the center-to-limb variation also fits at
each phase angle, we can have some
confidence in the vertical structure as
well. We are obviously still some way
from having reduced all our data in both
colors and compared it to these types of
models; we have approximately 20,000
polarization measurements. Neverthe-
less, we believe the values derived here
for the location of the + = 1 level of the
aerosols and their scale height at equa-
torial latitudes are reasonably close to
the final value we will obtain. The pres-
ent example demonstrates the useful-
ness of these data.
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Pioneer Saturn Infrared Radiometer: Preliminary Results

Abstract. The effective temperature of Saturn, 94.4 + 3 K, implies a total emission
greater than two times the absorbed sunlight. The infrared data alone give an atmo-
spheric abundance of H, relative to Hy, + He of 0.85 = 0.15. Comparison of infrared
and radio occultation data will give a more precise estimate. Temperature at the I-
barlevel is 137 to 140 K, and 2.5 K differences exist between belts and zones up to the
0.06-bar level. Ring temperatures range from 60 to 70 K on the south (illuminated)
side and from <60 to 67 K in the planet’s shadow. The average temperature of the
north (unilluminated) side is ~ 55 K. Titan’s 45-micrometer brightness temperature

is 80 = 10 K.

Objectives of the infrared radiometer
(IRR) experiment are (i) to measure the
temperatures and heat balance of Saturn,
its rings, and Titan; (ii) to search for hori-
zontal temperature contrast on Saturn;
(iii) to infer the atmospheric H, to He ra-
tio; and (iv) possibly to infer character-
istics of particles in the rings, such as
size, thermal inertia, and out-of-plane
motion. The instrument, consisting of
two broadband channels centered at 20-
and 45-um wavelength, was described in
reports following the Jupiter encounters
(1, 2). The two beams scan at a fixed 75°
angle with respect to the forward (that is,
away from Earth) spin axis of the space-
craft. A scan consists of 33 observations
(words) from a preselected 59° sector of
the spacecraft spin cycle. The motion of
the spacecraft causes a displacement of
scans on the object to be viewed. A si-
multaneous 20- and 45-um pair of images
were made of Saturn and its rings dur-
ing the 2.5-hour interval before closest
approach (Fig. 1). These ~ 2 x 10* ob-

Table 1. Equivalent blackbody temperatures.

Temperature Belt Zone (0°
category (9°S to 12°S) to 3°S)
T2 91.4K 89.2 K
Tys 99.5K 97.0K
112(Ty + Tys) 95.5K 93.1K
T. (model) 95.6 K 93.2K
Average T, 944 = 3K

servations (10* in each channel), plus
about 30 observations during which Titan
partly filled the field of view, constitute
the IRR data set from the Saturn en-
counter.

The instrument appears to have func-
tioned correctly during the encounter.
The signal when viewing space and the
signal when viewing the internal calibra-
tion shutter at the known instrument
temperature were both normal. The in-
ferred instrument response differed from
the laboratory value by less than 3 per-
cent. The noise of a single observation is
+ 2 data numbers (DN), equivalent to
+ 30K at20 um and * 1.3 K at 45 um
for an object at 100 K, and to = 3.0
K at 45 um for an object at 70 K. A
brightness temperature of 55 K corre-
sponds to DN(45) = 2.9, which is ex-
ceeded 5 percent of the time when view-
ing space.

The results reported here are prelimi-
nary in that we have not computed the
instrument pointing from the most recent
trajectory analysis, which became avail-
able during preparation of this manu-
script. For views of the rings at very
small instrument elevation angles (for
example, near ring plane crossing), and
for views of the planet close to the limb,
trajectory uncertainties are important.

The data on the Saturn disk were pro-
cessed by separating them into latitude
bins 3° wide, fitting the dependence on
emission angle 6 to low-order Legendre
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polynomial expansions, and then analyz-
ing the thermal structure at each latitude
separately. Figure 2 shows the average
intensities at u = cos § = 0.3. Latitudi-
nal temperatures differed by 2.5 K. The
cold equatorial zone coincides with the
bright yellow band seen in visible light
3). The IRR viewing geometry (Fig. 1)

limits the range of useful latitudes from
40°S to 12°N.

We may integrate the intensities /5o (1)
and I,; (1) with respect to u to get the
fluxes and equivalent blackbody temper-
atures T, and 745 for the two channels,
respectively. Averaging these gives a
simple estimate of the effective temper-

Cassini division

Ring

crossing A ‘ B c
v pront iy R
1 O ST S I A B AR SR R RS e e SN R TN PRl S e X
- Pioneer 10 L
<] Saturn ks
- IR view =
IR Y L =
@
a — -
E
g 16+ 240 L
g e iy, E—— 180 -
= 214 10 Jid
— —
26— -
20
31+ 30 -
| BT N R O B DR AR N GO R S e R B U T S T e R
0 50 100 150 200 250 300

Scan number

Fig. 1. Infrared image of Saturn and its rings at a wavelength of 45 um. Scans are 30.4 seconds
apart. The plane of the ring was crossed after scan 69 at 2.93 Saturn radii (Rs) from the center,
and periapsis occurs following scan 300 at 1.35 Rs. The considerable image distortion is caused
by the changing geometry during this 2.5-hour view period. The upper part of the figure pro-
vides a guide to features visible in the lower 45-um image. Boundaries of the A, B, and C rings

the rings, the boundary between the inner and outer parts of the B ring, and a division within the
C ring are shown as dashed lines. The north (unilluminated) side of the rings is in the field of
view before scan 69. The south side in the planet’s shadow is in the field of view after scan 289.
Latitutdes and longitudes on Saturn are shown as solid lines, with south at the bottom. In the
45-um image, brightness temperatures from 0 to 70 K are displayed from black to blue. Bright-
ness temperatures from 70 to 104 K are displayed from red to white. In addition, a mean limb-
darkening factor has been removed for views of the planet through the C ring and through
space. This procedure increases the visibility of the cold equatorial zone from 7°S to 7°N and
introduces a relatively small discontinuity at the already substantial transition between the B
and C rings. Discontinuous word shifts (such as those after scans 136 and 167) occur at the
spacecraft; they are taken into account in the quantitative data anslysis. The 20-um image (not
shown) exhibits the same planetary features but with a lower signal-to-noise ratio. The rings are
detectable at 20 um only by their masking of the planet.
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ature T, defined so that the emitted pow-
er per areais o T.*. These results are giv-
en for a belt and a zone in Table 1. From
Fig. 2, values at these latitudes bracket
all the planet for which we have data.
The effective temperature for the planet
by this simple scheme is then 94.3 K.
Other schemes give values between T
and T45.

Probably a more accurate estimate is
obtained by solving for the atmospheric
temperature structure that best fits the
observations, assuming we know the
opacity sources, and then calculating 7.
The opacity model was developed for
Pioneer Jupiter data (¢) and was tested
by Voyager (5). The method provides a
means of calculating the contribution of
the 50 percent of the spectrum that was
not directly observed by the IRR. The
results are summarized in Table 1.

We assume that the opacity is domi-
nated by collision-induced dipole ab-
sorption of H,. Then channel 1 (20 um)
is sensitive to temperatures in the range
from 0.1 to 0.06 bar, and channel 2
(45 um) to temperatures in the range
from 0.6 to 0.1 bar, provided we have
data over 0.2 = p = 1.0. This sensitivity
results in essentially continuous vertical
coverage from 0.6 to 0.06 bar, although it
provides only minimum overlap in cov-
erage necessary to solve for ay,, the mo-
lecular abundance of H; relative to
H, + He. The overlap is less than that
for Jupiter ), largely because of the
lower gravity and lower temperatures on
Saturn.

Deeper than the 0.6-bar level, an adia-
batic lapse rate was assumed in the mod-
el. Above the 0.06-bar level, temperature
was assumed to increase with height at a
rate of 35 K per decade of pressure, con-
sistent with lapse rates in the lower
stratosphere as inferred from ground-
based observations (6).

For the zone at 0° to 3°S, we have data
spanning the range 0.1 = u =< 1.0. This
range provides some overlap between
channels, yielding a formal estimate of
ay, = 0.85 * 0.15. The closeness of this
estimate to the solar composition value
gives us greater confidence in the opacity
model and in our temperature retrieval.
A more precise estimate will be obtained
by comparing the derived temperature
profiles of the IRR and radio occultation
experiments (7).

The retrieved temperature structures
are shown for ay,= 0.85 in Fig. 3. Mini-
mum temperatures are 83 to 85 K, and
temperatures at the 1-bar reference level
are 137 to 140 K. The zone is cooler than
the belt at high altitudes up to the 0.06-
bar level. At low altitudes, we may modi-
fy the model for the zone by adding a
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blackbody emitter (the cloud) at such an
altitude that temperatures in the adiabat-
ic portion equal those in the belt. This
procedure places the altitude of the
cloud at 119 K, between 0.6 and 0.7 bar
or slightly above the level of the scatter-
ing layer inferred from polarimetric data
(3). For Jupiter, the same method placed
the cloud at 148 K (4). If the cloud is NH;
on both Jupiter and Saturn, with the
same condensation temperature at cloud
base, the lower cloud-top temperature
implies a thicker cloud for Saturn (that
is, particles carried to greater heights).

The effective temperatures computed
by the model are not significantly dif-
ferent from those calculated by the sim-
pler method (Table 1). The + 3 K uncer-
tainty, as for Jupiter (2), covers all po-
tential sources of error, and is largely
attributable to uncertainty in the abso-
lute calibration. The derived value
T.=944 =3 K is consistent with
ground-based estimates (8), provided the
belt and zone are representative of other
latitudes. For an albedo of 0.45 + 0.15
@&, 9), the ratio of total planetary emis-
sion to sunlight absorbed is 2.2 = 0.7,
and the average internal heat flux is
2.4 £ 0.8 W m™2. The latter values are
higher than those predicted from models
of Saturn’s cooling history (/0), which
suggests an additional internal energy
source such as gravitational separation
of He and H,. Such separation would
raise the H, to He ratio in the atmo-
sphere relative to that in ‘the interior.
These statements may be revised when a
new estimate of Saturn’s albedo is de-
rived.

The IRR viewing geometry (Fig. 1) of-
fers views of the rings against space and
of the rings against the planet, at in-
strument elevation angles with respect to
the ring plane ranging from about 1°
(word 18) to 30° (word 1). A threefold
change in transmitted planetary radiation
at the inner and outer edges of Cassini’s
division and at the inner edge of the B
ring permits accurate determination of
the radial locations of these boundaries
(Table 2). The assigned uncertainties re-
flect our sensitivity to the spacecraft tra-
jectory. The outer edge of the A ring ap-
pears as a transition from cold ring to
colder space, and so its location cannot
be determined to the same precision.
The inner edge of the C ring is also a low-
contrast transition. We see transmission
through the B ring only at radii less than
1.65 Saturn radii (Rg) (Rs =6 x 10* km),
and have labeled this transition in Table
2. Finally, there appears to be slightly
greater transmission at 1.47 Rg than on
either ‘side, which suggests a division
within the C ring.

25 JANUARY 1980

Table 2. Ring locations and normal optical

Table 3. Ring temperatures‘at a solar eleva-

depths. tion angle of 2.83°.
Radius T Instru-
(6 x 10*km) Name (45 um) ment
Temperature elevation
2.26 = 0.02 )
}  ARing 0.5 angle
2.03 = 0.01 . . X ;
}  Cassini division 0.1 South (illuminated) side
1.95 = 0.01 | B ring (outer) ~1.0 70K =2
ring (outer’ =1. ; o
1.65 = 0.02 ne 60K =5
1.54 + 0.01 | Bring (inner) 0.5 South side in planet’s shadow
TS} Cring 0.1 < 60 to 67 K =2
1.30  0.05 North (unilluminated) side
1.47 £ 0.03 C ring division 0.05 ~ 55 (< 60 K) =2
Saturn (cos e = 0.3) . Saturn temperature structure
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a $ 195 Fig. 2 (left). Latitudinal thermal structure on
! Saturn. The 20- and 45-um intensities at cos
B t 194 6 = 0.3 are plotted against latitude, with data
+ + 4 ' t¢ + 193 T(K) numbers at left and a brightness temperature
241 ¢ scale at right. Error bars, computed from the
4y Ho2 scatter of data within each 3° latitude bin, do
not take into account absolute calibration un-
32 ] ) ’ ! L] ol certainties. The appearance of the cold equa-
5 g S g oF torial zone (7°S to 7°N) and the warm belts to
4 | 12
265 245 @8 O N the north and south (for example, 7°S to 13°S)
Latitude

nels are less well correlated south of 13°S.

in both channels, suggests that the 2.5 K tem-
perature difference extends over at least a twofold range of pressure. Features in the two chan-

Fig. 3 (tight). Saturn temperature structure for a

belt (9°S to 12°S) and a zone (0° to 3°S). The pressure scale is logarithmic. Limb-darkening data
in the 20- and 45-um channels are inverted for temperatures in the 0.06- to 0.6-bar range. Con-
stant lapse rates are assumed above and below, consistent with ground-based data (6) and an
adiabatic lower atmosphere. For the belt and clear zone models, the only sources of opacity are
H, and NH;. For the cloudy zone model, a black emitting surface has been added at a depth
chosen so that the belt and zone adiabats are the same. The cloud thus defined lies at a pressure
of about 0.65 bar. Above the cloud, the 2.5 K temperature difference between belt and zone
persists to great heights. For all models, a value of the ratio ay, = Hy/(H, + He) of 0.85 is

assumed.

Fig. 4. Titan data at a
wavelength of 45 um.
Since Titan did not fill
the IRR field of view,
only disk-averaged
brightness is measured.
Each dot corresponds
to a roll of the space-
craft for which data
were received. The
75.42° cone of the 45-
pm field of view moved
from day to night
across the morning ter-
minator of Titan during
an interval centered at 8

Data numbers

T T T T T T T T
6 (a) Titan 45um data
41 .o
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Earth received time (GMT on 9/03/79)

hours (#) 55 minutes (m). Titan nominally appears once per roll, usually at word 20 (as
described in the caption of Fig. 1). (a) Raw data numbers at word 20 as a function of time. (b) A
sum computed from data numbers at words 18 to 22, with the expected mean curve for a bright-
ness temperature of 80 K. The temperature scale at the right corresponds to the central value of

the dashed curve.
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Ring optical depths (Table 2) are deter-
mined from the transmitted intensity and
are calculated for normal incidence by
assuming a simple exp [—7/u] law of ab-
sorption. For A and B rings and Cas-
sini’s division, emission from the rings is
subtracted out by comparing the rings
against the planet with the rings against
space at the same elevation angles. For
the C ring, for which we have no good
views against space, the emitted ring in-
tensity is small compared with the trans-
mitted planet intensity; thus the emitted

intensity can be modeled in simple ways, .

as by assuming a single ring temperature
and assuming emissivity = 1 — trans-
missivity. In all the above calculations,
the planetary intensity in the north be-
hind the rings is taken to be the same as
the observed intensity at the same lati-
tude and emission angles in the south.
These optical depths are essentially the
same as those at optical and radio wave-
lengths (/1).

As seen qualitatively in Fig. 1 (scans
100 to 150), brightness temperatures of
the rings drop from 70 to 60 K as the in-
strument elevation angle increased from
1° (word 18) to 6° (word 15). This drop
occurs whether the rings are viewed
against the planet or against space, so
the effect probably signifies a temper-
ature decrease within the rings. Such a
decrease is expected as a result of the
low value (2.83°) of the solar elevation
angle at the time of Pioneer encounter
(12). Only a thin outside layer of optical
thickness 7 = sin (2.83°) receives sunlight

directly. Layers deeper within the ring -

receive less sunlight, yet they can cool to
space through the thin warmer layer.
When the rings are viewed at elevation
angles less than ~ 2.83°, more of the thin
outside layer is seen. This effect may al-
so depend on phase angle, but the Pio-
neer IRR views at a fixed 75° angle with
respect to incoming sunlight. The varia-
tion of ring temperatures with emission
angle may complicate our derivation of
the optical depth of the C ring.
Maximum ring brightness temper-
atures viewed with the rings against
space are summarized in Table 3. Many
of these views are at extremely low in-
strument elevation angles, so it is diffi-
cult to separate the A, B, and C rings.
The coldness of the north (unillumin-
ated) side at elevation angles = 2° im-
plies little thermal contact and little cross-
plane motion during 1/4 of an orbital
period. Our estimated upper limit of 60
K is approximately equal to the expected
temperature of a plane sheet that is in
equilibrium with planetary reflected and
emitted radiation at the radius of the B
ring (/2). On the south side, the maxi-
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mum observed temperature of 70 K is
somewhat warm for the same plane sheet
receiving sunlight at a 2.83° elevation
angle in addition to planetary radiation.
However, temperatures above 70 K are
possible for the thin outermost layer that
is in the direct solar beam and for the op-
tically thin C ring (/3).

South-side temperatures of the rings in
the planet’s shadow range from 67 to be-
low 60 K. Although uncertainties in
pointing the instrument prevent a com-
plete separation between the A, B, and C
rings, the higher temperatures seem to be
associated with the C ring. Further anal-
ysis of the trajectory should significantly
resolve this uncertainty. Ground-based
data (/4) show that a significant drop of
about 10 K occurs when the ring parti-
cles enter the planet’s shadow. Our data
are not inconsistent with these observa-
tions.

It is premature to draw from these data
conclusions concerning the size of parti-
cles in the rings, thermal inertia, and mo-
tion out of plane. We have found a signif-
icant temperature gradient across the
rings, both from comparing the north
(unilluminated) side with the south side,
and from comparing the south side with
itself at different instrument elevation
angles. If the particles form a monolayer
(15), these temperature differences must
exist on single particles. The particles
would have to be large enough (= 10 cm)
to prevent significant heat conduction
from hot to cold sides. The spin periods
could not be significantly less than the
orbital periods, or else the spin vectors
would have to be aligned with the orbital
vector. If the particles form a cloud with
randomly aligned orbital inclinations
(12), the particles will be traversing the
ring plane from the thin sunlit layer on
the south to the cold unilluminated layer
on the north. Consequences of this
changing thermal environment must be
worked out and tested against observa-
tion.

Because Titan was encountered at
such a great distance, it did not fill the
field of view of the IRR instrument.
About 30 scans were obtained over the
24-minute period when Titan was at least
partly visible (Fig. 4). Quantitative anal-
ysis is complicated by several factors.
First, the discontinuous word shifts vis-
ible in the Fig. 1 image tend to move
the position of Titan from one word to
the next and back in a sawtooth pattern.
Second, the instrument’s response to
small objects depends on its time con-
stant, which is not well known. Finally,
the instrument has a threshold response
at low intensities; that is, it cannot sense
below DN = 1 even though an intensity

of 0 corresponds to DN = 0. These diffi-
culties can be overcome. The upper por-
tion of Fig. 4 shows the raw data num-
bers at word 20 as a function of time.
With various assumptions, including the
manufacturer’s 10-msec estimate of re-
sponse time, the disk-average brightness
is 77 = 10 K from the word 20 data. The
lower portion of Fig. 4 shows a more
processed quantity computed from
words 18 to 22. The corresponding
brightness temperature estimate of
80 + 10 K is independent of instrument
response time and is our preferred value.
Such temperatures are not inconsistent
with ground-based data (/6).

A planetwide emission temperature of
80 K corresponds to an albedo of 35 per-
cent at Titan’s distance from the sun. If
Titan’s albedo is below this value (9) the
discrepancy might be attributed to the
fact that the IRR observed Titan on its
coldest side—on the morning terminator.
However, the = 10 K uncertainty in our
estimate probably renders such effects
undetectable.
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Impact of Saturn Ring Particles on Pioneer 11

Abstract. The particle flux measured by the meteoroid detectors on Pioneer 11
increased greatly while the spacecraft was near the rings of Saturn. The data suggest
that the particles were associated with the rings and were not interplanetary meteor-
oids concentrated near the planet by gravitational focusing. The data also suggest
that the E ring may be 1800 kilometers thick with an optical thickness greater than

1078,

The meteoroid detection instrument
on Pioneer 11, which was designed to de-
termine the concentration of meteoroids
with masses in excess of 1078 g in the as-
teroid belt (/), detected several particles
near the rings of Saturn.

The instrument has 234 detectors, con-
sisting of pressurized cells with stainless
steel walls 50 um thick, distributed be-
tween two independent data channels.
As the gas leaks from a cell after its pen-
etration by a particle, the internal pres-
sure passes through a limited region in
which a pressure monitoring device pro-
duces a signal that causes the counter for
that channel to advance and then to be-
come inhibited for 77 minutes to allow
time for all the gas to leak out of the cell
(2). Particles that penetrate other cells on
that channel while the counter is inhib-
ited are not detected. This 77-minute
dead time did not have a significant ef-
fect on the data obtained in inter-
planetary space because the mean time
between impacts was about 27 days.
However, this feature of the instrument
severely limited its ability to measure the
magnitude of the particle population near
Saturn.

In most cases, all of the gas will escape
in less than 2 seconds (2). There is, how-
ever, a small chance that such an ex-
tremely small hole might be produced by
a penetration near threshold that the cell
would still contain enough gas after the
77-minute inhibitory period to trip the
counter again and start another inhib-
itory period.

The counters indicated that 87 cells
were punctured prior to the encounter
with Saturn, leaving 147 active cells as
the spacecraft approached the planet.
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At least four particles penetrated the
detectors in the 4.5-hour period around
periapsis, at least two on each data chan-
nel. The time and range of the spacecraft
when the counters advanced are shown
in Fig. 1. The reason for the uncertainty
in the number of particles detected is
that the third count on channel 0 oc-
curred 72 to 82 minutes after the second
count. If the count occurred at 77 min-
utes it could have been the result of a
slowly leaking cell, and only four parti-
cles would then have been detected. If
the count occurred between 77 minutes
and 82 minutes, then five particles were
detected. In either case, the counters
were inhibited for approximately 70 per-
cent of the 4.5-hour period so that other
impacts probably occurred but were not
detected. The penetration flux near Sat-
urn was at least 1000 times that in inter-
planetary space at 9.4 AU.

The meteoroid flux measured by a
penetration detector is expected to in-
crease as a spacecraft approaches a plan-
et because the gravitational field of the
planet accelerates and focuses the inter-
planetary meteoroids. The data obtained

near Jupiter by Pioneer 10 and Pioneer
11 are in agreement with gravitational fo-
cusing theory (3). The data obtained near
Saturn, however, cannot be explained by
gravitational focusing. It is not the total
number of particles detected near Sat-
urn, but rather the distribution with re-
spect to radial distance that is inconsist-
ent with gravitational focusing. All im-
pacts occurred between 1.36 and 3.1
Saturn radii (R;); no impacts occurred
between 3.1 and 425 R,. Gravitationally
focused meteoroids should have pro-
duced twice as many penetrations be-
tween 3.1 and 50 R, as between 1.36 and
3.1 R,, if the mass distribution index of
the meteoroids is —0.34 [as the Pioneer
10 and Pioneer 11 data suggest for the
range between 107% and 107° g (3)].
Therefore, it is unlikely that any of the
particles detected near Saturn were me-
teoroids. They were probably particles
associated with the rings, that is, ring
particles themselves or particles ejected
from the rings because of collisions.

The two particles detected just before
the first crossing of the ring plane could
be E ring particles. These particles were
detected 900 km above the ring plane
(0.28°N latitude), which suggests that
the E ring may be 1800 km thick.
Particles could remain in inclined orbits
for some time in this tenuous ring with-
out colliding with other ring particles.

The time between these two impacts
was 24 to 120 seconds. If it is assumed
that this interval is representative of the
mean time between the impacts of pene-
trating particles on the active cells in the
E ring, and if it is further assumed that
the size distribution of the E ring parti-
cles is meteoroidal (¢), then the optical
thickness of the E ring is calculated to be
1 X1078 to 5 x 1078, Of course, if the
ring particles are not uniformly distrib-
uted throughout the 1800-km-thick ring,
but are concentrated more heavily near
the equatorial plane, the above optical
thickness is a lower limit.

The calculated reduction in spacecraft
speed due to the impact of particles dur-
ing one passage through such a ring is
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