameters

Sta. Location Telescope AXNX (pm) Scale Sampling (Hz) Latitude Longitude Elev. (m)
1 Mt. Hopkins MMT 0.04/3.17 8" 10 31°41'19.6" 110°53'4.3" W 2608
2 Catalina Sta. 1.54 m 0.20/3.40 8 10 32°25'0.7" 110°43'55.1" W 2510
3 (SO) Kitt Peak 23 m 0.07/2.33 0.58" /pix 2 31°57'47.0" 111°35'57.8" W 2076
4 San Pedro Martir 2.1m 0.10/3.23 7 10 31°2'38.0" 115°27/47.0" W 2830
5 UKIRT 3.8 m 0.08/2.3;0.03/3.08  0.6"/pix 3 19° 49' 32 155° 28’ 23" W 4198
7 Cerro Tololo 4m 0.07/3.40 8" 50 —30°9'57.8"  70°48'53.6" W 2235

blank where data are missing, as is explained in the fol-
lowing discussion. At CTIO, the innermost part of the C-
ring (not shown in Fig. 3e) was obscured by Saturn’s
atmosphere during immersion, at about 6:50 UTC; inter-
ference between the atmosphere and C-ring did not occur
at the northern hemisphere stations.

2.1. Aperture Experiments

2.1.1. Mt. Hopkins MMT and Catalina Station 1.54 m.
The two experiments in southern Arizona at the Multiple
Mirror Telescope (MMT) and at Catalina Station (1.54 m)
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both made use of 8-arcsec apertures, 10-Hz chopping fre-
quencies, and identical data-logging systems; both suf-
fered from problems in the signal chain and in the abso-
lute timing calibration. The MMT observed with an
infrared photometer at a wavelength of 3.17 um and a
passband of 0.04 um; the 1.54 m, with an infrared pho-
tometer at a wavelength of 3.40 um and a passband of
0.20 um. The raw data recorded during these aperture
experiments consisted of a change in voltage measured
during the course of a 0.1-sec chopper cycle from star to
sky and back to star. A bias voltage was imposed on this
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FIG. 3. Optical depth (unlabeled ordinate) vs ring plane radius for data acquired at 6 stations of the SW group. Plots show the ring regions—the
outer A-ring (a, b), the Cassini division (c, d), and the outer C-ring (e, f)—seen in ingress and egress and within which sharp-edged fiducial features
were chosen for this study. The fiducial features, labeled in accordance with Table I, are indicated in the CTIO plots. Some plots are blank, or
partially blank, because of missing data (see text). The ‘‘overshooting’’ events seen associated with some sharp-edged features in the MMT data set
are caused by problems discussed in the text. A variable background level and seeing disturbances caused the Kitt Peak egress data for the outer A-
ring to exhibit a low spatial frequency variation in optical depth. Consequently, the data were scaled so that the depth of the Encke gap roughly

matched that seen in the other data sets.



OCCULTATION OF 28 Sgr BY SATURN

throughout the observations. The time delays introduced
by the lock-in amplifier were <50 msec and stable. The
response of the system to an applied square-wave signal
was measured and showed an exponential time constant
of 110 msec.

The occultation was monitored visually using an ISIT
TV camera viewing the same field as the photometer
through a dichroic. Guiding was accomplished during
most of the event using the 4-m telescope’s offset guider.
The exceptions to this were 15-min periods after immer-
sion and before emersion, when the telescope was guided
on the predicted position of the primary refracted image
of 28 Sgr. Data were recorded continuously from 4:18
UTC, roughly 2 hr before ring system immersion, until
10:20 UTC, about 1 hr after ring system emersion. The
overall quality of the data was good, except for the last 45
min, when the seeing began to degrade seriously due to
the increasing airmass of the object, producing signal var-
iations.

The amplifier’s 50-Hz sampling of the 18-Hz preamp
output showed up as a strong 13.37-Hz signal superim-
posed on the data. Power spectra were computed for
several samples of the data and other (weaker) hetero-
dynes produced by this modulation were found at 18.31
and 23.26 Hz. Another minor set of semipermanent spec-
tral features was found at lower integral frequencies, usu-
ally becoming noticeable against the background at either
2 or 3 Hz. (No 1-Hz component could be detected above
the background.) This proved to be signal leakage from
the timing signals being recorded on a second data chan-
nel as a 100-msec pulse every second. Two additional
unexplained features remained in the power spectra of
some parts of the data; e.g., a very sharp feature was
present at 9.88 Hz in some regions (e.g., C ring) but was
totally absent in most regions. The other feature, an asso-
ciated pair of small peaks at 5.1 and 8.4 Hz, was present
in some of the denser regions such as the A and B rings
but was absent in the C ring. It was also absent when the
star was behind the planet. These latter features were
very small in magnitude and were not filtered from the
final data set.

A low-pass spectral filter, utilizing notch filters cen-
tered at the spikes caused by the clock coupling and built
to suppress all frequencies higher than the low frequency
wing of the 13-Hz spike, was ultimately applied to the
data. The resulting filtered CTIO data are among the
highest quality data sets at our disposal.

2.2. Array Experiments

The photometric reduction of array data described
here is more elaborate than necessary for this analysis,
but the results will be used in later papers.
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2.2.1. SOKP 2.3 m. The 2.3-m telescope of Steward
Observatory at Kitt Peak (SOKP) observed with a 64 X
64 infrared array at a wavelength of 2.33 um and a pass-
band of 0.07 um. The average frame acquisition rate was
1.91 Hz for a total of ~32,500 images during the whole
event. Data acquisition was controlled by software run-
ning on an 80386 computer, and the individual 16-bit
frames were written to a hard disk during observation.
Two flat field frames were acquired after the event. The
better of the two was normalized to 1 and divided into
each SOKP frame before reduction to correct for the
non-spatially uniform response of the detector.

Individual frames were time-tagged from a reference
oscillator in the computer with a 2-byte coarse time
stamp and a 3-byte fine time stamp. Analysis showed that
the oscillator drifted with respect to UTC by approxi-
mately 250 msec during the ~8000 sec from the inbound
C-ring occultations to outbound C-ring occultations and
that the coarse timer, which was accurate to 1 sec, drifted
relative to the fine timer. The time calibration of this
experiment, like those of our other North America exper-
iments, was ultimately obtained from cross-correlation of
atmospheric scintillations, as discussed below in Sec-
tion 3.

The SOKP data suffered from several other problems.
Due to electrical interference, portions of the data, espe-
cially the beginning and end of the data set, were plagued
by semirandomly located negative and ‘‘hot’’ pixels.
Each image was cleaned of these pixels where possible
by replacing bad pixels with a valid pixel value from the
same location in a previous uncontaminated frame. All of
the negative data values and all of the data values above
the brightest portion of the image—the B ring—were re-
moved in this way. Also, a horizontal striped pattern,
with a wavelength of 2 lines and an amplitude of a few
DN, appeared in the raw images. Finally, the histogram
of these data was only half-filled: data numbers in groups
16 DN wide are present in the raw data; the following 16
data numbers are largely missing. This pattern repeats for
the entire histogram and is present in all images. Since
16-bit photometric precision was clearly obviated by
these problems—in fact, in signal to noice analysis, it
was determined that the data contained less information
than the DN values implied—all images were divided by
32 in the reduction process to eliminate the ‘‘stuck’’ bit.

2.2.2. UKIRT 3.8 m. Observations were made with
the IRCAM at the United Kingdom Infrared Telescope
(UKIRT) on Mauna Kea in Hawaii. This camera was
equipped with a 62 X 58 array with a scale of 0.62 arcsec/
pixel. About 24,280 16-bit frames were taken of the event
at a sampling rate of 3 frames/sec. Two different filters
were used during the event: the planetary occultation
was observed through a CO filter with a central wave-
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signal to make the output positive at all times. (In such a
procedure, a constant stellar source would yield a sinu-
soid.) The output was sent through an A/D converter and
recorded in the computer’s memory every 10 msec; i.e.,
10 raw voltage measurements were stored every chopper
cycle for a total rate 100 samples/sec. After the accumu-
lation of 12,800 samples, a write-to-disk operation was
initiated. The data points were registered in time to an
onboard oven-stabilized crystal oscillator, which was cal-
ibrated to UTC to a precision of =1 msec in the labora-
tory prior to and following the occultation.

Several problems in this signal chain affected the
results from these two experiments. First, the write-to-
disk operation occasionally failed at both stations, caus-
ing irretrievable loss of data. Second, the bias level at
both stations was not constant during the occultation but
was a function of signal strength with a characteristic
time of 1-2 sec. This resulted in an unreliable background
level at both stations; at the MMT, it occasionally caused
the signal + bias to exceed the instrument’s dynamic
range, clipping the output. Third, noise bursts affected
from one to three consecutive samples at both stations.
Furthermore, electrical noise generated by the periodic
mirror alignment operations at the MMT destroyed ap-
proximately 30 sec’s worth of data each time this oc-
curred.

To rectify some of these problems, the standard
method of boxcar differencing of the chopper output was
discarded and a least squares fitting procedure was used.
The 10 samples of each chopper cycle were fitted to one
cycle of a sine curve using a model with two parameters:
amplitude and bias. It was also necessary to find the ab-
solute phase of the chopper at some selected point in the
datastream to define the beginning of the cycle. This was
measured once for each dataset and taken as a fixed pa-
rameter. (It was verified to be constant for the dataset by
measuring it at several locations.) The amplitude was
proportional to the stellar flux during that cycle; the bias
was of no interest. If the residuals in these fits exceeded a
certain threshold, the sample with the largest residual
was rejected and the remaining points used to produce a
new fit. The rejection of points continued until a good fit
resulted or the number of points remaining was too small
for a reliable fit (n < 4) in which case the flux value was
marked bad. The output from the least squares procedure
were then processed with a spike filter having a width of §
flux measurements. Isolated measurements with large de-
viations from their neighborhood were smoothed. This
procedure was able to restore many of the data points
damaged through bias level and noise problems. In all,
~50% of the MMT data and ~20% of the Catalina station
data were lost due to the combination of problems.

Finally, although the relative time stability of the data
systems appears to be excellent, the absolute calibration
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failed for both the MMT and 1.54-m at the subsecond
level. Absolute timing calibration was accomplished us-
ing scintillations in Saturn’s atmosphere (Section 3).

2.1.2. San Pedro Madrtir 2.1 m. This experiment was
conducted with a filter centered at 3.23 um with a pass-
band of 0.104 um and an InSb detector. A diaphragm of 7
arcsec diameter was used. Chopping was done at exactly
10 Hz, synchronized to the sampling interval. The throw
was 30 arcsec North—South, with alternate chops on op-
posite sides of the star (three-beam chopping; Landau et
al. 1992). Guiding was accomplished by viewing 28 Sgr
through a dichroic mirror. The signal was phase-detected
with a Stanford Research SR510 lock-in amplifier having
an input passband filter and two output filters in cascade,
each with a time constant of 100 msec. The time base was
provided by a 1-kHz interrupt from a Precision Standard
Time, Inc., model 1020 time source, receiving WWYV
UTC time signals. The propagation delay from Ft. Col-
lins, Colorado to San Pedro Martir was set to 4 msec and
delays internal to the computer were calibrated to =1
msec. UTC was recorded with the data every sample.
Sampling times never varied by more than 1 msec. Drift
scans along 28 Sgr’s path through the Saturn system were
made the night before the occultation. These were sub-
tracted from the occultation scan at each spatial position
to provide a first-order correction for the background flux
from Saturn and its rings through the diaphragm. The
background flux reached its maximum value in the B-
ring, where it amounted to ~30% of the unocculted stel-
lar flux. After the correction was applied, experimental
variations in the stellar flux at the level of ~5% remained,
but these variations were sufficiently gradual that they do
not affect the timings analyzed here.

2.1.3. CTIO 4 m. The CTIO observations were made
at the 4-m telescope through a filter centered at 3.2415
pm with a passband of 0.144 wum using a single-channel
InSb dewar (“D-3"") cooled to 77 K on the standard
CTIO IR photometer box (Colbeck 1990). A beam-size of
8 arcsec was used; this was dictated by the relatively
poor seeing at the time of the observations, roughly 2-3
arcsec in the visible. The observations were made with
the telescope’s chopping secondary running at a fre-
quency of 18 Hz. The output of the dewar preamp was
fed to a PAR model HR-8 lock-in amplifier. The signal
from the lock-in was digitized at 10-msec intervals and
pairs of data points were summed yielding an effective
sampling rate of 50 Hz. These settings leave some resid-
ual modulation of the output which was removed by ap-
propriate spectral filtering (see below), but on the other
hand introduce relatively little time delay into the output.
Timing signals were simultaneously recorded at 1-sec in-
tervals; comparison with an accurate satellite clock
shows that these signals were accurate to within 5 msec
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ing of 80 added frames. (In the SOKP data, the summed
image consisted of 40 sec’s worth of data.) Only frames
with fitted residuals less than 0.87 pixels were used in this
process. A box centered on the ephemeris star position
and sized to encompass the entire seeing disc was zeroed
out before adding each frame to the summed frame. Due
to the poorer seeing of the egress occultation in the
SOKP data, a larger box is used for egress (14 x 14) than
for ingress (8 x 8). Hot pixels whose data values were
greater than the maximum data value (found in the B
ring) and pixels with negative data values were excluded
from the 80-frame sum. The number of data values (=80)
constituting the final sum for each pixel in the summed
frames was recorded in separate ‘‘count’’ arrays.

In order to determine the 2-dimensional ring back-
ground at any time during the occultation, all the summed
frames during a certain interval centered on that time
were averaged together (using the sum of the count ar-
rays as a divisor) to form a template. The interval was
chosen to be long enough that all the pixels in the vacant
box created by the zeroed-out stellar position, whose lo-
cation in the frame changes by ~0.005 pixels/sec, were
filled in with average data values determined from the
summed images taken during an interval when the star
was within =~1.33 box-widths away. For the ingress
SOKP occultation, each template was ultimately com-
posed of images taken within +40 min surrounding each
image: i.e., between 1800 and 5000 individual measure-
ments for each pixel in the template. Use of these ‘‘mov-
ing’’ templates automatically accounted for the possible
changes in atmospheric transmission during the course of
the occultation.

The total stellar flux was calculated by (1) expanding
each image by a factor of five in each direction by simple
repetition of pixels to equal the size of the templates, (2)
aligning the centers of the image and the appropriate tem-
plate and subtracting the template from the image, and
finally (3) summing the pixel values falling within circular
apertures centered on the centroid of the star’s image. If
the integrated stellar flux was low enough to make the
calculation of the centroid unreliable (as happened at cer-
tain locations in the B ring, for example), the ephemeris
star position was used. Bad pixel values (i.e., negative
data values and obvious hot pixels) within the occulted
stellar image were replaced with ‘‘good’’ pixel values
taken from previous images.

2.3.2. UKIRT. The data reduction procedure for the
UKIRT data was essentially the same as for SOKP ex-
cept in two ways. First, the data quality (i.e., noise and
dynamic range) was much better than in the Kitt Peak
data set and so the extra steps of removing bad pixels and
bit level requantization were not necessary. Second, the
spectral filter used for the ring occultation in this data set,
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3.08 um, cut out the ring flux almost entirely, making it
impossible to navigate on the rings. The fits to determine
orientation and the Saturn center were consequently
done using Saturn’s limb. Because the rings obscure part
of the southern portion of Saturn’s disk, a simple calcu-
lated limb curve was insufficient. A line of constant lati-
tude 6§ = —12.9°, the empirically determined function
which represents the projection of the rings on the disk of
the planet, was combined with the functional representa-
tion of the planet’s limb above this latitude to produce the
calculated curve used in the fitting procedure. For the
UKIRT data, the FWHM of the stellar image, and the
zeroed-out box in the summed frames, were 1.5 pixels
and 12 x 12 pixels, respectively. The final templates for
ring background subtraction were consequently com-
prised of images taken within =~43 min of each frame,
for a total of 1400 to 8000 individual measurements for
each pixel in the template.

3. CALIBRATION OF TIMINGS

All three of the Tucson-area stations were afflicted by
timing errors. As has already been mentioned, there was
a substantial time drift at the SOKP experiment, and its
absolute time calibration could only be achieved by refer-
ence to other stations. In the case of the MMT and Cata-
lina experiments, the initial laboratory calibration to ab-
solute time ultimately turned out to be late by
approximately 0.2 sec for both sites, in the sense that the
system times were too large with respect to UTC by this
amount. A small discontinuity between the calibration
timing offsets before and after the observing run was ob-
served for both the MMT and Catalina, suggesting that
calibration had been lost during the observations. Ini-
tially, this discrepancy was ignored.

At San Pedro Martir (SPM), the absolute time calibra-
tion worked well and gave consistent results for the event
times. However, there was a substantial instrumental
time delay due to the two output filters in cascade which
had the effect of imposing an offset on the order of 0.2 sec
on the real event times. Because this time offset was very
nearly equal in sign and magnitude to the erroneous time
calibration at the MMT and Catalina, it was possible to
obtain a very consistent (and totally erroneous) fit to the
ring events using the timings from the three Tucson sta-
tions, SPM, and CTIO, with the SPM time delay ignored.
A result indicating substantial deviation from both the
Simpson (1983) and NCP poles was derived from this
initial analysis (Hubbard ez al. 1990b). However, compar-
ison with the NE set of ring timings yielded strong evi-
dence for substantial errors in the Tucson-area timings,
including the fact that the SPM time delay was a non-
negligible effect.
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length of 2.33 um and a passband of 0.08 wm; a filter
centered on a water ice absorption at 3.08 um with a 0.03-
um passband was used during the ring occultation.

Owing to the timing and the geometry of the event in
Hawaii and restrictions on the minimum elevation of the
UKIRT, ingress through the rings was not observed.
Dark and bias frames were taken before the event to
determine the level of dark current and the bias voltage
applied to the array, respectively. Data acquisition of the
planetary occultation began with the CO filter at 7:16
UTC and ran until 8:37:11 UTC when the filter was
changed (A bias frame was taken toward the end of this
interval). Data acquisition resumed at 8:37:41 with the ice
filter and continued until about 9:41 UTC. After the oc-
cultation, additional bias and dark frames were taken. In
addition, flat frames were taken through the CO filter
using the telescope dome and the sky as flat fields; only
dome-flats were taken through the ice filter.

The dark current frames taken during the course of the
occultation were used to form an average dark frame.
The bias frames were averaged together and the resulting
averaged bias was subtracted from the averaged dark
frame, and from the raw data images. The averaged bias
frame was also subtracted from the flat frames, which
were then summed and normalized to one. (For the CO
frames, only the CO sky flats were used.) All these bias-
subtracted frames—dark, flat and raw data—were cor-
rected for the fact that the chip had a nonlinear response
to signal. The final, reduced form of each image was
achieved by subtracting the averaged dark and dividing
by the appropriate normalized flat.

2.3. Conversion of Imaging Data to Occultation Scans

Because of the two-dimensional nature of the array
data, they held the greatest promise for precise subtrac-
tion of the ring light contribution to the integrated stellar
flux. We developed a batch-oriented array data reduction
procedure which took advantage of this characteristic by
forming and subtracting a map of the rings or ‘‘template’’
from each image in the data set, integrating the remaining
stellar signal and ultimately converting the sequence of
images into a scan of transmitted stellar flux versus time.
At the heart of this procedure is a ‘‘navigation’ algo-
rithm, originally developed to correct camera pointing on
Voyager spacecraft images, which determines the line
and sample (l,s, respectively) coordinates of Saturn’s
center and the orientation of the planet’s spin pole in the
image by utilizing the observing geometry and the abso-
lute size and shape of some planet-centered feature such
as the limb or a ring. This iterative least-squares proce-
dure calculates the line and sample displacements re-
quired to align a mathematical 2-dimensional representa-
tion of the feature with the actual feature in the image.

HUBBARD ET AL.

The fit is considered good if (a) the residuals are less than
0.7 pixels and the star’s measured position is within 3
pixels of the position predicted using the stellar offset
ephemeris and the Saturn center coordinates determined
by the fit or (b) if the residuals were less than 0.5 pixels in
those cases when the star’s centroid could not be confi-
dently measured. The starting point for the entire se-
quence of images was determined by fitting the first im-
age interactively. The program uses the last good fit from
a previous image as a starting point for the next image.

2.3.1. SOKP. In navigating on any reference, it is
best to use as much of the full curvature of the feature as
possible. Saturn’s disk is dark at 2.33 um, leaving the
rings as the only constant reference in the SOKP images.
Several images taken from the middle of the occultation
show nearly the entire ring system. The resolution in
these groundbased images is very low, ~4000 km/pixel,
so only major ring features and boundaries are easily
distinguished. Consequently, the outer edge of the A-ring
and the inner edge of the B-ring were used as references
to determine the best-fitting image scale of 0.56 arcsec/
pixel; the edge of the A-ring was fitted by the algorithm
described above to determine the ring pole orientation for
the entire data set.

Since the array experiments were guided on 28 Sgr, the
disk of Saturn moved across the array during the occulta-
tion at a rate of ~20 km/sec or ~0.005 pixels/sec. Conse-
quently, the center of Saturn had to be determined for
every image, including those in which less than half of the
ring system is seen. To achieve automatic determination
of the Saturn center coordinates and to mitigate the prob-
lem of a limited ring curve in most frames, we fitted to
two features in the SOKP images: the outer edge of the A
ring and the entire B ring. The latter has approximately a
Gaussian shape in these low-resolution frames. Thus, the
two functions stored for fitting were a ring edge, repre-
sented by a step function convolved with a Gaussian
function of o ~ 0.85 pixels determined from the star’s
seeing disc, and a Gaussian curve centered on the B ring
with a full width half maximum determined from the im-
ages. The image scale and pole orientation determined
initially were kept constant. The algorithm saves the
planet center’s (1,s) coordinates, usually determined to a
precision of ~0.4 pixels, the star’s (1,s) determined from
a fourth-order polynomial fit to the ephemeris of the star/
planet-center offset, and the number of points used in the
fit.

The next step in the array data reduction was the sub-
traction of the ring background from each image. The
images were expanded to five times their original scale by
simple repetition of pixels to take advantage of the sub-
pixel fitting accuracy, registered on the planet’s center,
and then added together to form a summed image consist-
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FIG. 5. Cross-correlation of Saturn atmospheric scintillations ob-

served at SPM (station 4) and McDonald.

cross-correlation of 0.83 at a time offset of +51.46 = 0.02
sec to the system time of McDonald with respect to SPM.
The presence of this large correlation, despite the 50-sec
propagation time of the limb shadow from west Texas to
Baja California, is in itself of considerable scientific inter-
est and will be further discussed elsewhere.

Every possible permutation of cross-correlations be-
tween stations was calculated (immersion was not ob-
served at the MMT). In general, maximum values of
about 0.8 were found for the cross-correlation of each
pair of stations, and these peak values defined a time
offset to a precision of ~0.02 sec. The cross-correlations
between the most distant stations (McDonald vs SPM,
Tucson-area vs McDonald) were for some reason some-
what poorer for the immersion lightcurves, reaching a
peak value of about 0.5, and in one case (McDonald vs
SPM, immersion) there were two nearly equal peaks at
about 0.5. The changes in cross-correlations of scintilla-
tions may be related to the physics of the underlying
disturbances in Saturn’s atmosphere, but this topic lies
beyond the scope of the present paper. As discussed be-
low, all of the time offsets gave consistent results, and in
the case of dual peaks it was obvious which one was
meaningful.

We then arbitrarily chose a half-light time for a single
reference station and, using a provisional center for Sat-
urn, computed the trajectory of a projected oblate atmo-
spheric level surface which passed through this point on
the station track. The observed values of Ar at maximum
correlation were then applied to the system times of the
other stations, and a further correction to the system time
was applied in order to shift the point on the station track
to lie on the common level-surface trajectory. Since we
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may apply only one correction to the system time for
each station after the first, but we have constraints at
both immersion and emersion, the problem is overcon-
strained. The optimal solution was found by minimizing
the squares of the distances from the level surface with
respect to the system time corrections. The optimized
solution was extremely consistent, with maximum devia-
tions from the common level surface smaller than 0.5 km.
From these results we infer an absolute correction to the
MMT system time of —0.14 sec, to the Catalina system
time of +0.37 sec, and to the SPM system time of —0.29
sec. Our confidence in these calibrations is +0.02 sec. In
the case of SOKP, we obtained separate corrections for
the system time at atmospheric immersion and emersion.
These were —16.33 and —16.58 sec, respectively. These
corrections were respectively applied to fiducial ring
events prior to atmospheric immersion and after atmo-
spheric emersion—since there was evidence that the
SOKP system clock changed discontinuously some time
during mid-occultation by Saturn—and were assumed
constant during the respective interval.

The corrections tie the four stations MMT, Catalina,
SOKP, and SPM to the McDonald time base; we assume
that the latter has zero error with respect to UTC. There
is independent evidence that this calibration is valid: (1)
the inferred correction to the SPM system time is entirely
consistent with an instrument delay imposed by two 100-
msec filters in cascade; (2) the stellar radius inferred from
the ring edge events (see below) at SPM is significantly
larger than the values inferred from the other stations,
but becomes consistent with the value from other stations
when a correction based on the inferred time delay is
applied; (3) the calibrations result in a smooth fit of all
stations to the optimal ring solution, with little or no sys-
tematic trend in residuals evident at any station.

Finally, an instrumental correction was applied to the
CTIO data, based on the 110-msec time constant de-
scribed in Section 2.1.3. When the feature-timing method
discussed in the next section was applied to a stellar pro-
file convolved with a 110-msec exponential time delay,
the half-flux time was delayed by 100 msec, whereas the
inferred stellar radius was increased by 4%. Thus the
CTIO system times for fiducial features have been cor-
rected to UTC by —0.10 sec, and the inferred stellar ra-
dius reduced by the appropriate factor.

4. TIMING OF FEATURES

A reasonably model-independent time for occultation
by a sharp ring edge can be specified by 7,,;, the time at
which the observed flux from 28 Sgr reaches the mean of
the value just before the ring edge contacts the stellar
disk and the value just after the ring edge completely
covers the stellar disk. We have found that at the wave-
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We have ultimately relied upon the occultation data set
to calibrate the Tucson and SPM timings, as is also done
in the NE paper. However, our calibration method is
entirely different from NE. In the NE paper, corrections
to times are derived by improving the fits to the ring data.
Our preference is to minimize correlation by deriving
these corrections independently of the ring data, since
the corrections have a major effect on the ultimate ring
pole. Our calibration uses Saturn’s atmosphere as a cali-
bration reference, making almost no use of ring timings.
As Figs. 1 and 2 show, the occultation chords were
nearly normal to Saturn’s atmosphere because of the
near-central geometry. This is unlike the situation for the
ring occultations, where the occultation chords deviate
substantially from normal incidence to the rings, particu-
larly during the inbound occultations (Fig. 1). Thus the
relative times of first and last contact with Saturn’s atmo-
sphere, at closely adjacent stations, are reasonably insen-
sitive to the precise placement of the center of Saturn. In
this case, a provisional position for the center, not very
sensitive to the ring geometry, can be used to predict the
relative contact times. Figure 4, a further enlargement of
a section of Fig. 2, shows the chords at Saturn’s immer-
sion limb for the North American stations, including the
Palomar and McDonald stations of NE. Tick marks
(every 10 sec) show the computed positions of the sta-
tions as a function of UTC. Atmospheric immersion and
emersion were not observed at Palomar, so we do not
discuss this station further.

Inasmuch as the maximum separation among all the
North American stations projected along the planet’s
limb—i.e., the distance between Catalina and Mc-
Donald—does not exceed 200 km, one would expect

-16.9

Pa]°mar

Cata)ina

Soxp

| MMT
24 700 |

foo-+.24680

erveq) 2

north (IIOOO km)
2

SPy

-17.2

MCDOHaId

-17.3
-57.7

-57.8 —-58

—-57.9
east (1000 km)
FIG. 4. Expanded view of the immersion limb for North American
stations in Fig. 2. Heavy line is Saturn’s limb.
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good correlation between the atmospheric occultation
lightcurves among all these stations. As is now well
known (French et al. 1982, Narayan and Hubbard 1988),
stellar occultations by planetary atmospheres typically
show strong scintillations, which are produced by small
density inhomogeneities projected along the line of sight.
These inhomogeneities and the attendant scintillations
are highly anisotropic, with aspect ratios (horizontal to
vertical) on the order of 10% i.e., the turbulent elements
are aligned with their long axis parallel to the atmo-
spheric limb and normal to the projected gravity vector.
Detailed studies of anisotropic inhomogeneities in the up-
per atmosphere of Uranus (French et al. 1982) and Nep-
tune (Narayan and Hubbard 1988) confirm large aspect
ratios in both planets; we assume here that similar values
apply to Saturn.

For a projected stellar radius on the order of 10 km,
much of the scintillation power arises from elements with
short axis dimensions of roughly the same size. These
same elements may then be expected to persist for ~1000
km parallel to the limb. It follows that a given scintillation
that is observed at several stations separated by ~100 km
along the limb should coincide closely with a level sur-
face in the planetary atmosphere. Quantitatively, if the
inclination of the scintillation to a projected level surface
is ~1072 radians, roughly equal to the anisotropy factor,
then the maximum misalignment of two stations sepa-
rated by ~100 km would be ~1 km. Since we align sta-
tions by utilizing measurements of 10 or more random
scintillations during atmospheric immersion or emersion,
the alignment uncertainty is reduced below 1 km. We
assign a probable error of £0.4 km to the scintillation
alignments, corresponding to a probable error in the time
calibrations of =0.02 sec.

We find that there is in general good cross-correlation
between the scintillations observed at our four North
American stations and at the McDonald station of NE.
The cross-correlation is calculated as follows. We first
perform a least-squares fit of a standard Baum—Code oc-
cultation lightcurve to a normalized immersion or emer-
sion event, adjusting the two parameters of half-light time
and atmospheric scale height. The residuals with respect
to the best-fit lightcurve are then tabulated over a time
interval of approximately 50 sec near half light, when the
scintillations are strongest, and at the maximum time res-
olution of the data set, typically 0.1 sec. The mean of the
residuals over this interval is then subtracted from each
individual residual to give a new residual table with zero
mean. The zero-mean residuals are then normalized to
unit variance, and the cross-correlation function of the
residuals between two stations C(At) is then calculated as
a function of the time offset At. Figure 5, the cross-corre-
lation function for SPM emersion with respect to Mc-
Donald emersion, is a typical result showing a maximum
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FIG. 8. Data (points) and model (solid line) for the inbound occulta-

tion of 28 Sgr by fiducial feature 1, observed at SOKP (station 3).

linear interpolation. When calibrated against the radius-
modeling program, the latter program gave consistent
values of ¢, to within =0.01 sec.

Table I1I lists the final timings derived from each of our
experiments for the set of 18 fiducial ring features. Six-
teen of these—12 in the outer C ring, 3 in the Cassini
Division, and the outer edge of the Keeler gap—were
found to be circular to the =2-km level in previous
searches for eccentric Saturnian rings (Porco and Ni-
cholson 1987, NCP, Cooke et al. 1992). The remaining
two features—the edges of the Encke gap—are known to
exhibit edge waves with peak-to-peak radial amplitudes
of 4 km and an azimuthal wavelength of 1800 km (0.7°)
but limited azimuthal extent (Cuzzi and Scargle 1985). In
the final astrometric solution, these two features (along
with the Keeler gap outer edge) provided strong leverage
for solution radii in the A ring and exhibited residuals that
were no larger than other presumably circular features.
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FIG. 9. Data (points) and model (solid line) for the inbound occulta-
tion of 28 Sgr by fiducial feature 1, observed at SPM (station 4).
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FIG. 10. Data (light line) and model (heavy line) for the inbound
occultation of 28 Sgr by fiducial feature 1, observed at CTIO (station 7).
The unfiltered signal is displayed.

In Table III, the column marked ‘im./em.’” denotes
whether the event was observed prior to atmospheric
immersion (1) or after emersion (2). Values of ¢, have
been corrected to UTC as described above. Each event is
denoted by the indices i, j, k, where i corresponds to the
station number (first column in Table I1I), j corresponds
to the ring number (second column), and & (third column)
indicates whether the event was preimmersion or post
emersion. The column R, denotes the radius of the fidu-
cial feature from the center of Saturn obtained from the
28 Sgr timing, using the model which we describe below
and the NCP pole, whereas 8R = Rss — Rncp. All of the
timings entered in this table are those used in our analy-
sis; we have not included any of the rejected timings.

All stations gave consistent results for the projected
stellar radius r,, with only a weak dependence on the
precise choice of astrometric solution. Figure 11 shows
the average value and standard deviation of r, at each
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FIG. 11. Radius of 28 Sgr as measured at our stations.
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lengths of observation used here 28 Sgr can be well repre-
sented as a uniformly illuminated disk of apparent radius
ry« projected above the limb of Saturn. Our model for the
variation of the total signal S as a function of time ¢ is

§ =8+ 8 - S)FQ), 1)
where S, is the signal before occultation, and S, is the
signal after full occultation (§; > S,). Consider a disk of
radius r, that is partially covered by a knife edge at dis-
tance xr, from the disk’s center, and let F represent the
fraction of the disk’s area that is uncovered by the knife
edge, defined such that F = 1 for x < —1 and F = 0 for
x > 1. A simple calculation then gives

' F= % (cos™' x — xV1 — 22); ©))

and |x| = 1, and we can write
T Gt @)

Ty

where v, is the velocity component of the star image
normal to the ring edge, projected in the sky plane (which
is defined as the plane normal to the vector from observer
to star and containing the body center of Saturn).

Equations (1)-(3) specify a model flux in terms of the
four parameters, Sy, S», 74, and ¢;,. The parameters S,
and §, vary from. one ring edge to the next because of
variable background ring opacity and scattering into the
aperture. However, they can usually be considered con-
stant. during the brief interval of duration ~1 sec for
which |x| = 1, the critical interval for determining r, and
t1p. The parameter ¢, is essentially uncorrelated with ry;
the latter should have the same value for all occultations
by sharp edges. A fifth parameter, v, , is known in ad-
vance quite accurately once the full astrometric solution
has been self-consistently determined.

.Although the parameter r, has no direct bearmg on
the timings of edge features, it serves as a useful monitor
of the validity of a given timing, since a fully self-consis-
tent set of measurements should give the same value of r,
for each edge event. Timings which gave a value of r,
more than a few standard deviations away from the best-
fit result were rejected. Most such rejected observations
were obviously affected by poor guiding or instrumental
problems. In a small number of cases, values of r, were
too large to be plausible, yet there was no clear evidence
of any other problem. Although it is pessible that the ring
edge was locally fuzzy for these events, we chose to
ignore them for this analysis.

The stellar profile model fits the data quite wel. Fig-

ures 6—10 show'the same ring edge (ring 1 inbound) ob-
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FIG. 6. Data (points) and model (solid line) for the inbound occulta-
tion of 28 Sgr by fiducial feature 1, observed at MMT (station 1).

served at five stations, together with the model profile.
Although some limb darkening may be present, it is not
needed to fit the data. Diffraction is also unimportant in
this data set, as the Fresnel scale A\r = VAD = 2 km < ry
(D, distance to Saturn). There is no evidence for any
asymmetry in the projected disk of 28 Sgr nor for any
close companion star. 28 Sgr is known to have a distant
comparnion 7.7 magnitudes fainter at a separation of 13.7
arcsecs; this companion would not have been included in
the aperture of aperture experiments and is too faint to
have significantly affected the array results for purposes
of the present paper.

In the case of some features in the Cassini Division
(features 19, 20, 21 in Table III) which could not be ade-
quately represented by Eq. (2), it proved to be more ac-
curate and efficient to measure the half-flux times without
modeling the stellar radius. This was done with a pro-
gram that establishes the values Sy, S, and finds ¢, by
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station. Open symbols for stations 4 (SPM) and 7 (CT1O)
show values before correction for the instrumental time
constant, whereas solid symbols represent final values.
The weighted mean of all stations is r, = 9.01 + 0.25 km.
This result is consistent with the apparent magnitude,
spectral type, and luminosity class of 28 Sgr, assuming
that the star is at a distance ~100 parsecs.

5. ASTROMETRIC SOLUTION

(a) Procedures and Coordinate Systems

The data analysis requires that each timing of a ring
edge, ti», be mapped onto a radius Ry, where Ry is the
radius from the center of Saturn at which the photon
received at t;, pierced Saturn’s equatorial plane during
the 28 Sgr occultation. This calculation is carried out
using two coordinate systems: a fixed celestial coordinate
system (aa000,02000) Using the equator and equinox of
2000.0, and an apparent coordinate system («,8) of date.

First, for a given UTC time ¢, we computed the appar-
ent coordinates of 28 Sgr (a4, 64) and apparent geocen-
tric coordinates of the Saturn barycenter (as,8s), to-
gether with D, the true distance from the geocenter to
the Saturn barycenter. The apparent star coordinates
were computed from an assumed position a0 =
1874620.605%, 8,200 = —22°23'31.83" (Mink, personal
communication, 1989), whereas the Saturn coordinates
were kindly furnished by S. Newhall (personal communi-
cation, 1989). The latter are fully equivalent to, but are
given to more significant figures than, the Saturn bary-
center ephemeris published in the Astronomical Almanac
(1989). To compute the apparent geocentric stellar posi-
tions, which incorporate the effects of stellar aberration
and terrestrial precession and nutation, we used results
from the 1989 Astronomical Almanac, as incorporated in
software form and distributed as the interactive computer
ephemeris (ICE). However, the ICE and the Astronomi-
cal Almanac only give apparent stellar positions to the
nearest 0.001 sec in right ascension and 0.01” in declina-
tion, which is adequate for many occultations, but not
this one. The roundoff error associated with this preci-
sion amounts to several kilometers over the duration of
the event. To smooth the results and thus reduce round-
off error to an acceptable level, we tabulated apparent
stellar positions at hourly intervals for several days cen-
tered on 3 July 1989 and least-squares fitted the positions
with a smooth polynomial in time.

We then computed the predicted differences in right
ascension Aa and declination A8 of the star with respect
to the Saturn barycenter, as observed from the geocen-
ter. These were converted to station-centered differences
by using the known latitude, longitude, and elevation of
each station, and the declination and hour angle of 28 Sgr
at the station. Next we converted the differences in ap-
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parent coordinates to differences in the fixed J2000.0 co-
ordinate system by applying corrections for differential
precession, aberration, and nutation using a polynomial
fit to the values given in the 1989 Astronomical Almanac.
We denote the resulting differences in right ascension
and declination, respectively, as Aaggo and Adapgo-

The J2000.0 east and north linear offsets projected in
the sky plane of the star with respect to the Saturn body
center, xo and y,, respectively, are computed using

Xg = D’ Aaz()()() COS asﬁzoo() + A.Xo, (4)

1 .
yo =D’ <A52000 + 5 cos 85,2000 SIN S 2000 Aa%ooo) + Ay,
&)

where D’ is the distance from the observer to Saturn,
backdated for the light propagation time, and &g 2000 de-
notes the declination of the Saturn barycenter in J2000.0
coordinates. We incorporate an additional small correc-
tion Axg, Ay, for the Saturn body center offset from the
barycenter, computed for us by W. Owen of JPL using
the ephemerides for Saturn and each of its satellites (JPL
Ephemeris File SAT018H.N1IO). The size of this correc-
tion is of order 300 km and varies by ~30 km over the
period of the occultation. Expressions (4) and (5) repre-
sent an expansion in Aagyg, A8 to second order in the
differences. Normally only a first-order expansion is re-
quired for planetary occultations, but not in this case.
Because of the large values of the differences, neglect of
the second-order terms leads to errors at the level of
several kilometers.

Once xy,yo are known, we compute the general relativ-
istic bending angle & in the x,y plane, giving a corrected
position for the pierce point of the photon in the sky
plane,

x = xy — D'(gg),, ©

y = yo — D'(gg)y, (N

where expressions for £ are given below.

Next, we compute the position angle p of the normal to
the ring plane, projected in the plane of the sky, and the
angle B which the vector directed to 28 Sgr makes to
Saturn’s equatorial plane. These angles are computed
from the J2000.0 positions of 28 Sgr and the assumed
J2000.0 coordinates of Saturn’s pole, («,, 8,):

sin B = —sin 8, sin 8 2000
— €0s 8, €08 84 2000 COS(@p — @y 2000), (8)

and

sin p = cos §, sin(a, — oy 200m)/cos B. 9)
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TABLE 111

Timings and Fits to Fiducial Ring Features

Sta. ring im.Jem. ty3 (UTs) 6R(km) Rps (km) r. (km)
1 1 1 23772.39 2.18 90617.34 9.16
1 2 2 31801.14 —3.01 90401.55 11.65
1 3 1 23802.81 -0.20 89939.71 6.72
1 4 2 31773.38 -2.04 89785.89 9.84
1 6 2 31746.45 -0.61 89188.68 8.69
1 11 1 24027.01 -2.45 84948.00 7.99
1 12 2 31546.20 ~0.63 84749.23 9.31
1 19 1 22364.04 2.75 122050.32 -

1 19 2 33226.34 —1.86 122045.72 -

1 20 1 22502.14 —0.96 118964.08 -

1 20 2 33087.57 —2.28 118962.76 -

1 21 1 22517.04 3.97 118631.13 -

1 21 2 33072.34 -2.75 118624.41 -

2 1 1 23769.07 —2.10 90613.06 7.76
2 1 2 31809.35 —3.54 90611.63 8.69
2 2 1 23778.49 -1.34 90403.22 8.18
2 3 1 23799.33 —0.89 89939.02 9.02
2 3 2 31779.08 0.39 89940.30 9.56
2 4 1 23806.14 -0.59 89787.34 6.99
2 4 2 31772.17 —0.87 89787.06 7.93
2 6 1 23833.02 —0.61 89188.67 9.34
2 7 1 23859.67 0.07 88595.18 8.25
2 8 1 23949.20 —1.25 86601.82 9.07
2 10 1 23987.06 —0.57 85759.09 10.60
2 11 1 24023.46 —1.46 84948.99 8.22
2 12 1 24032.47 -1.37 84748.49 8.08
2 12 2 31544.91 -1.14 84748.71 8.30
2 14 1 21713.05 2.58 136524.24 10.28
2 17 2 33737.11 —4.81 133419.42 8.49
3 1 1 23774.52 1.91 90617.08 8.61
3 1 2 31813.11 -0.76 90614.40 8.87
3 2 1 23784.12 ~1.34 90403.21 11.51
3 3 1 23804.88 0.85 89940.76 8.12
3 3 2 31782.68 —-0.52 89939.39 8.75
3 4 1 23811.81 -1.54 89786.39 11.01
3 4 2 31775.77 -1.81 89786.12 10.74
3 5 1 23833.81 0.10 89296.37 7.59
3 5 2 31753.56 —2.78 89293.49 7.82
3 6 1 23838.65 -0.71 89188.57 9.22
3 6 2 31748.74 -2.70 89186.58 13.71
3 7 1 23865.26 0.81 88595.93 7.73
3 8 1 23954.80 —0.87 86602.20 10.55
3 8 2 31632.15 -2.01 86601.06 10.59
3 9 1 23965.24 —0.98 86369.78 10.16
3 9 2 31621.69 -1.62 86369.14 10.20
3 10 1 23992.65 —-0.03 85759.63 7.75
3 11 1 24029.02 -0.31 84950.14 9.96
3 11 2 31557.58 —2.61 84947.84 10.19
3 12 1 24038.08 -1.35 84748.51 8.60
3 12 2 31548.64 —0.19 84749.67 10.71
3 16 1 21842.90 3.86 133749.35 9.90
3 17 1 21857.22 4.88 133429.11 10.02
4 1 1 23795.72 ~0.55 90614.61 9.25
4 2 1 23805.23 —1.86 90402.70 11.44
4 2 2 31819.48 4.19 90408.75 11.35
4 3 1 23826.02 —0.45 89939.47 8.73
4 3 2 31798.45 1.94 89941.85 10.73
4 4 1 23832.96 -3.09 89784.84 11.41
4 4 2 31791.56 0.96 89788.89 9.92
4 5 1 23855.01 ~2.69 89293.58 9.13
4 5 2 31769.48 2.44 89298.71 12.92
4 6 1 23859.75 -1.30 89187.98 11.21
4 6 2 31764.61 1.32 89190.60 9.05
4 7 1 23886.41 -1.03 88594.08 8.43
4 7 2 31737.73 —1.20 88593.92 10.01
4 8 1 23975.90 -2.11 86600.97 10.18
4 8 2 31648.01 —0.45 86602.62 14.00
4 9 1 23986.31 —1.60 86369.16 9.58
4 9 2 31637.66 2.18 86372.94 7.48
4 10 1 24013.79 -2.36 85757.30 9.70

Sta. ring im./em. t;;2 (UTs) 6R(km) Res (km) r. (km)
4 10 2 31610.03 0.17 85759.83 9.14
4 11 1 24050.09 -1.30 84949.16 8.93
4 11 2 31573.60 1.08 84951.53 11.711
4 12 1 24059.10 -1.27 84748.59 10.70
4 12 2 31564.45 -1.33 84748.53 9.14
4 14 1 21740.30 1.73 136523.40 9.90
4 14 2 33893.52 —0.75 136520.92 11.04
4 16 1 21864.48 0.32 133745.82 9.78
4 16 2 33768.75 —0.12 133745.38 10.89
4 17 1 21878.92 -1.37 133422.85 9.33
4 17 2 33754.27 —0.96 133423.27 10.28
4 19 1 22387.51 3.34 122050.91 -

4 20 1 22525.51 1.46 118966.50 -

4 20 2 33104.31 0.68 118965.72 -

4 21 1 22540.61 1.87 118629.04 -

4 21 2 33089.11 0.49 118627.66 -

5 1 2 33089.11 0.16 90615.33 8.92
5 2 2 33089.11 -0.51 90404.05 11.28
5 3 2 33089.11 —0.46 89939.45 7.78
5 4 2 33089.11 —1.40 89786.53 9.45
5 5 2 33089.11 —1.65 89294.62 9.14
5 6 2 33089.11 —0.60 89188.68 10.08
5 7 2 33089.11 0.91 88596.03 8.14
5 8 2 33089.11 —1.59 86601.48 9.91
5 9 2 33089.11 0.29 86371.06 10.58
5 10 2 33089.11 —2.20 85757.46 9.57
5 11 2 33089.11 4.97 84955.42 9.39
5 12 2 33089.11 4.80 84754.66 9.98
5 14 2 33089.11 —0.33 136521.34 9.05
5 16 2 33089.11 —2.45 133743.05 8.74
5 17 2 33089.11 —-2.98 133421.25 7.90
5 19 2 33089.11 0.33 122047.90 13.00
5 20 2 33089.11 —0.40 118964.64 8.17
5 21 2 33089.11 1.27 118628.44 4.20
7 1 1 23983.15 1.23 90616.39 8.93
7 1 2 31825.62 2.02 90617.19 9.78
7 2 1 23993.05 -0.18 90404.38 10.48
7 2 2 31815.65 1.18 90405.74 11.25
7 3 1 24014.73 0.35 89940.26 8.43
7 3 2 31793.74 1.29 89941.20 8.44
7 4 1 24021.88 -0.69 89787.24 9.47
7 4 2 31786.53 0.44 89788.37 9.94
7 5 1 24044.83 -0.02 89296.25 9.23
7 5 2 31763.34 0.70 89296.97 10.96
7 6 1 24049.82 0.24 89189.53 8.73
7 6 2 31758.32 1.34 89190.62 9.47
7 7 1 24077.58 0.91 88596.03 8.75
7 7 2 31730.27 1.47 88596.58 9.07
7 8 1 24170.95 —0.50 86602.57 8.94
7 8 2 31636.05 0.56 86603.63 9.30
7 9 1 24181.77 1.09 86371.85 9.03
7 9 2 31625.12 1.93 86372.69 9.62
7 10 1 24210.44 1.14 85760.80 8.74
7 10 2 31596.19 2.02 85761.68 10.03
7 11 1 24248 .48 0.26 84950.71 9.25
7 11 2 31557.80 1.02 84951.47 9.88
7 12 1 24257.89 0.58 84750.44 8.84
7 12 2 31548.32 1.65 84751.51 9.34
7 14 1 21871.67 2.40 136524.07 9.47
7 14 2 33963.53 0.95 136522.62 9.74
7 16 1 21998.18 1.07 133746.57 8.98
7 16 2 33835.18 1.15 133746.65 8.72
7 17 1 22012.78 1.96 133426.19 9.05
7 17 2 33820.28 0.26 133424.49 8.95
7 19 1 22532.18 3.98 122051.56 12.18
7 19 2 33293.41 0.94 122048.52 —

7 20 1 22673.39 2.74 118967.78 6.62
7 20 2 33150.41 1.99 118967.02 -

7 21 1 22688.94 1.28 118628.44 6.49
7 21 2 33134.59 —0.86 118626.31 -
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red solution which we discuss below. We assumed that
the correction from UTC to dynamic time (the argument
of the ephemeris given in the Astronomical Almanac)
was ATT = TDT — UTC = 56.5 sec. This value is not
critical as a small uncertainty is absorbed in (Axg, Ayg).

In our best-fit solution to the pole, we include all
events listed in Table III, augmented by the timings from
Palomar, McDonald, and IRTF for the same values of j,
k, respectively given in Tables III, IV, and V in NE. We
refer to this augmented set of timings, with unit weight
assigned to each event, as the standard data set. The radii
for all fiducial features were kept constant at the values
given by NCP: Rr = Rxcp, as given in Table 1. Although
some solutions were attempted with the fiducial radii al-
lowed to vary, we found that strong correlations between
the pole position and the fiducial radii prevented finding a
stable solution using the 28 Sgr data only. Thus we have
used spacecraft-derived results for the fiducial radii to
break this correlation.

The best-fit result for the pole position, in J2000.0 coor-
dinates, is

a, = 40.59909°,

(16)
6, = 83.53629°,

with (6R),ns = 1.670 km. Using the scatter from this best-
fit solution to define the expected variance for each
event, we computed the value of x? for a grid of pole
positions, and found the locus of 2 corresponding to 80%
probability that the value of x> was lower than the value
on the locus. This locus is the elliptical contour shown in
Fig. 12, which exhibits various solutions for Saturn’s
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g B RSS radius scale B
S8353 | u o+5 _
o -
S B
2 L
4
S - l E
8352 |- T i
: Kozai
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FIG. 12. Solutions for Saturn’s pole, compared with previous analy-
ses (data points with error bars). See text for details.
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pole. The solution given by expression (16) is shown as a
solid triangle. The contour shown in Fig. :12 also:essen-
tially corresponds to the domain occupied by pole solu-
tions when the standard data set times are randomly var-
ied with a gaussian distribution of timing errors, with a
standard deviation of 0.1 sec (spatially, about 2 km). As
is evident from Fig. 12, both the NCP pole and the earlier
Simpson pole are consistent with the timings to within
the uncertainties, assuming that the NCP radius scale is
correct.

Next, we calibrated our solution against the NE solu-
tion by changing only the star position. We adopted the
J2000.0 position and apparent positions of 28 Sgr calcu-
lated by NE so as to exhibit most cleanly the differences
in the basic astrometric algorithms. Again using the stan-
dard data set and our algorithm, but the slightly different
star position, we obtain a pole position indicated by the
open triangle plotted in Fig. 12. For comparison, the
equivalent pole position calculated by NE using their al-
gorithm is plotted as an open square. The difference in
pole positions is less than 1 arcsec and is well within the
basic uncertainty of the measurements.

The 28 Sgr data set alone do not constrain the pole
position and ring radius scale independently because
these quantities are highly correlated. To illustrate the
sensitivity to the radius scale, we show in Fig. 12 the
best-fit pole positions which are derived as the adjust-
ments are made to the'fiducial values Rr. The open circle
shows the result obtained when we set R¢' = Rgss, Where
Rgss is the earlier ring radius scale derived from the ra-
dio-occultation experiment of Voyager I (Simpson et al.
1983). NCP corrected this earlier radius scale through a
readjustment to the radii, reducing the RSS radii by sev-
eral kilometers, with the absolute value of the corrections
increasing nonlinearly with radius. As a further test of the
sensitivity to the radius scale, we applied a constant shift
to the Rg. The solid point marked +5 shows the result
when we increased R by 5 km everywhere, whereas the
solid point marked —5 shows the result of a constant
decrease of Rg by the same amount. If we were to opti-
mize the solution by adjusting Ry, «,, §, simultaneously,
the pole would settle on a position far from either the
NCP or Simpson pole. The +5 solution has (8R).,s = 2.0
km, whereas the —5 solution has (8R),ms’= 1.6 km. These
two trial solutions exhibit the sensitivity of our pole posi-
tion to the fiducial radii, but neither solution indicates
that such a revision to the NCP radial scale is actually
called for. The NE paper addresses this point by fitting
simultaneously to the Voyager data and to the 28 Sgr data
set.

We congclude that the 28 Sgr standard data set is consis-
tent with the NCP pole and radius scale obtained from
analysis of Voyager data. In J2000.0 coordinates, the
NCP values for the pole coordinates are: Co
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Uncertainty in the pole coordinates from the 28 Sgr data
is £0.02° in a,, and *0.005° in §,, correlated with the
error ellipse shown in Fig. 12.

It is useful to graphically examine the individual station
residuals to assess the quality of the solution. Figure 13
shows residuals for stations 1 and 2, plotted as a function
of ring radius R. The residuals are those tabulated in
Table III and are with respect to the Rycp and are calcu-
lated using the NCP pole, Eq. (17). The subsequent Figs.
14, 15, 16, and 17 show residuals for the remainder of the
standard data set, including the NE timings for IRTF,
Palomar, and McDonald. The residual plots for our best-
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FIG. 14. Individual radial residuals at stations 3 and 4.
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fit solution with the pole position given by Eq. (16) are
nearly indistinguishable. It is possible that some system-
atic timing differences may still exist in the standard data
set, and elimination of some of the more discrepant data
points may improve the fit. However, the principal con-
clusion that the 28 Sgr timings are concordant with the
Voyager data is unlikely to change.

6. DISCUSSION

The 28 Sgr results presented here confirm the system-
atic reduction of the Voyager RSS ring radius scale by
~10 km and are consistent with a ring pole position de-
duced solely from Voyager data taken ~9 years earlier
(NCP). In our analysis we would not expect to be sensi-
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FIG. 16. Individual radial residuals at CTIO.
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tive to a possible change in the position of the ring pole
(and consequently in the Saturn rotational pole) over the
8-year interval between the Voyager encounter and the
28 Sgr occultation for the following reasons.

The Sun-forced precession of a rotating oblate Saturn
with a precession constant H = (C — A)/C = 0.074 (Hub-
bard and Marley 1989) would have a period of 7 million
years, resulting in a polar motion less than 1 arcsec in 8
years, well below our detection limit. On similar grounds,
we can rule out a “‘free precession’’ or the analog to the
terrestrial Chandler wobble. The period of a Chandler-
like wobble in Saturn’s body frame would be Pc =~ HPs,
where Ps is Saturn’s rotational period. We find Pc=6
days. Seen from an inertial frame, this period would be
(A/C)Ps ~ 9.9 hr, comparable to orbital periods within
the rings. Since the rings would not respond as a unit to a
changing Saturn pole position on such a short timescale,
a Chandler-like wobble would not affect the pole of the
ring plane. If Saturn were an inviscid ideal liquid planet,
it may not wobble at all. Since Saturn is closer to the limit
of an inviscid liquid than to a rigid body, rigid-body free
precession can be neglected.

As shown in the NE paper, torques imposed on Saturn
via precession of Titan’s orbit can be larger than direct
solar torques and can lead to a shorter precession period,
although still not enough polar motion in 8 years to be
important for our analysis. Although the total torque
which is exerted on Saturn via its equatorial bulge can be
readily calculated, the detailed response of Saturn, as a
liquid body, to this torque remains to be investigated.

The analysis presented here is sensitive to differential
distortions of fiducial ring features: i.e., the pole position
derived from 28 Sgr data is quite sensitive to the assump-
tion that all the fiducial features are coplanar, concentric
circles. A collective oscillation of the fiducial features out
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of the mean ring plane, with a wavelength comparable to
the radius of the rings and an amplitude of 11 km could
lead to a pole position differing from the one found here
by as much as 0.005°, the quoted uncertainty in 8, . How-
ever, Nicholson er al. note that the influence of perturb-
ing masses, such as the Sun and Saturn satellites, is very
small and could only produce distortions out of the ring
plane with amplitudes less than 200 m. A warping of this
amplitude at the outer ring A would go completely unno-
ticed in our analysis.
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