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ABSTRACT

Voyager wil use dual-frequency 3.5 and 13 cm wavelength radio occulta-
ton techniques to study the atmospheres and ionospheres of Saturn and
Titai,, and the rings of Saturn. At T:ian radio occuleation is predicted o
probe the atmosphere to the surface. The existence of a surface could be
confirmed by deteciion of an obliquely scattered echo. At Saturn the two
Voyager encounters will provide occultation measurements of temperate
and equasorial regions 2f rhe atmosphere and ionosphere, and of the rings.
The atmosphere will also be probed in polar regions during the deepest
poruons of the occultation. Bre* frequency and intensity data will be
collected and joindy analyzed <o study temperiture-pressure profiles, and
to denve information on atrmospheric shape, tusbulence, and “weather™.
For the rings, Voyager will provide measurcments of the complex
(amplitude and phase) radio extinction and angular scattering functions of
the ring particles as a function of wavelength, polarization, and radial
distance from Saturn. These observations will be used to infer the first
several moments of ihe ring particle size distribution, the rotal amount of
material in the rings, the radial distribution of material, and litnits to
possible particle shap.s and constituents.

The Voyager radio occultation investigations discussed here are based on the
use of the 3.5 and the 13 cm wavelength spacecraft transmitters and ground receiving
systems which are also used for telecommunications. These studies are directed
towards the atmospheres and ionospheres of Saturn and Titan, and the rings of Saturn.
A number of other investigations are also planned, but wjll not be discussed here
(Eshleman et al., 1977).
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Qalient features of these investigations are the use of: a) harmonically related
freq\ienéies at the two wavelengths, b) considerably higher power levels than previous
experiments, c) a new, radiation-hardened, highly stable spacecraft frequency standard,
and d) improved phase, group-delay, and amplitude stabilities in spacecraft and ground
radio systems. The resulting experimental precisions are given in Table 1.

When a spacecraft moves behind a planet as viewed from Earth, the radio path
traverses the planet's atmosphere and ionosphere, and for Saturn, will also probe its
system of rings. All of these regions affect the characteristics of the received radio
signals, making possible the study of the vertical structure of these atmospheric
regions, clouds, small and large scale variations associated with turbulence and
weather, and fundamental characteristics of the ring particles and their disposition
around Saturn. The atmosphere and ionosphere of Titan will also be studied by such
occultation measurements. It is also expected that a reflection from the surface of
Titan near the limb will be obtained during the occultation measurements. If this
occurs, it will provide positive confirmation that the measurements reach the surface.

Table 1. Voyager Occultation Experiments at Saturn

Wavelength (cm) S/N (1 s) AP/P(1000 s) Af/f(1 s)

3.5 6.3 x 10* <10% 2 x 10712

13 2.5 x 105 < 1% 2 x 10 12
ATMOSPHERES

Saturn

Flyby trajectory characteristics of the two Voyager spacecraft at Saturn provide
a good combination of conditions for radio occultation studies of its atmospheres and
ionospheres. Figure 1 illustrates the paths of the radio image of the spacecraft as seen
from Earth for the nominal JST and JSX trajectories. Note that both equatorial and
polar regions will be probed, and that there will be both a near-central occultaiion and a
more grazing occultation in which the spacecraft sets or rises, as seen from the Earth
at large angles from the local vertical at the occulting body. Figure 2 provides a side
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Figare 1. Vicw from Earth of Voyager oceultations at Saturn —

The spacecvaft radio mmages follow the indicated paths for the JST and JSX
trajectovies at Saturs. Note that there is a near central and more grazing
oacnltations. For JST at Saturn, region (a) provides a dlear occultation of the
rings and (b) a dlear atmaspheric occultatron, while (¢) is a combined ring and
atmespheric occultasies. >

Figure 2. Side view of Voyager occultations at Saturn —
The srapectories are polosted in a rotating plane that instantaneously
contains the earth, the spacecraft, and the center of the planet. The
latitudes of occultation immerstons and emersions ave shoum, and
regions (a), (b), and (c) of Figure 1 ave also tllustrated bere.
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view of the occultation geometry in a rotating plane that instantaneously contains the
Earth, the spacecraft, and the center of Saturn. The figure is illustrated to scale.
Occultation distances from the planetary limb to the spacecraft range about 3 to 6 R
(Saturn radii).

For a central passage of a spacecraft behind Saturn, the trajectory would dip to
zero in the vertical scale of Figure 2. At occultation entry and exit, the spacecraft would
appear from the Earth to set and rise approximately normal to the limb of the planet,
and the atmosphere would be sampled with height along a near-vertical path. Such a
central passage is the optimum condition for occultation measurements of the vertical
structure of the atmosphere. The JSX (Uranus) trajectory at Saturn is near optimum in
this regard, while the JST trajectory gives occultation conditions in which the virtual
image of the spacecraft enters the atmosphere along a path well away from the vertical.
After modest pepetration into the atmosphere, the image of the JST spacecraft, as
viewed from Earth, will move approximately horizontaily through the atmosphere, over

south polar regions of Saturn, with spacecraft rise at emersion being over the equator
in the western ansa. While such a non-central occultation will provide reliable vertical
profiles over a smaller range of heights than is the case for central occultations, it is
expected to be very useful in sampling conditions over a wide range of latitudes, in
studying complex atmospheric structure due to turbulence and weather, and in helping
to determine possible distortion of gravitational equipotentials from oblate spheroids,
as discussed below.

Figure 2 shows illustrative radio ray paths in the regions behind Saturn. Meas-
urements of the received frequency of the radio signals from the spacecraft provide
precise information on the angle of refraction in the atmosphere. Knowledge of this
angle as function of time, together with the spacecraft trajectory, makes it possible to
estimate the refractivity of the atmosphere as a function of height. (Refractivity
v = n-1, whete n is the refractive index.) The profile of refractivity in turn can be used
to determine the relative temperature and pressure as a function of height, and such
relative profiles can be made absolute from knowledge of the atmospheric constituents
(Fjeldbo and Eshleman, 1965; Kliore et al., 1955; Eshleman, 1965).

The process of converting the observed signal frequencies into a height profile
of refractivity, or a more general two or three dimensional refractivity model of the
atmosphere, is not straightforward and in general cannot yield a unique result. The
problem of determining refraction angles from any given atmospheric model is, by com-
parison, both straightforward and unique.
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If one imposes the assumption that the atmosphere is spherically symmetric,
there is a mathematical transform pair that allows computations in either direction, and
in this case the profile computed from the refraction angles is the correct and only
answer (Fjeldbo et al., 1971). We are not aware of any other potentially applicable
model where such a direct mathematical inversion has been identified. A different
approach involves iteration downward in an atmosphere modeled by successive thin
layers within each of which the refractivity is constant. While such a method has Yeen
used for the spherical case (Fjeldbo and Eshleman, 1968), it is potentially applicable
with further development to any geometrical complexity that can be modeled in this way.
The radio science team is preparing for both types of inversion approaches for the
Voyager occultation experiments. The departure from spherical symmetry due to the
oblateness of the major planets will be treated both by using a sequence of offset
spherically-symmetric models to match the curvature of the equi-refractivity profiles
at the occultation points (Kliore and Woiceshyn, 1976), and by the iterative process
applied to the oblate spheroidal geometry. It is expected that this latter method may be
made more complete with attempts to treat possible zone-belt differences and particular
spot features in the atmospheres.

Important additional information about atmospheric structure can be obtained
from the intensity of the dual-frequency signals received during occultation. Figure 2
illustrates the effects of differential refraction on intensity by showing that evenly
spaced parallel rays to Earth connect with increasingly spread rays at the spacecraft
for progressively lower ray passages through the atmosphere. Thus signal intensity
decreases as the rays penetrate deeper into the atmosphere. Measured signal intensity
can be inverted as discussed above for the frequency measurements, and should yield
the same refractivity profiles if the changes in intensity are due solely to such atmo-
spheric defocussing (Fjeldbo etal., 1971). However, there are two other factors to con-
sider, as discussed below.

Certain errors in profiles derived from Doppler frequency measurements
undergo an inherent magnification deep in the atmosphere, but this does not occur in the
intensity inversion process (Hubbard et al, 1975; Eshleman, 1975). Thus cross-checks
can be made to determine the onset of such magnified errors, with the possible result
that the characteristics of such an error source could be measured. For example, pro-
files determined from Doppler measurements during the non-central occultations will
be very sensitive to the assumed orientation of the local vertical (Hubbard et al., 1975).
At atmospheric levels where the signal intensity is reduced by a factor M (which could
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reach values of thousands), an error in the local vertical of § radians would produce a
temperature error on the order of 200 M6% when the spacecraft sets or rises at an
angle of 45° from the vertical (Eshleman, 1975). But if the temperature were known
more accurately than this from the intensity measurements, or from other Voyager
experiments, then the apparent error could provide information on the orientation of
local equipotentials to an accuracy which could be important in the study of gravitational
anomalies due to internal structure and atmospheric currents. The accuracy of the
local vertical of the global gravity field of Jupiter as determined with Pioneer space-
craft is about one minute of arc {Anderson, 1976).

The second factor relative to the use of signal intensity measurements is that
atmospheric absorption would add logarithmically to defocussing loss, but these two
effects would be separable whenever the refractivity profile can be determined from the
Doppler measurements (Fjeldbo et al. 1971). Microwave absorption in the atmosphere
is expected due to cloud condensates, their vapors, or principal atmospheric constitu-
ents at low altitudes and hence high densities. The loss profile measured at the two
radio frequencies would provide information on the location, density, and other charac-
teristics of the clouds or other absorbing material.

Before absolute pressure and temperature profiles can be derived from the
refractivity data, one must know either the composition or the temperature at some
altitude level. For the Voyager missions, the IR and UV sensors are expected to yield
complementary data on these parameters. Additional information may be obtained from
the signal intensity measurements. For instance, if the altitude level of ammonia
clouds could be identified in a microwave loss profile, one would know the approximate
temperature at this altitude based on considerations involving vapor saturation. This
temperature information would, in turn, allow us to use the scale height of the refrac-
tivity profile near the cloud level to estimate the mean molecular mass of the atmo-
sphere. The mean molecular mass could in turn be utilized together with other data to
establish limits on the abundance ratios between the principal atmospheric constituents.

Titan

The atmospheric occultation experiment is of special interest for Titan, the
only satellite known to have an appreciable atmosphere. The trajectory for the JST
mission includes a near-central passage behind Titan, under conditions which are
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favorable for vertical profile measurements, The same general considerations
discussed above also apply at Titan, except that oblateness is not expected to be
important, While there is considerable uncertainty about atmospheric conditions at
Titan (Hunten, 1974), it is expected that the radio occultation experiment can provide
important atmospheric results over a wide range of altitudes, probably including
conditions from the surface to heights where the atmospheric pressure is on the order
of 1 mbar. At greater heights, ionospheric measurements would provide additional
information as discussed below,

We have computed the radio propagation effects of the four model atmospheres
of Titan (Paul Weisman, JPL; private communication) with the results that are sum-
marized in Table 2 and Figure 3. In Table 2, the important parameters to compare
are those for surface pressure, pressure for critical refraction, the near-limb signal

Table 2, Summary of Model Titan Atmospheres and Their Radio Effects

Model I I m v
Name Danielson  Hunter  Divine Sagan
T
Principal Constituent CH, No Ng Ne
Amount (km-A) 1,6 25 60 20
Second Constituent) - CH4 CH4 CH4
Amount (km-A) - 0,08 0.19 0.08
Scale Height (km) 31 18 28 66
Temperature (K) 76.0 76 122 204
Surface Pressure (bar) 0,015 0.40 0.96 0.23
Pressure for critical refraction (bar) 7.3 6.2 15.9 275
Near-limb signal (dB) -13 -16 -14 -10
Bending angle at surface (radian) 5364 13172 15472 3.26x107%
Critical distance for a near limb g 8 8 9
maneuver (meters) 5. 04 2,06 1.75 8,27 x 10
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Figure 3. p-T Occultation space at Titan — Figare illustrates the relationship of four model
atmospheres (1-1V, see Table 1) to the expected critrcal nefraction leel at Tetan. Since critical re-
Sraction depends un the specific refractivnty of the actual constituents. two tiustrative cases, for pure
atmospheres of N, and CH,. are gren.

loss, bending angle at the surface and the critical occultation distance. Surface
pressure and pressure for critical refraction compare the expected surface pressure
with the pressure at the 2ight at which the radius of curvature of a horizontal ray
equals the radius of the ray. In all cases the critical height occurs at a level in the
atmosphere that is more than one order of magnitude pressure greater depth than the
expected surface pressure. The difference in these two pressures is the theoretical
margin for occultation measurements to reach the surface.

In practical cases, signal strength must be considered as well. The entry
under near-limb signal loss indicates the maximum signal loss due to atmospheric
defocussing that will be encountered during occultation while observing signals from
the closest limb of Titan. The difference between this loss and the initial signal-to~
noise ratios (see Table 1) is available tor study of absorption and scattering of the
ray. Note that this difference typically is between two and three orders of magnitude
in signal strength. To date, no potentially large sources of absorption have been
identified.
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The remaining two quantities indicate the margins for a successful no-limbing
tracking, or a near-limb tracking maneuver occultation. The bending angle at the
surface is always less than the Voyager 13 cm -3 dB half-beam width of 2.1 x 10-2
radians, although it can be larger than the -3 dB half-beam widdch Jf 5.9 x10™° radians
at 3.5 cm wavelength. The critical distance is the maximum flyby distance at which
a near-limb tracking maneuver can successfully track a surface ray. The Voyager
occultation distance is planned to be about 3 x 10‘7 m, or about one order of magnitude
less than the smallest value obtained for this quantity. At present the Voyager Radio
Science Team plans to track ithe closest limb throughout the occultation.

Fieure 3 illustrates the relationship of these models to tie critical refraction
levels of pure N2 and CH,. This figure allows easy estimation of proposed atmospheres

4
to the critical oceultation level.

Ionospheric Profiles

The vertical profiles of free electrou concentration in an ionosphere can be
found from the profile of refractivity, which in turn is determined in the same general
way as described previously for the refractivity of the neutral atmosphere. However,
there is an important difference in that the refractivity is also proportional to the
square of the radio wavelength for ionospheres, while it is essentially independent of
wavelength for neutral atmospheres. Thus the dual frequency measurements will be
self-caiibrating in the sense that ionospheric profiles derived from Doppler frequency
differences will be independent of trajectory uncertainties and spacecraft oscillator
instabilities (Fjeldbo et al. 1965). Ionospheric profiles will be obtained in conjunction
with the atmospheric occultations at both Saturn and Titan.

RINGS OF SATURN

The Voyager encounters with Saturn provide an opportunity to study the ring
system with radio occultation techniques. The JST trajectory includes a Saturn ring
occultation following atmospheric occultation emersion. The JSX trajectory provides
an optional retargeting for Titan encounter and ring occultation should the JST space-
craft fail prior to Saturn encounter.
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The goals of these observations are to measure the comple> (amplitude and
phase) radio extinction and angular scattering function of the rings as a function of
wavslength, polarization, and radial distance from Saturn. These observations would
then be used to infer the first several moments of the ring particle size distribution,
the total amount of material in the rings, the radial distribution of that material, and
limits to possible particle shapes and constituents (Marouf, 1975).

As in atmospheric occultations, the 13 and 3.5 cm- A radio waves will be trans-
mitted from the spacecraft through the rings and received at Earth. The motion of the
spacecraft will carry the geometric line of sight from the planetary occultation point
within the western ansa (region (b) in Figures 1 and 2) cutward through the entire ring
system (region (a) in the figures). The complete phase, intensity, and polarization of
the received signals at both wavelengths will he recorded at Earth. Note also from
the figures that the complete ring plane will be crossed along a second path by the rays
refracted through the atmosphere just prior to the atmospheric emersion of the space-
craft image (region (c) in the figures). This combined atmospheric and ring occulta-
tion will also be recorded.

It is expected that the received signal will consist of two principal components;
a coherent signal that represents propagation directly through the rings, and an
incoherent component which reaches the earth by scattering from particles that do not
lie along the geometric straight-line path to Earth (Eshleman, 1973). Even though the
rings consist of discrete particles, they interact with the radio wave in such a way as
to produce average effects (per unit volume) on wave intensity and phase, much as
does an atmosphere or ionosphere of discrete molecules or electrons. For the
coherent signal, the rings can be characterized by their effective wave propagation
const~nts., The coherent and incoherent components will be recognized and separated
in the data on the basis of their spectral, time correlation, and polarization
characteristics.

The first-order effects expecied are shown in Figure 4. At each wavelength,
the coherent component will be shifted in phase and attenuated due to the effective
propagation constants of the ring material. If the concentiation of ring particles varies
with radial distance from Saturn, the progressive change in phase vould correspond to
small changes in the angle of refraction, so that it appears as a frequency shift in a
manner that is analogous to an atmospheric occultation. Unlike atmospheric occulta-
tion, however, the reduction in the coherent signal intensity in ring occultation is
expected to be due primarily to scattering of energy out of the direct path.

326



The phase of the coherent wave depends primarily on the total mumber of small
particles per unit area projected normal to the spacecraft-to-Earth line-of-gight {i.e.,
the areal density). The precision of the phase data is limited by the cscillators
empioyed. For frequency stabilities associated with the onboard oscilletor, the thresh-
old of detection would correspond to small ice particles whose arcal density varies by
sbout 20 g/cm® in a period of about 1000 5. Assuming a spacecraft velocity of 10 km/s
in the plane of the sky, this gives a sensitivity to gradients in material of 2 X 10™°
g/cmzlkm, if the particles are small as compared with the radio wavelength.

The intensity of the coherent wave also carries important information about the
ring particles. It appears that measurements of c-herent signal extinction will be
limited to an accuracy of about 10% at 3.5 cm-A, and perhaps 1% at 13 cm, by system-
atic and slowly varying errors in spacecraft antenna pointing. For a simple model
involving only optically thin regions and ,articles that are large relative to the wave-
length, these errors would correspond to the same fractional error in the total pro-
jected area of the particles viewead against the plane of the sky. We ezt:mate trom
current models for the B ring that this attemuation will be between 40 and 60 dB. As a
result, the coherent wave may be below the limit of detection during portions of the
ring occultation.

The incoherent signal illustrated in Figure 4 arises from scattering by ring
particles with circumference greatr - than a wavelength. It can be analyzed in terms
of the average anguiar scattering properties of the rings mapped into the frequency
domain by the Doppier effect. This mapping can be understood in terms of the relative
velocities between the: spacecraft, ring particles, and the receiving station on Earth.
Signals transmitted from the spacecraft illuminate ring particles at a frequency shifted
by the instantaneous relative spacecraft-particle velocities. The component of the

Figzre 4. Signal characteristics during Saturn ring occultation —
Transmitted sigral (PT.fT) 15 converted imio coberemst pavi (P..f.) and
incoberent part (P, Af). System ncise level N, 15 abous 50 db belosw the
vecesved posver in the absence of rings. Shape of ircoberent pectrum schemati-
cally represent: expected signacuve of a brmndal pasticle size distribution. Most
scastering effects are wavelength deprndent so 1hat additional informatsen ss
arailable b5 comparssen of 13 and 3.5 om resnlts. Variation ¢f inccheremt
spectram with polarization is net illusirated.
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scattered wave that is re-radiated in the direction of the earth undergoes a second shift
in frequency determined by the velocity of the particle relative to that of the Earth., The
JST trajectory at Saturn was chosen in part 80 as tc align the loci of constant Doppler
shifts with the circumferential ring coordinate over a Emited region of the ring plane.
An example of one such set of Doppler loci is shown in Figure 5. As illustrated, each
slice of the incoherent spectrum is closely associated with a portion of the rings at a
constant radius from Saturn's center of mass. We estimate that the radial resolution
acnjeved at 5.5 cm wavelenyth will be about 100 km, approximately 2% of the radial
din:enstoc wItie Casini division between the A and B rings. At 13 cm the resclution will
be somewhat poorer due to the larger ring area illuminated at the longer wavelength,
and the deviatica of the Doppler loci from the ideal condition over the larger area.

A critical factor in the ring occultation experiment is the size of the particles
relative to the size of the spacecraft antenna (3.66 m diameter). I the predominant
particle size is greater than the spacecraft antema size, then the forward scattering
lobe will be narrower than the spacecraft antenn:. beamwidth. In this case, most of
the scattered energy can be observed with a simple geometry in which the spacecraft
antemna is always directed toward the geometric position of the Earth. However,
particles smaller than the spacecraft antema will produce forward diffraction lobes
that are wider than the antenna beamwidth and no fixed condition of illumination will
permit measurements of the entire scattering iobe. Current Earth-based radar obser-
vations indicate that many particies larger than about 2 cm in diameter are present in
the rings, but give little hard information to constrain the upper size limits (Pollack
et al. 1973). We cannot now predict which of the alternatives above best represents
the conditions we will encounter or even if such conditions will be the same for all

parts of the ring system.

/ Figurr 5. Radial resolution for incoherent signals tn Saturn nng occultation

\ measurements — Figure represenss roag flane wauh Saturm ai lewer right. Spacecraft o
n /‘ located belvu the piane of the rings vut of the juyure at the 16p of the page. earth akore the rimg
/ / - Piane out of 1he figure at the hottom of the page. Directed line from lower s1ghi tu apper left 13
7(3 A the path of the geomeiric ray betuween spacecraft and the carsh. Boxes ausline the ring plase area
tluminated at three inseants by i 3.5 cm anienna pattern. 1o.. one-balf puuer cons v 15
/ approximately an elltpse uitn axes grven by the rectangle. Carred lines approximaiely 1angens
/ 8 % fo the ctrinferentiai ordinates of the rings are lost of comstant Doppier shift separased by
/ ,-/ N/ 7 K§ 1 kHz. Measurement resolution is on the vraer of 20 Hy Similar fpigure vhtains as 13 cme
/ c / / t;z\\ 3 uatviengih except antenna beam mteretion o larger and omtaurs detiab from crcum-

1[ RGN Jerential comdrtion.
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The radio science team is planning to ccnduct the JST ring occultation experi-
ment with the antenna directed toward the Earth. This strategy will yield the maximum
signal-to-noise ratio for the coherent ccmponent. It will also yield the mean particle
size and information on the particle size distribution, particularly if most of the par-
ticles are a few meters in diamete: or larger. The effects of particles in the
centimeter-to-meter size range will be recognizable in the data, although detailed
information will not be available on the distribution of sizes in that range. We hope
to obtain information on the intermediate-scale particles by incorporating an oblique
scatter experiment in the JSX flyby, during which the spacecraft antenna will he
directed toward the rings through a range of oblique scattering angles, but the
feassbility of this has not yet been completely determined.

Polarization of the scattered waves is an independent observable which is
germane to the study of the incokerent signal, and in principle, to the coherent wave
as well. The polarization of the coherent vave will be wmodified by factors that depend
primarily on particle shape if multiple scatter can be neglected, and by a combination
of particle shape and multiple scattering in regions where the latter is important.
Strong depolarization is observed in backscatter radar observations, and is orpe of the
puzzling aspects of the ring system in these Earth-based experiments (Goldstein et al.,
1977). For the coherent wave, we know of no particular reason to expect strong polar-
ization effects, but this could occur if non-spherical particles have ordeied orientations.

Polarization measurements will be made with coherent receiving systems for
right and left hand circular polarization at each wavelength. The data can be pro-
cessed te determine the complete properties of the waves —- intensity, axial ratio and
orientation of the polarized pact, and the intensity of the unpolarized nart -- as a func-
tion of time and frequency. For the coherent signai, data processing based on polar—
ization will improve the a posteriori signal-to-noise ratio.

The discussicn above is expressead in terms of a simplified, single-scattering
mode!. However, tne fundamental experimental considerations of geometry and
strategy do not depend on that model, but oniy on the assumption that the particles
follow individual Keplerian orbits with few collisions. We expect to encounter a wide
range of conditions as the ridio beam nioves outward through the ring system, and
there may be no single scattering mndel or analysis technique which is appropriate
over the full range. We are engzged in a continuing study of this experiment with
emphasis cn the sensitivity of data imersion to the experimental parameters, and on

more complex models which include multiple scatter and polarization.
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