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VOYAGER ULTRAVIOLET STELLAR OCCULTATION
MEASUREMENTS OF THE COMPOSITION AND THERMAL PROFILES
OF THE SATURNIAN UPPER ATMOSPHERE

M. C. Festou and S. K. Atreya'
Department of Atmospheric and Oceanie Science, Space Physics Research Laboratory
The University of Michigan, Ann Arbor, Michigan 48109

Abstraet. Occultation of the star 8-Scorpii by Saturn as recorded
by the Voyager Ultraviolet Spectrometer yields the value of
the exospheric temperature in the equatorial region to be
800 (+150, —120) K at an altitude of 1540 km above the 1-bar
atmospheric pressure level; the H,-density at 1540 km is deter-
mined to be 5 (+3.6, —1.8) x 10° em*, Temperature gradient in the
thermosphere is found to be 1.25 (+0.05, —0.07) K km™. Methane
volume mixing ratio at 965 km above the 1-bar pressure level is
determined to be 1.5 x 10+,

Introduction

The ultraviolet spectrometer (UVS) of the Voyager 2 spacecraft
monitored on July 9, 1979, the occultation of the star Regulus
(a-Leo) by Jupiter. From the observed absorption in the 900-1600A
wavelength range, the composition, thermal profile and eddy dif-
fusion coefficient of the Jovian upper atmosphere were determined
(Festou, et al., 1981; Atreya, et al., 1981). On August 25, 1981, a
similar occultation experiment was conducted from the same
spacecraft as light from the star Dzuba (8-Scorpii) passed through
the upper atmosphere of Saturn (Sandel, ef al., 1982). The analysis
of the two sets of experimental data are very similar, though not
entirely identical, and a detailed account of the method of data
reduction and analysis as well as the characteristics of the UVS
instrument are found in Festou, ef al. (1981). Thus, only significant
differences will be emphasized in the present paper.

The star 8-Sco is of the B0 spectral type and consequently bluer
than e-Leo — its flux around 10004 is ten times greater than that
of a-Leo. The spectrum of §-Sco as recorded by the UVS and re-
duced in the manner described by Festou et al. (1981) is shown in
Fig. 1. No signal is measurable shortward of 911A because of the
interstellar atomic hydrogen absorption. The decrease of the sig-
nal above A = 1060A is due to the decrease of the instrumental
sensitivity. The present data were collected during the exit of the
star 8-Sco from behind the disk of Saturn at a latitude of about
3.84°N and with an apparent velocity of approximately 10 km s in
a radial direction. The entry occultation data suffer from the fact
that the light from the star passed through the rings before under-
going molecular absorption in the atmosphere. In the exit data,
two distinct absorption regions are found: (i) below = 11004 the
absorption takes place over a large range of up to 1200 km and is
caused by molecular hydrogen in its Lyman and Werner band
systems; and (ii) above about 12004, the absorption takes place
over a smaller altitude range of 60 to 70 km at wavelengths below
13304, and over 150 to 200 km at wavelengths above 13304, Ab-
sorption in the 1200-1330A range is attributed to CH, while that at
higher wavelengths is believed to be due to an unidentified species.

The analysis of the light curves in the first region permits the
determination of both the thermal and density profiles of
molecular hydrogen in the thermosphere of Saturn. The analysis of
one of the light curves in the second region is important for the
determination of the methane mixing ratio and subsequently the
value of the eddy diffusion coefficient at the homopause level. An
unambiguous spectral signature of acetylene (C,H,), ethane
(C,H,), or ethylene (C,H,) could not be discerned in the data.
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Data Reduction, Analysis, and Results

The basic data are composed of spectra of the star seen through
the Saturnian atmosphere with an altitude resolution of 3.2 km
and a spectral resolution of approximately 25A. Absorption
spectra are obtained by dividing those spectra by the unattenuated
stellar spectrum (Fig. 1). 83 light curves that reflect the composi-
tion of the Saturnian atmosphere as a function of altitude were
obtained. Since many contiguous light curves show the same time
dependence, they were added together in order to increase the
signal to noise ratio. Consequently, four light curves were obtained
for the analysis presented here.

These correspond to: (i) channels 47-55, 939-1023A (Fig. 2); (ii)
channels 56-64, 1023-1106A (Fig. 2); (iii) channels 80-88, 1245-
1328A (Fig. 3); and (iv) channels 89-97, 1328-1412A (Fig. 3). Note
that the spectral region around Lyman B, 1004-1041A was not
found suitable in the analysis of the Jovian stellar occultation data
(Festou et al., 1981) due to strong interplanetary/interstellar ab-
sorption and contribution from neighboring wavelengths on ac-
count of instrumental scattering. The §-Sco data for Saturn have,
however, been corrected for this effect, hence the inclusion of the
region around Lyman g (Fig. 2). In Figures 2 through 5, the lower
abscissa represents altitude above the 1-bar atmospheric pressure
level while the upper abscissa shows planetocentric radii of the
tangent ray points of the observations. The radii are calculated
from the spacecraft trajectory information. Knowledge of the fig-
ure of Saturn along with secondary effects such as one way light
travel yield a radius of 60246 + 10 km at the 1-bar level for the
8-Sco exit occultation geometry. Subtraction of this value from the
radii (upper abscissa) yields altitude above the 1-bar level (lower
abscissa). The significance of “Az” in the lower abscissa scale is
that it is the height above the 1-bar level of the zero of the “experi-
mental altitude scale”; the latter being the level at which 100%
absorption (i.e. zero counts) in the short wavelength channels
(here, channels 47-65) is recorded. Defining altitudes in this man-
ner facilitates comparison of raw data and their analyses with a
similar exercise for Jupiter (Festou, ef al., 1981) for which trajec-
tory information was not known nearly as well as in the case of
Saturn. The zero of the experimental altitude scale occurred at
23445m00°, day 237 at a radius of 61180 km, 934 km (Az) above the
1-bar level. The characteristics of the above mentioned data set are
discussed below.

(i) Wavelengths below = 1100A: On examining Fig. 2, we find
that for altitudes above (Az + 60) km, and wavelengths below
approximately 11004, the absorption characteristics of molecular
hydrogen as shown in the theoretical Fig. 6 of Festou et al. (1981)
are seen. The maximum altitude range over which absorption is
seen to occur corresponds to wavelengths around 1000A. Below
this wavelength and in the (Az + 100) to (Az + 300) km altitude
range, the absorption is found to be comparatively lower than in
the deepest part of the Jovian thermosphere where absorption was
detected (Festou et al., 1981). If the temperatures were in the
200-400K range as on Jupiter in the corresponding altitude
range,it is implied then that the total column density of the absorb-
ing molecules is lower as compared to Jupiter’s. Between 1000A
and 1100A, a measurable absorption is observed over a range of
more than 1000 km which indicates a higher average temperature
in that region of absorption compared to Jupiter. Finally, above
1100A no significant H,-band absorption is observed for altitudes
higher than (Az + 60) km (as was the case for Jupiter, Festouet al.,
1981) which implies that either the total column density or the
temperature is small, even in the case of the lines of sight penetrat-
ing deeper in the Saturnian atmosphere.

(ii) Wavelengths above = 1200A: The region between 1180 and
1240A cannot be used because of the strong contamination by the
interplanetary Lyman-alpha line. Above 1245A, the absorption
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Figure 1. Unattenuated spectrum of star 8-Sco as seen by Voyager
UVS. The effective spectral resolution is approximately 25A.
Background has been removed and the various instrumental cor-
rections applied.
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occurs in the range (Az + 0) to (Az + 60) km if 1245A = A = 1328A
(Fig. 3a), and from (Az + 0) to (Az + 200) km for A = 1328A (Fig. 3b).
Tentatively, these absorptions are attributed to the hydrocarbons.
Shortward of A = 1100A, hydrocarbons may contribute to the
ohserved absorption below (Az + 60) km.

The absorption in molecular hydrogen is examined first. The
absorptions shown in Fig. 2 (smooth curves) were interpreted
using the theoretical absorption model described by Festou ef al.
(1981) for Jupiter. The absorption characteristics of the two planets
were somewhat different and required different techniques of
analysis. In the case of Jupiter, the column densities in the deepest
parts of the thermosphere were first determined and the complete
light curves were interpreted by assuming an atmospheric tem-
perature profile while the density was known at the bottom of the
thermosphere. In the case of Saturn, the absorption in the highest
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Figure 2. Absorption by H,. The lower abscissa shows altitudes
above the 1-bar pressure level while the upper abscissa gives corre-
sponding planetocentric radii of the tangent ray points. The height
resolution in this figure is 82 km, except for points above (Az + 500)
km which have been obtained by averaging 40 consecutive spectra
recorded over a 128 km height range. The continuous lines are the
absorption curves which are used to derive the temperature and
density profiles of H,.
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layers of the atmosphere contributes significantly to the observed
absorption in the deepest parts and the technique used for Jupiter
cannot be employed. Fortunately, the absorption above about (Az +
600) to (Az + 700) km can be reproduced in the 939-1106A interval
by assuming that the temperature is constant, thus effects of both
temperature and density can be separated. The exospheric tem-
perature on Saturn is reached around (Az + 600) to (Az + 700) km
range. Consequently, the density can be determined unambigu-
ously at the top of the atmosphere and complete light curves are
then analyzed by working the calculations downward. Figures 4a
and 4b illustrate these calculations. Each theoretical curve corre-
sponds to a different column density-temperature combination.
The best simultaneous fit to the data (see Fig. 4c) requires a
temperature of 800 (+150, —120) K and an H, density of
5.0 (+3.6, —1.8) x 10* cm™® at (Az + 600) km.

As seen in Fig. 4¢, the assumption of a constant temperature in
the region below (Az + 600) km does not hold and a decrease in the
temperature with depth is the only solution for increasing the
absorption. Transmission in an H, atmosphere was then calculated
assuming a linear decrease in temperature beginning with 800 K
at the (Az + 600) kkm level; the results of the calculations are shown
in Fig. 5. Absorptions were computed down to the (Az + 60) km
level or when a 140 K temperature was reached, whichever came
first. No satisfactory fit with the 1023-1106A light curve could be
achieved in the (Az + 100) to (Az + 600) km altitude range. There is
an indication that the absorption in the 1023-1106A wavelength
interval might be somewhat overestimated at high altitudes, con-
sequently we chose the 939-1023A light curve for determining the
temperature gradient below (Az + 600) km. If the 939-1023A light
curve alone is used to determine the exospheric temperature, a
value of 800 (+120, —100) K is reached at (Az + 600) km. The best
fit to the data was found with a thermal gradient of 1.25
(+0.05, —0.07) K km, Thus, a temperature of 140 (+35, —25) K is
reached at approximately (Az + 72) km. Temperatures substan-
tially below this value do not produce the observed transmission
characteristics. Note also that the calculated absorption in the
(Az + 60) to (Az + 100) km altitude range for the 1023-1106A light
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Figure 3. Absorption by the hydrocarbons: Fig. 3a, the absorption

is attributed to CH,; Fig. 3b, absorption due to an unidentified

species, alone or in mixture with the hydrocarbons. Altitude scale

is same as in Fig. 2.
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curve is approximately right, and that the underestimation
of the absorption for higher altitudes never exceeds 10%. This
discrepancy could have been the result of poorly known band
absorptions. :

Next, the wavelength region beyond 12454 is investigated. Con-
trary to the case of Jupiter, no sudden increase of the absorption,
i.e. a “knife edge,” was observed at a given wavelength. The vari-
ous light curves for = 1245A were grouped into two average light
curves shown in Fig. 3 because the two series showed the same
time dependence. From Fig. 3a, an average scale height of about 10
to 15 km is found. However, this value is not too meaningful since
the scale height could be rapidly changing over the small altitude
interval over which absorption is observed. From Fig. 3b, an aver-
age scale height of approximately 45 km is determined; this value
is slightly below the H,-scale height for this altitude.

If we assume that the only potential absorbers are methane
(CH,), ethane (C,Hy), acetylene (C,H,) and ethylene (C,H,), the
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Figure 4. Measured (heavy lines, from Fig. 2) and calculated
transmissions for 600K, 700K, 800K, 900K, and 1000K tempera-
tures in the upper atmosphere of Saturn. The shaded areas in
Figures 4a and 4b represent the statistical uncertainty in the data.
Above about (Az + 600) km, a constant temperature of 800 K
produces the observed atmospheric transmission. The observed
transmissions in Figs. 4a and 4b are reproduced by varying both
the column density and the temperature in the model — the label
in these figures only gives the temperature. The column densities
at corresponding temperatures are not the same in Figs. 4a and 4b.
Column densities are adjusted independently to produce the ob-
served transmission at (Az + 1100) km. When ‘hoth’ temperature
and column density are chosen the best simultaneous fit to the two
experimental curves is obtained, Fig. 4c. In Fig. 4c, it can be
noticed that the absorption is slightly overestimated in the 939-
1023A range and slightly underestimated in the 1023-1106A
range. Altitude scale is same as in Fig. 2.
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Figure 5. Measured (solid lines, from Fig. 2) and calculated trans-
mission in H, in (Az + 60) to (Az + 600) km range. From the light
curve 939-1023A it is determined that the temperature increases
linearly with altitude between (Az + 72) km and (Az + 600) km,
varying from 140 K to 800 K with a gradient of approximately
1.25 K km. Altitude scale is sanie as in Figure 2.

only acceptable candidate for producing the absorption shown in
Fig. 3a is methane (see the absorption cross sections in Festou et
al., 1981). In the 1245-1328A spectral range all individual light
curves show nearly identical absorption features, i.e. a given opti-
cal depth always occurs at the same altitude irrespective of the
wavelength range. Since the absorption cross sections of both C,H,
and C,H, vary greatly in this wavelength interval, they cannot be
responsible for the observed absorption. C,H, is not acceptable as
an absorber in the 1245-1328A range either since it would produce
more than observed absorption around (Az + 50) km at shorter
wavelengths. Finally, none of the four hydrocarbon absorbers
(CH,,C,H,, C,;H,, and C,H ) have the appropriate variation in their
absorption cross sections above 1328A to produce the absorption
characteristics shown in the 1328-1412A interval, Fig. 8b. In the
1328-1412A range data absorption begins at higher altitudes than
in the previous range (1245-1328A) and within this wavelength
interval the absorption extends deeper and deeper as the wave-
length of absorption increases. This phenomenon could be inter-
preted as being indicative of a decrease in the absorption cross
section with increasing wavelength. It is not possible to reconcile
the observed transmission characteristics of these two wavelength
ranges from a choice of the hydrocarbons we have discussed. We
believe that the absorption in the wavelength region longward of
1328A is caused by some as yet unidentified absorber/s whose
absorption cross section is greater above 1330 + 10A than below it.
The possibility of a high altitude haze cannot be entirely ruled out,
As argued above, the absorption of Fig. 3a appears to have been
produced by CH,. One can, therefore, calculate various CH, atmos-
pheric profiles by assuming that the CH, scale height varies
linearly with increasing altitude from a mixed atmospheric scale
height of approximately 61 km (corresponding to a temperature of
140 K) down to 0 km at some higher altitude. For each assumed
rate of increase of the scale height, the observed amount of absorp-
tion was found to occur at a certain altitude where the scale height
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Figure 6. Temperature and density profiles above the 1-bar atmos-
pheric pressure level. Atmospheric pressure corresponding to al-
titudes (left ordinate) is shown on the right ordinate. The interpo-
lated regions of density and temperature, 250-950 km, are shown
by broken lines. Helium density profile shown here is simply an
illustration of its 6% volumetric mixing ratio in the homosphere.

was about 15 to 20 km. Since the CH,-density profile is mainly
determined by its vertical mixing and photolysis at 1216A, we
computed the altitude at which a vertical optical depth of unity at
Lyman-alpha, 7% cn, = 1, is reached. Our photochemical calcula-
tions indicate that this level should lie close to and slightly above
the altitude at which the CH, scale height begins to decrease with
height. This procedure permitted us to reduce the range of possible
CH, atmospheric profiles. It was found that the 7" cH, = 1 level
occurred 160 (+25, —40) km below the level where the line of sight
optical depth in the 1245-1328A range is 0.5 in Fig. 3a; the latter
being at (Az + 32) km. The CH,-density at (Az + 32) km is found to
be 1.9 (+0.9, —0.3) x 10° em™; the corresponding H,-density at this
altitude is 1.2 x 10% em?® giving CH,/H, = 1.5 x 10 at this altitude.
The H,-density at the 7" cm, = 1 level is then calculated to be
1.6 (+0.9, —0.7) x 10" em*. The mixing ratio of methane in the
troposphere may be as high as 1.85 (+1.2, —0.5) x 10 according to
Courtin et al. (1982). The depletion of methane mixing ratio in the
upper atmosphere is a reflection of its transport and photolysis.

Discussion

Hanel ef al. (1981) and Tyler et al. (1281) have determined the
temperature up to approximately 250 km above the 1-bar pressure
level. Atmospheric temperature and density above approximately
950 km have been determined in this paper. It is implied from
these data that the ‘average’ temperature in the regime of ‘infor-
mation gap,’ 250-950 km, should be on the order of 142 K which is
approximately the same value as at either end of this gap. We
therefore assume an isothermal atmosphere at approximately
140 K in the 250-950 km range and show in Figure 6 the results of
this paper. The helium density profile in Fig. 6 is simply an illus-
tration of its volumetric mixing ratio of 6% measured by the Voy-
ager infrared technique (Hanel ef al., 1981). Finally, it should be
remarked that the exospheric temperature deduced from the Voy-
ager 2 solar occultation experiment has a value of 485 + 50 K at
2800 km, Smith et al.(1982). This latter value is several hundred
degrees lower than the value reported here from the stellar occul-
tation analysis. This difference could be related to the latitudinal
(and perhaps, longitudinal) differences of the two experiments.
The solar occultation corresponds to the mid latitude (36°N) condi-
tions, while the stellar occultation data are for nearly equatorial
region. Topside plasma scale height (hence temperature) of Saturn
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at high latitudes is also nearly one-half of the value measured at
mid latitudes (Tyler et al., 1982). Moreover the Voyager 2 mid
latitude plasma temperatures are calculated to be 565 K at
2800 km (ingress, 36.5°N) and 617 K at 2500 km (egress, 31°S) if
H* is the topside ion at those heights. The ionospheric structure in
this range is controlled by diffusion rather than photochemical
equilibrium. Thus,the average mid latitude plasma temperature is
above 590 K. This value of plasma temperature is expected to
overlap the statistical range of the neutral exospheric temperature
reported in this paper, once statistical uncertainties in the radio
occultation data have been accounted for. The major ion may not be
H", however, but H,* or H,* as suggested by Atreya and Waite
(1981), resulting in an even higher average plasma temperature
than 590 K based on H*.
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