with data obtained when pressurized
cell meteoroid detectors of the same
material and sizes as the Pioneer 11
and Pioneer 10 detectors were used in
Earth orbit on Explorer 23 (3).

The Pioneer 11 data confirm the ex-
istence of a gap in the meteoroid en-
vironment beginning near 1.15 A.U.
Although the gap extended to 1.34
A.U. in the Pioneer 10 data, it is
poorly defined for the larger particles
detected by Pioneer 11 because of the
low data rate. The penetration rate
measured on Pioneer 11 between 2.3
and 5.0 A.U. is less by about a factor
of 2.5 than that measured by Pioneer
10. The mass distribution in this region
of space is therefore, to the accuracy
established with the few meteoroid
penetrations obtained, essentially the
same as that near 1 A.U.

There were two meteoroid penetra-
tions indicated on the channel O in-
strument while Pioneer 11 was near
Jupiter. In addition, a spurious count
was registered soon after the second
penetration while the spacecraft was
near periapsis and the radiation was
high. This finding has raised some
question about whether the two indi-
cated meteoroid penetrations were ac-
tually penetrations or whether they
also were induced by radiation. A
more thorough investigation is required
before any conclusions can be reached.
It is clear, however, that no more than
two meteoroid penetrations occurred in
the channel 0 detectors during encounter.

The Pioneer 11 encounter trajectory
was vastly different from that of
Pioneer 10, and the encounter data
cannot be compared directly. If the
meteoroids near Jupiter are gravita-
tionally focused toward the planet from
solar orbits, the channel 0 instrument
on Pioneer 11 should have registered
about two penetrations during ap-
proach to periapsis and none after
periapsis, which is what happened.
Thus, the data obtained during the
Pioneer 11 encounter are consistent
with the concept that the high concen-
tration of small particles near Jupiter
is the result of the fact that meteoroids
in solar orbits are gravitationally focused
toward the planet.

D. H. HuMEs, J. M. ALVAREZ
W. H. KiNarD, R. L. O°NEAL
NASA/Langley Research Center,
Hampton, Virginia 23665
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Atmosphere of Jupiter from the Pioneer 11

S-Band Occultation Experiment: Preliminary Results

Abstract. Two additional radio occultation measurements of the atmosphere of
Jupiter were obtained with Pioneer 11. The entry measurement leads to a tem-
perature profile that is substantially in agreement with those obtained with Pio-
neer 10, showing temperatures much higher than those derived from other
observations. The exit measurement is not usable because of the discontinuous
drift of the spacecraft auxiliary oscillator, presumably due to the trapped radia-
tion belts of Jupiter. The combination of two Pioneer 10 measurements and one
Pioneer 11 measurement yields an oblateness of 0.06496 at 1 millibar and
0.06547 at 160 millibars. Measurements in the Jovian ionosphere indicate a num-
ber of layers distributed over about 3000 kilometers, with a topside temperature

of about 750 K.

The Pioneer 10 spacecraft was the
first to perform a radio occultation
experiment in the atmosphere of Jupi-
ter and its satellite To (I, 2). Analyses
of data from these occultations revealed
the existence of an atmosphere on Io,
as well as indications of unexpectedly
high temperatures in the atmosphere of
Jupiter amounting to about 400 K at
a pressure of about 500 mbar as com-
pared to approximately 130 K at com-
parable pressures as deduced from
Earth-based spectroscopy and the Pio-
neer 10 infrared radiometry experiment
(3). This obvious disagreement was
difficult to explain; however, one pos-
sibility was the existence of obscuring
dust layers in the upper levels of the
Jovian atmosphere, a possibility that
was supported by the observation in
the Pioneer 10 occultation results of
markedly higher temperatures at pres-
sures of 1 to 30 mbar on the sunlit
side, implying heating by sunlight ab-
sorbed by dust or other particulate mat-
ter suspended in the atmosphere. In
view of the nature of the Pioneer 10
results, the Pioneer 11 measurements,
taken at different latitudes and condi-
tions of geometry, offered the prospect
of elucidating the cause of the dis-
agreement.

Pioneer 11 flew by Jupiter on 3 De-
cember 1974. The geometry of the
occultation is shown in Fig. 1, which
is a view of the Pioneer 10 and Pio-
neer 11 trajectories and Jupiter as seen
from Earth. The closest approach of
Pioneer 11 to Jupiter, which occurred
near the time of the crossing of the
orbital planes of the Galilean satellites,
occurred at about 5:21:37 G.M.T. on
3 December while Pioneer 11 was be-
hind Jupiter, thus precluding any fur-
ther occultation experiments with the
satellites, The entry into occultation
occurred at a latitude of about 79.5°S
and a longitude of about 239°W, on
the dark limb of Jupiter where the solar

zenith angle (SZA) was 92.5°. The exit
occurred at a latitude of about 20°N,
a longitude of about 91°W, and an
SZA of about 79.1°. From Fig.
1 it is evident that Pioneer 11 was
traveling about twice as fast as Pioneer
10, for a rate of change in the projected
radial distance from the center of Jupi-
ter of about 40 km per second. Thus,
the time needed for the radio beam to
traverse the distance from the top of
the ionosphere to the lowest level of
penetration was only about 2 minutes.
The occultations occurred while the
spacecraft was much closer to Jupiter
than in the case of Pioneer 10, with
the distance from the limb being about
98,000 km at entry and about 120,000
km at exit.

Occultation data were taken at Deep
Space Network station 43 near Can-
berra, Australia, and station 14 at
Goldstone, California. Both closed-loop
and open-loop data were taken; how-
ever, because of the rapid changes in
the frequency of the signal due to the
high velocity of the spacecraft relative
to Jupiter, no closed-loop data in the
atmosphere of Jupiter were obtained
and only open-loop data were used for
analysis. These data were obtained from
open-loop receivers having a band-
width of about 16 khz and recorded
by direct and FM recording on analog
tape recorders. These data were then
digitized at a rate of 40,000 samples
per second and digitally filtered with a
300-hertz filter bandwidth, with the use
of a local oscillator (L.0.) function
derived from signal spectra computed
from the raw digitized data, The deci-
mated data were then passed through
the digital phase locked loop receiver
program, which computed the changes
in frequency and amplitude of the re-
ceived signal with time and provided
the basic data for further analysis.

A series of spectra of the decimated
signal as a function of time during the
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entry into occultation is shown in Fig.
2. The ordinate of the plot represents
a normalized logarithm to the base 10
of the power, and each spectrum is 500
hertz wide. The interval between spec-
tra is about 2 seconds. The spectra
show a considerable broadening and
deformation due to multipath effects in
the lower ionosphere which contains
several layers with high gradients of
refractivity. This is followed by a slight
rise going into the top of the neutral
atmosphere and then a precipitous drop
due presumably to absorption and de-
focusing in the dense neutral atmo-
sphere.

The frequency of the signal was
compared to predictions based on the
orbit of Pioneer 11, and the resulting
residual effects in the frequency were
then inverted to yield the refractivity
as a function of radial distance from
the center of Jupiter based on the use
of inversion methods described earlier
(4). The resulting refractivity profile
was converted to mass density on the
basis of an assumed composition for

Fig. 1 (left). Geometry of Pioneer 10 and Pioneer 11 radio

occultations as viewed from Earth.

Fig. 2 (right). Spectra

of the decimated open-loop signal during Pioneer 11 entry

occultation.

the neutral atmosphere, in this case
one composed of 85 percent H, and
15 percent He. The density was then
integrated in the hydrostatic equation
to obtain a profile of pressure, and,
with the use of the perfect gas law, the
profile of temperature was also ob-
tained. The temperature profile result-
ing from the Pioneer 11 entry measure-
ment is shown in Fig. 3. Although this
measurement was taken in the polar
area, the temperatures are quite high
and are similar to the entry tempera-
ture profile produced from the Pioneer
10 results (2). In particular, the ap-
pearance of the inversion at about 260
K is strikingly similar to the Pioneer
10 entry profile, although the Pioneer
11 measurement was obtained on the
dark limb of Jupiter. Thus, the inver-
sion cannot be ascribed to heating by
particulate absorption of solar radia-
tion, unless rapid circulation at the
polar latitude is sufficient to maintain
this effect across the terminator,

A comparison of the Pioneer 11 tem-
perature profile with those derived from

Pioneer 10 and from a model is shown
in Fig. 4, which portrays the profiles
in terms of pressure as a function of
temperature. The profile labeled “IR
Model” is based primarily on the Pio-
neer 10 infrared radiometer results (5).
It is immediately obvious that the Pio-
neer 11 entry temperature profile is
similar in nature to those obtained
from Pioneer 10, although tempera-
tures are higher at corresponding pres-
sures. It is also obvious that the dis-
agreement between these results and
those of the infrared measurements are
very large, with the only region of simi-
lar temperatures being at low pressures.

The data taken during the exit of
Pioneer 11 from occultation have also
been analyzed. However, because, in
contrast to the entry, the exit was per-
formed in a one-way mode, in which
the spacecraft transmitter is referenced
to the on-board auxiliary oscillator,
these data were seriously affected by a
discontinuously changing oscillator drift
rate, apparently caused by the trapped
radiation belts. This erratically chang-
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ing drift rate prevents the establish-
ment of a base line for the removal
of frequency bias, which has so far
made the further analysis of the exit
data impossible.

It has been mentioned previously
that the temperature profiles derived
from radio occultation and those de-
rived from Earth-based and spacecraft
spectroscopic observations can only be
reconciled under one of two conditions.
The first is the presence of obscuring
layers high in the atmosphere of Jupi-
ter, which in effect may cause the infra-
red observations to be taken at pres-
sures of about 1 to 10 mbar. This ex-
planation, however, is difficult to re-
concile with the determinations of the
abundance of H,, CH,, and NH,; above
the visible clouds on Jupiter, as well as
the observations at microwave wave-
lengths, which also indicate a tempera-
ture of 130 K at a pressure of 0.5 atm
(6).

The other explanation involved the
presence of propagation effects other
than pure refraction in the layers of
Jupiter atmosphere probed by radio oc-
cultation. It must be peinted out that
the process of radio occultation data
inversion is strictly valid only under the
assumption that all the phase change
is being introduced by refraction in a
homogencous, spherically symmetrical
atmosphere. Deviations from these as-
sumptions will introduce errors in the
results. Several such mechanisms have
been suggested including turbulent
scattering, ducting, and diffraction.

In order to help visualize the nature
of the disagreement, the expected resid-
ual phase change as a function of time
for an atmosphere corresponding to
the IR model was computed and is
shown in comparison with the observed
Pioncer 11 entry data in Fig. 5. It is
clear that in the actual data the phase
always changes at a slower rate than that
required by the IR model. Thus, any
explanation of the IR-radio occultation
disagrecment must show a rate of phase
change as a function of time lower
than that expected under the conditions
of atmospheric refraction only. It is
apparent that explanations such as tur-
bulent scattering would necessarily re-
quire that the total phase path be
lengthened; hence, they are difficult to
reconcile with the observation. The
possibility of extrancous phase changes
being introduced by diffraction around
an NH, vapor absorption layer having
a small scale height has recently been
suggested (7) and is currently under
investigation. It remains for the results
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Fig. 5. Comparison of the residual phase
expected from the Pioneer 11 trajectory
with the IR model atmosphere and ob-
served data.

of this investigation to determine
whether or not this could be a possible
explanation for the disagreement.
The Pioneer 11 profile of pressure
versus radial distance from the center
of Jupiter was combined with similar
measurements from Pioneer 10 to de-
termine the oblateness of the planet.
Ellipses were fitted to the radii of equal
pressure in a least-squares sense down
to 1000 mbar. At the 1-mbar level the
oblateness calculated was 0.06496 =
0.0001, the equatorial radius was
71,610 == 6 km, and the polar radius
was 66,958 =4 km. At the 160-mbar
level the calculated oblateness was
0.06547 == 0.0001, the equatorial radius
was 71,494 =6 km, and the polar
radius was 66,812 =4 km. Using the
results of the Pioncer 10 celestial
mechanics experiment on the gravity
harmonics J, and J,, the mass of Jupi-
ter (8), and the above values of the
oblateness, we calculated: the rotation
period at the 1-mbar level to be 9
hours, 55 minutes, 46 seconds = 1 min-
ute, 6 scconds, which is in exccllent
agreement with the system II rotation
of Jupiter. The rotation period at the
160-mbar level was calculated to be 9

hours, 50 minutes, 30.4 seconds =1
minute, 5 seconds, in good agreement
with the ground-based observations of
the system I rotation of Jupiter.
Tonospheric data were also obtained
from both the entry and exit measure-
ments. The new measurements con-
firmed earlier results obtained for Pio-
neer 10 (2) and show that Jupiter’s
ionosphere consists of a number of
layers distributed over an altitude range
of about 3000 km. A preliminary anal-
ysis indicates a topside plasma tempera-
ture of about 750 K on the assumption
that H+ is the principal ion.
ArvYDAs KLIORE, GUNNAR FJELDBO
Boris L. SEIDEL
TaDpAs T. SESPLAUKIS
DoNALD W. SWEETNAM
PETER M. WOICESHYN
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Gravity Field of Jupiter from Pioneer 11 Tracking Data

Abstract. Significantly improved values of the zonal gravity harmonic coeffi-
cients 1, J,, and J; of Jupiter have been obtained from a preliminary analysis of
Pioneer 11 spacecraft Doppler data taken while the spacecraft was near Jupiter.
The new results, which will have an important application as boundary conditions
for theoretical models of Jupiter’s interior, are consistent with a planet in hydro-

static equilibrium.

Two-way S-band Doppler data were
obtained from Pioneer 11 during its
Jupiter encounter by stations of the
National Aecronautics and Space Ad-
ministration—Jet Propulsion Laboratory

Deep Space Network. Three 64-m an-
tennas (at Goldstone, California; Can-
berra, Australia; and Madrid, Spain)
provided data with a typical root-mean-
square noise of 0.005 hertz for a 60-
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