The derived alignment between the di-
pole and rotational axes constitutes a
perplexing observation. On Jupiter there
exists a strong longitudinal control of the
probability of detecting decametric radio
bursts; it is reasonable to expect, how-
ever, that this will not be the case for
Saturn. Thus the lack of longitudinally
varying features in the radio spectrum
would parallel the observed lack of sig-
nificant longitudinal features in the plan-
et’s atmosphere, as seen in the visible
spectrum. Determining Saturn’s rotation
period with an accuracy comparable to
that of Jupiter may be extremely diffi-
cult.

The axisymmetrical and dipolar field
suggests that, in the inner magneto-
sphere, charged particle sweeping ef-
fects by satellites and particulate rings
should have sharp and spatially limited
boundaries when observed from a space-
craft in a flyby trajectory, as well as
being extremely stable because longitu-
dinally varying radial disturbances are
absent. In addition, in an axisymmetrical
dipolar field, the radial extent of the L
shell regions associated with satellites or
particulate rings, where particle absorp-
tion effects are observed, is determined
by the physical dimensions of the satel-
lite or ring as well as by its orbital eccen-
tricity since the magnetic dipole axis
coincides with the focal point of the or-
bit. This interpretation of course as-
sumes that radial diffusion processes
have a characteristic time scale that is
long compared with the bounce and drift
periods of energetic particles in the L
shells.

Thus, a centered dipole field at the
planet, aligned with the rotation axis, re-
sults in the minimum possible radial ex-
tent for the absorption regions. A more
complex field, or the representation of
the field as an offset tilted dipole, would
result in wider absorption regions (unless
of course the offset is along the dipole
axis) since the range of L shells swept by
the satellite or ring as the planet rotates
would be increased. Thus, the observed
radial extent and symmetry of sweeping
effects of satellite and particulate ring
impose a maximum bound on the equa-
torial offset, which can be physically jus-
tified in an offset, tilted dipole represen-
tation of the planetary magnetic field.
~ For the planetary dynamo theory, the
near alignment between the magnetic
and rotation axes further illustrates the
apparent paradox associated with Cow-
ling’s theorem and the generation of
planetary fields by the dynamo mecha-
nism. This theorem states that an ax-
isymmetric flow cannot generate a self-
regenerative dynamo, but Braginsky (/2)
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has shown that small deviations from ax-
isymmetry can lead to dynamo-gener-
ated fields if the magnetic Reynolds num-
ber is sufficiently high. Thus, the ob-
served near alignment at Saturn may
provide an important new constraint for
models of planetary dynamos. This con-
straint was previously unsuspected be-

~ cause, in all magnetic planets for which

in situ observations were available be-
fore the Saturn encounter, the angle ob-
served between the magnetic and rota-
tional axes has typically been of the or-
der of 10° (13).

The Saturn satellite Titan is among
one of the most interesting ‘‘lunar’’ ob-
jects in the solar system because of its
large size and measurable atmosphere.
Conventional estimates of the strength of
the planetary field combined with esti-
mates of the solar wind momentum flux
at 10 AU had indicated that Titan was al-
ways immersed deeply within the Sat-
urnian magnetosphere, because the aver-
age distance to the magnetopause was
estimated to be 40 Rg. The Pioneer 11 re-
sults, however, estimate the average po-
sition to the magnetopause to be approx-
imately 20 Rg, equal to the orbital radius
of Titan. Hence, Titan will be located
within the outer magnetosphere, the
magnetosheath of Saturn, or even the in-
terplanetary medium. Titan is thus sub-
jected for an appreciable fraction of time
to the depositional-erosional effects of a
subsonic or supersonic but highly
thermalized solar wind. Titan’s environ-
ment is expected to be much more vari-
able than was previously anticipated.

The Voyager 1 spacecraft will pass with-
in 7000 km of Titan on 11 November
1980 at a local (Saturn) time of approxi-
mately 1400 hours. Because of the pos-
sible fluctuating character of the environ-
ment, deductions of Titan’s physical
properties may be much more difficult
for the fields and particles experiments
measuring in situ.

Mario H. AcuNA

NorMAN F. NEss
Laboratory for Extraterrestrial Physics,
NASA/Goddard Space Flight Center,
Greenbelt, Maryland 20771
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Vertical Structure of the Ionosphere and Upper Neutral

Atmosphere of Saturn from the Pioneer Radio Occultation

Abstract. Radio occultation measurements at S band (2.293 gigahertz) of the iono-
sphere and upper neutral atmosphere of Saturn were obtained during the flyby of the
Pioneer 11 Saturn spacecraft on 5 September 1979. Preliminary analysis of the oc-
cultation exit data taken at a latitude of 9.5°S and a solar zenith angle of 90.6° re-
vealed the presence of a rather thin ionosphere, having a main peak electron density
of about 9.4 X 10? per cubic centimeter at an altitude of about 2800 above the level of
a neutral number density of 10*° per cubic centimeter and a lower peak of about 7 X
10? per cubic centimeter at 2200 kilometers. Data in the neutral atmosphere were
obtained to a pressure level of about 120 millibars. The temperature structure de-
rived from these data is consistent with the results of the Pioneer 11 Saturn infrared
radiometer experiment (for a helium fraction of 15 percent) and with models derived
from Earth-based observations for a helium fraction by number of about 4 to 10
percent. The helium fraction will be further defined by mutual iteration with the in-

frared radiometer team.

The flight path of the Pioneer Saturn
spacecraft during its encounter with Sat-
urn on 5 September 1979 is described
elsewhere in this issue (/). Near the
closest approach point of its trajectory,
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the spacecraft was occulted by Saturn at
a distance of about 55,000 km from the
occulting limb. The occultation tangency
point was on the evening terminator at a
latitude of about 11.5°S and a solar ze-
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nith angle (SZA) of about 89.2°. Before
reaching the level at which significant
refraction occurred, the spacecraft-to-
Earth radio link was traveling through
the atmosphere at a velocity of about
21.3 km/sec. About 1 hour 19 minutes
later, the spacecraft emerged from be-
hind the morning terminator limb when it
was at a spacecraft-to-limb distance of
about 120,500 km. The exit point was at
a latitude of 9.6°S and an SZA of 90.6°.
After emerging from the atmosphere, the
spacecraft-to-Earth line of sight was
traveling through the atmosphere at
about 24.4 km/sec.

The results presented here were de-
rived from bandwidth-reduced, digitally
recorded data from the open-loop receiv-
ers at Deep Space Network stations 63
at Cebreros, Spain, and 14 at Goldstone,
California. The digital recordings were
produced by the occulation data assem-
bly (ODA) (2) in which the open-loop re-
ceivers are referenced with a program-
mable local oscillator driven by comput-
er-generated predictions based on the
spacecraft orbit. The S-band (2.293
GHz) signal for the Pioneer spacecraft
was digitally recorded in a bandwidth of
about 8.3 kHz, sampled at a rate of
20,000 samples per second. Fast Fourier
transform spectra were then computed
from the digital data at intervals of 1 sec-
ond to provide a local oscillator function.
Using this local oscillator function and a
transverse digital filter of 100-Hz band-
width, we filtered the data and reduced
the sample rate to 500 samples per sec-
ond. These data were then passed
through a signal detection program based
on a digital second-order, phase-locked
loop, in which the amplitude and fre-
quency of the signal with respect to the
local oscillator were computed and then
combined with the local oscillator func-
tion to produce a time history of the fre-
quency and amplitude of the signal pres-
ent on the ODA recordings (3). Then the
frequency ramps with which the pro-
grammed local oscillator of the ODA had
been driven were introduced to recon-
struct the actual ‘‘sky frequency’’ as it
appeared at the receiver antenna.

We then removed the effects on the re-
ceived frequency of the orbital motion of
the spacecraft and the rotation of Earth
by using frequency predictions based on
the precisely determined orbit on the
spacecraft (¢). The resulting residuals
then presumably represent the effects of
propagation through Earth’s atmosphere
and ionosphere, the interplanetary medi-
um, and the ionosphere and atmosphere
of Saturn. Because the data were taken
during a period of a few minutes, phase
path changes, and hence frequency fluc-
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Fig. 1. Electron density in the iono-
sphere of Saturn plotted against the
equatorial radius. The negative re-
gion at a radius of about 68,000 km
is probably indicative of the effect
of solar wind disturbances and repre-
sents a measure of the uncertainty
of the results.

64,000

EQUATORIAL RADIUS, km

62,000 -

60,000 —
prt

tuations, due to changes in Earth’s atmo-
sphere and ionosphere can be expected
to be negligible. This is not, however,
the case with the interplanetary medium.
At the time of the Pioneer Saturn en-
counter, the distance from the spacecraft
to Earth was about 1.6 X 10° km, pass-
ing within about 8° of the sun at a time of
high solar activity. This produced fluctu-
ations in the frequency residuals due to
the effects of a fluctuating number of so-
lar wind electrons along the spacecraft-
Earth line of sight.

The results described here were de-
rived only from the data taken during the
exit of Pioneer Saturn from occultation.
At that time, the spacecraft transmitter
was referenced by its onboard auxiliary
oscillator, which had been in operation
for about 1 hour 19 minutes after the up-
link signal was lost during the entry oc-

66,000 |

PIONEER SATURN RADIO OCCULTATION
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LAT = 9.6°S
SZA =90.9°
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ELECTRON DENSITY, cm™3 x 103

cultation phase. The data from the entry
occultation were taken in the three-way
mode with a frequency reference pro-
vided by a signal transmitted to the
spacecraft from DSN station 62. Be-
cause of the more complicated nature of
the ‘“‘three-way’’ data and because the
transmitter frequency was ramped to
counteract the high Doppler rates around
Saturn periapsis passage, the results of
the entry measurements were not avail-
able for inclusion in this report.

Before the data can be inverted to pro-
duce geophysical quantities, any residual
biases and drifts produced by modeling
or by oscillator drift must be removed.
We did this by least-squares fitting a
straight line to a portion of the data pre-
sumably taken outside of the sphere of
influence of the atmosphere and iono-
sphere of Saturn. Because of the solar
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Fig. 2. Saturn radio occultation electron density profile (heavy line) plotted along with several
predicted models (7). The peak electron density is less than one-tenth of that predicted.
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Fig. 3 (left). Temperature structure in the upper neutral atmosphere of Saturn, from a pressure level of about 1 to 120 mbar plotted against the

equatorial radius. The measurement level just barely penetrates below the tropopause and into the convective region of the atmosphere.

Fig.

4 (right). Pioneer 11 Saturn radio occultation results (heavy line with surrounding dots) shown with other data and models. The heavy line
connecting the black dots represents the temperature structure derived from the Pioneer 11 Saturn infrared radiometer experiment (9). The four
lighter curves represent models derived from ground-based observations (/). The radio occultation temperature profile shown here is for an
assumed composition of 94 percent hydrogen and 6 percent helium by number. (The radio occultation curve stops at about 1.20 mbar.)

wind-induced fluctuations mentioned
above, this was not an easy task. A drift
function was produced which met the
criterion that the frequency residual re-
turn to a near-zero value between the
bottom of the ionosphere and the top of
the neutral atmosphere. In essence, the
drift function was produced by data
taken at altitudes above 10,000 km, and
all data downward of this point to the
point of loss of signal were then refer-
enced with this drift function and pro-
cessed to obtain information on the iono-
sphere and atmosphere of Saturn.

The corrected data were used in con-
junction with an ephemeris of the space-
craft relative to Saturn to obtain a his-
tory of the refractive bending angle as a
function of the ray asymptote distance.
The ray asymptote distance was comput-
ed with respect to a center of refraction
which, because of the oblateness of Sat-
urn, was located 2280 km from the center
of figure. We computed the oblateness,
and hence the location of the center of
refraction, precisely by taking into ac-
count the rotation rate, mass, and gravi-
ty field coefficients of Saturn ¢, 5). We
then inverted these data by using the
Abel integral transform to obtain a pro-
file of refractivity as a function of radial
distance (6).

In the ionosphere, the negative refrac-
tivity can be directly interpreted in terms
of electron density. A profile of electron
density in the ionosphere of Saturn
derived from the exit measurement is
shown in Fig. 1, plotted against equa-
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torial radius. It is immediately obvious
that the electron densities in the Saturn
ionosphere measured near the morning
terminator are quite low, with a main
peak only slightly in excess of 9000 cm™
at an altitude of 2800 km and a lower
peak of about 7000 cm™® at about 2200
km.

The negative feature at about 68,000
km (Fig. 1) is probably an indication of
the magnitude of the effects of the solar
wind electrons along the ray path. This
disturbance is about a quarter of the ef-
fect of the entire ionosphere, and this
should provide an estimate of uncer-
tainties in the measurement. The result
of this measurement are compared with
several models derived by Waite et al.
(7) in Fig. 2; the heavy curve represents
the Pioneer Saturn occultation measure-
ment for the exit, plotted on a logarith-
mic scale. The altitude is measured from
the level at which the neutral number
density is 10'® cm™®, which occurs at an
equatorial radius of about 60,085 km and
is the same as that used to compute the
three models. In model 1 a low exo-
sphere temperature of 130 K and a high
value of the eddy diffusion coefficient K},
of 2.7 X 10° are assumed. This model
yields a very low electron density
(~ 1000 cm™®) at an altitude of about
1000 km. Models II and III both assume
a value of K, consistent with observa-
tions of the ionosphere of Jupiter by the
Pioneer and Voyager radio occultation
experiments and represent extreme val-
ues of the scale height as determined by

exosphere temperatures of 130 K and
1360 K. The measured electron density
profile does not conform to any of the
three models, showing a maximum elec-
tron density lower by more than order of
magnitude than those predicted from the
models. Also shown in Fig. 2 is an elec-
tron density profile in the Jupiter atmo-
sphere derived from the Voyager 1 radio
occultation data (8). At the present stage
of analysis, we believe that there is not
sufficient information on the top-side
scale height to attempt a computation of
the exosphere temperature in that part of
the Saturn upper atmosphere. It is not
probable that the uncertainties of pro-
cessing could produce a variation in the
maximum electron density of more than
a factor of 2. However, there is a remote
possibility that the observed profile rep-
resents only the lower peak of a very
gradual ionosphere extending beyond
10,000 km. This possibility will be ex-
plored in future processing.

In order to derive geophysical quan-
tities such as temperature, pressure, and

“density in the neutral atmosphere, it is

necessary to integrate the barometric
equation downward from the point at
which the refractivity becomes positive.
To obtain density from refractivity, an
assumption of the composition of the
neutral atmosphere must be made. In ad-
dition, an initial temperature at the start-
ing point of integration must be estab-
lished. Then, for every data point, the
perfect gas law is applied to obtain a tem-
perature profile in the atmosphere.
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During the Saturn encounter, the car-
rier signal strength margin was only
about 18 dB above threshold. For this
reason, the signal could only be followed
to a level at which the closest approach
distance of the ray corresponded to a
pressure level of less than 120 mbar. It
may be possible to extend the depth of
penetration somewhat but certainly not
to a great extent.

A profile of the temperature in the at-
mosphere of Saturn for. 8 hydrogen frac-
tion by number of 94 percent is shown in
Fig. 3. The three separate curves repre-
sent initial temperatures at the top of the
measurenient of 50, 100, and 150 K. It is
apparent that the depth of signal pene-
tration was-: sufficient to' carry measure-
ments below the temperature minimum
at the tropopause and slightly into the
convective reglon of the atmosphere.
The reason for choosmg a hydrogen frac-
tion of 94 percent becomes clearer upon
examination of Fig. 4. The temperature-
pressure structure of the Saturn atmo-
sphere as determined from the Pioneer
Saturn exit data is plotfed alongside the
temperature structure obtained from the
Pioneer Saturn infrared radiometer ex-
periment (9), as well as several models
produced from Earth-based observations
(10). The dots surrounding the Pioneer
Saturn occﬁltation profiles represent the
effects of different assumptions with re-
spect to the initial temperature. It should
be noted that these are not error bars
and should not be so interpreted. The
actual error bars or uncertainty limits
have not yet been established and they
depend more on the subtleties of drift
function fit than on the initial temperature
assumptions.

The profile derived from the Pioneer
Saturn radio occultation with the as-
sumption of 94 percent hydrogen and 6
percent helium practically overlies the
profile determined from the infrared ra-
diometer measurements. The infrared ra-
diometer profile has been derived assum-
ing a helium fraction of 15 percent, and it
will change somewhat as the helium frac-
tion is varied. The location of the tem-
perature minimum in the radio occul-
tation profile is highly dependent on the
composition. For instance, for 15 per-
cent helium that minimum occurs at a
temperature of about 91 K, and for 100
percent hydrogen it moves to about 79
K. This sensitivity to composition will
eventually allow a good estimate of the
ratio of hydrogen to helium to be made
after several iterations with the Pioneer
Saturn infrared radiometer results. Al-
though it is premature at this stage of
analysis to derive a helium fraction, it is
obvious that the percentage of helium by
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number cannot be higher than about 10
percent or loweg than about 4 percent.
Such a helium fraction is also consistent
with the modeling of the interior struc-
ture of Saturn based on the mass and
gravity coefficients derived from the ce-
lestial mechanics experiment (¢). The
structure in the temperature profile
above the minimum is probably real, and
the ledge at 10 to 30 mbar may represent
heating by a layer of particles.

The analysis of data from the Pioneer
Saturn radio occultation is continuing,
and more information on the structure of
the ionosphere and upper neutral atmo-
sphere will be provided from the analysis
of entry occultation data. These results
will provide further clarification of the
preliminary findings reported here, and
in November 1980 radio occultation re-
sults at two frequencies will become
available from the Voyager 1 flyby of
Saturn. These results will most likely
provide a deeper penetration into the
neutral atmosphere.
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Pioneer Saturn Celestial Mechanics Experiment

Abstract. During the Pioneer Saturn encounter, a continuous round-trip radio link
at S band (~ 2.2 gigahertz) was maintained between stations of the Deep Space
Network and the spacecraft. From an analysis of the Doppler shift in the radio car-
rier frequency, it was possible to determine a number of gravitational effects on the
trajectory. Gravitational moments (1, and 4) for Saturn have been determined from
preliminary analysis, and preliminary mass values have been determined for the Sat-
urn satellites Rhea, Iapetus, and Titan. For all three satellites the densities are low,
consistent with the compositions of ices. The rings have not been detected in the
Doppler data, and hence the best preliminary estimate of their total mass is zero with
a standard error of 3 X 107® Saturn mass. New theoretical calculations for the Sat-
urn interior are described which use the latest observational data, including Pioneer
Saturn, and state-of-the-art physics for the internal composition. Probably liquid
H,0 and possibly NHz and CH 4 are primarily confined in Saturn to the vicinity of a
core of approximately 15 to 20 Earth masses. There is a slight indication that helium
may likewise be fractionated to the central regions.

A continuous round-trip coherent ra-
dio link at S band (~ 2.2 GHz) was main-
tained between the Pioneer spacecraft
and stations of the Deep Space Network
(DSN) during the period from 17 August
to 4 September 1979. When the space-
craft passed behind Saturn, which
started about 62 seconds after closest ap-
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proach on 1 September, radio contact
with Pioneer was lost and consequently
there is a 97-minute gap in the round-trip
data shortly after closest approach. Nev-
ertheless, by analyzing the Doppler shift
in the radio carrier frequency outside of
occultation, one can measure trajectory
perturbations on the spacecraft and de-
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