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Saturn's Atmospheric Temperature Structure and Heat Budget 
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The effective temperature of Saturn from 30øS to 10øN is 96.5 + 2.5 K. This value is 1.9 K higher than 
our preliminary estimate (Ingersoll et al., 1980). The atmospheric mole fraction of H2 relative to H2 + He 
is 90 + 3%. This value is derived by comparing infrared and radio occultation data (Kliore et al., this 
issue) for the same latitude. The high value of the effective temperature suggests that Saturn has an addi- 
tional energy source besides cooling and contraction. The high mole fraction of H2 suggests that separa- 
tion of heavier He toward the core may be supplying the additional energy. Atmospheric temperatures in 
the 60- to 600-mbar range are 2.5 K lower within 7 ø of the equator than at higher latitudes. An almost 
isothermal layer exists between 60 and 160 mbar at all latitudes. 

INTRODUCTION 

In our preliminary report [Ingersoll et aL, 1980] of the Pio- 
neer Saturn infrared radiometer (IRR) results we discussed 
the data set and viewing geometry and presented a prelimi- 
nary analysis based on early postencounter trajectory infor- 
mation. We now present a more complete analysis. This paper 
discusses Saturn's infrared emissions at 20- and 45-/•m wave- 
length, the atmospheric thermal structure from 30øS to 10øN 
latitude and from 60- to 600-mbar pressure, the global energy 
budget of Saturn, and the atmospheric H2 to He ratio. An- 
other paper [Froidevaux and Ingersoll, this issue] discusses 
Saturn's rings and Titan. 

Some of the numbers have changed since our preliminary 
report. The changes are all within the error limits quoted in 
the preliminary report, but they are nevertheless interesting. 
First, the estimated effective temperature of Saturn is higher 
by 1.9 K, a change attributable to a different treatment of 
long-wave emission beyond the range of instrument sensitiv- 
ity. This change, plus the likely possibility that Saturn scatters 
a higher proportion of incident sunlight into large phase angles 
than Jupiter [Tomasko et al., this issue], raises the estimate of 
Saturn's internal energy flux significantly. The other major 
change is that our results have now been thoroughly in- 
tegrated with those from the Pioneer radio occultation experi- 
ment [Kliore et al., this issue], and a new estimate of the hy- 
drogen to helium ratio has been obtained. Our preliminary 
use of earth-based spectra to infer the stratospheric temper- 
ature gradient led to a high value for the hydrogen abundance 
[Kliore et al., 1980]. Now, by using the radio occultation re- 
sults to constrain the stratospheric temperature profile the 
mole fraction of hydrogen from the two experiments is 90 +_ 
3%. (The quoted error reflects uncertainties in the IRR data 
only.) These two changes are relevant to discussions of Sat- 
urn's internal history, of whether separation of hydrogen and 

bration factors, which are also given, one can calculate all the 
results that follow. Then we describe the temperature-sound- 
ing method. The results--temperature profiles, latitudinal 
structure, whole disk infrared spectra, and net infrared heat 
budget--follow in succeeding sections. A final section dis- 
cusses implications for global energy budget and interior 
models. 

BASIC DATA 

Observations of the planet cover a range of emission angle 
cosine/• from 1.0 to 0.2. Unambiguous observations of emis- 
sion at/• -- 0.2 were possible because of the relatively close 
trajectory of the spacecraft to the planet, in terms of planetary 
radius. For comparison the lowest value of/• used for Jupiter 
was 0.4. 

As in the Jupiter observations, no point on Saturn was ob- 
served more than once. Therefore in order to acquire a useful 
set of intensity measurements in each channel which would be 
useful for atmospheric structure retrieval, longitudinal homo- 
geneity of the atmosphere was assumed. For the latitudes over 
which data were acquired from both rising and setting sides of 
the central meridian (i.e., for latitudes where occultation by 
the ring system did not occur), no asymmetries between the 
intensities of the rising and setting limbs were observed above 
the variance of the data about the mean in either channel. 

Unlike the Jupiter data, latitude binning of the data was not 
done in preselected regions representing major morphological 
features, since relatively little was known about the properties 
of the planet as a function of latitude. Instead, adjacent bins 
were used, with equal widths of 3 o in latitude. This size allows 
a substantial number of data to be gathered for averaging over 
the widest possible area of the planet without unduly smooth- 
ing over the apparent extent of major bright and dark infrared 
regions, using the infrared map shown by Ingersoll et al. 
[1980, Figure 1] as a guide. For each channel the set of lati- 

helium is occurring, and of whether such separation is con-• tude-binned data was fit by a three-term polynomial tributing to Saturn's internal energy output. 
The next section gives the basic 20- and 45-/an data for Sat- I•) -- IoPo•) + I•P•) + I2P•) (1) 

urn. From these data and a knowledge of the filter and cali- 
This polynomial provided a good fit to the total data set with- 
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Fig. 1. Brightness of Saturn at 20-/•m wavelength. Raw data num- 
bers are shown at left, and brightness temperature scale at right. Five 
values of the emission angle cosine/• are shown. 

Higher-order terms did not provide a better fit to the data. 
Figures I and 2 show the basic data for the 20- and 45-/•m 

channels, respectively. For each latitude bin centered at 0 ø, 
_+3 ø, _+6 ø, etc., the coefficients Io, I,, and 12 were determined 
along with the 3 x 3 error matrix computed from the scatter 
of the data about (1). From this information, values of I½) 
and their uncertainties were computed at/• -- 0.2, 0.4, ---, 1.0. 
Only values whose uncertainties are less than _+0.5 DN are 
plotted. (DN is the data number; the conversion to brightness 
temperature is shown in the scale at the right in the figures.) 
Restricting the plotted curves in this way eliminates latitude-/• 
combinations for which we have no data or for which a mod- 

est extrapolation in/• is not possible. For instance, we have 
observations at/• -- 1.0 only at one point on the planet near 
6 øS latitude, but a modest extrapolation from/• -- 0.98 enables 
us to plot the/• -- 1.0 curves from 15øS to 3øN. 

Calibration procedures were described following the Jupiter 
encounters [Ingersoll et al., 1976] and in the preliminary Sat- 
urn report [Ingersoll et al., 1980]. The primary calibration was 
done in the laboratory before launch. Part of the prelaunch 
calibration involved measuring the response to an internal 
shutter at the known instrument temperature. After launch 
the instrument temperature and the response to the shutter 
were monitored. This response is measured with respect to liq- 
uid nitrogen in the laboratory and with respect to space during 
flight. The emission from liquid nitrogen requires a 3% correc- 
tion at 45/an and a 0.2% correction at 20/•m. In accord with 
laboratory measurements the instrument response in space is 
represented by a linear relation. Values of intercept and slope 
are derived from observations of space and the shutter, re- 
spectively. These derivations were repeated at least once per 
year from 1973 to 1980 and during the encounters with Jupiter 
and Saturn as planetary data were being taken. The difference 
between the derived response to a 100-K object and the labo- 
ratory value was no more than 3% for all these determina- 
tions. The instrument seems to have been stable to +3% for 8 

years. Our total estimates of uncertainty in the absolute cali- 

bration fall in the range +_4 to _+8%. As with the Jupiter data, 
the latter value will be used throughout this report. 

TEMPERATURE-SOUNDING METHOD 

The determination of the atmospheric structure of Saturn 
with IRR measurements follows essentially the same tech, 
niques as the analysis of Pioneer 10 and 11 IRR data on Jupi- 
ter [Orton, 1975; Orton and Ingersoll, 1976]. We assume that 
the collision-induced dipole of H2, under the influence of both 
H2 and He collisions, provides most of the atmospheric opac- 
ity. While the opacity of NH3 was also included in the calcu- 
lations, as in the Jovian case, the inclusion of its opacity has a 
negligible effect on the atmospheric transmission in the spec- 
tral regions covered by the two channels. This is due to the 
low amount of NH3, whose abundance is presumed to follow 
saturation equilibrium, in this relatively cold region of the at- 
mosphere. The weighting functions are sensitive to somewhat 
lower pressures than are those for the Jovian atmosphere ow- . 
ing primarily to the greater value of the atmospheric scale 
height for Saturn. This larger scale height is the result of the 
lower gravitational acceleration of Saturn compared with that 
of Jupiter. 

The vertical range and resolution for temperature sounding 
were evaluated from the weighting functions shown in Figure 
3, using Conrath's [1972] adaptation of Backus-Gilbert theory. 
These estimates have been found [Orton, 1977] to be consis- 
tent with the temperature retrieval limitations of Chahine's 
[1975] technique, which is the method used in this work. The 
result is shown in Figure 4. It is apparent that meaningful re- 
trieval of the temperature can be done only in the range 0.06 
_< p _< 0.50 bar and that the vertical resolution averages about 
0.3 in units of 1oglo p (bar), approximately 0.7 pressure scale 
heights. We have thus attempted to retrieve the temperature 
at four vertical levels (nodal points) where temperatures can 
be retrieved independently of one another, corresponding to 
1oglo p (bar) -- -0.3, -0.6, -0.9, and -1.2 (p -- 0.501, 0.251, 
0.126, and 0.063 bar, respectively). Between these levels, tem- 
peratures are interpolated linearly in log p. We have restricted 
the range of latitudes chosen for temperature sounding so that 
for each channel, observations at each latitude were available 
for 0.7 _>/• _> 0.3. For such values of/• the vertical resolution 
and range are virtually unchanged from those shown in Fig- 
ure 4, which were computed for 1.0 _>/• _> 0.2. 

In the deep atmosphere (1oglo p -> -0.3 (p _> 501 mbar)), we 
have assumed an adiabatic temperature lapse rate. For 1oglo p 
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_< -1.2 (p _< 63 mbar) we have, for the sake of completeness, 
assumed two alternative values for the inverted lapse rate. 
One corresponds to the mean lapse rate in the lower portion 
of the radio occultation profile [Kliore et al., this issue], ap- 
proximately 21 K of increase per decade of pressure decrease; 
the other corresponds to the mean lapse rate in the lower por- 
tion of the inversion in models best matching earth-based ob- 
servations of thermal emission from Saturn [Tokunaga and 
Cess, 1977], a steeper gradient at approximately 36 K of in- 
crease per decade of pressure decrease. The profiles of both 
Kliore et al. and Tokunaga and Cess are shown in Figure 12 
and will be discussed later in more detail. These lapse rates 
are used to extrapolate the thermal structure down to 1og,o p 
(bar) -- 2.0 (100 bars) and up to 1og,o p (bar) = -3.2 (0.63 
mbar), where radiative transfer calculations were discontin- 
ued, since temperature changes below and above this level do 
not affect radiation observed in either channel. In the numeri- 
cal calculation of the radiative transfer integral the atmo- 
sphere was divided into finite homogeneous layers, 10 per dec- 
ade of pressure change. The temperature-sounding iterations 
were continued conservatively for 30 iterations, so that the 
changes in recovered temperatures at any given level between 
the next to last and the last iteration were usually well below 
0.1 K. Model test recoveries with synthetic data, to which the 
observed level of noise was added, show that the uncertainty 
in the temperatures recovered at a given nodal point from the 
technique itself (as opposed to systematic errors or uncer- 
tainties in the opacity models or in the calibration) is of the 
order of 3 or 4 K, with a worst case of 6 K in the neighbor- 
hood of the temperature minimum. The root mean square re- 
siduals of a model fit to the data were computed by 

0.025 i I I I 

0.05 

0.100 

0.250 

0,2 

CHANNEL 

1 

(20 •m)- 

#= 1.0 

=0.2 

.u= 1.0 

CHANNEL 

2 

(45.um) 

0.0 
I i I 

1o0 2.0 

WEIGHTING FUNCTION 

Fig. 3. Effective weighting functions for the infrared radiometer at 
Saturn. The mixing ratios of H2 and He are 0.90 and 0.10, respec- 
tively, in this model. The weighting function is plotted in arbitrary 
units. 
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where i represents a (channel,/0 pair, Te is a brightness tem- 
perature, and the sum is taken over data in both channels. 
Here the 'data' are intensities I(•) computed from (1). 

COMPARISON WITH RADIO OCCULTATION RESULTS: 

BULK COMPOSITION 

The radio occultation experiment [Kliore et al., this issue] 
provides data down to 125 mbar, in the middle of the altitude 
range covered by the IRR. The exit data yield a profile of at- 
mospheric refractivity at a latitude of 9.6øS. This latitude was 
also sampled by the IRR, although at different longitudes, at 
times differing by at most a few hours. The profile of temper- 
ature versus pressure that one derives from the radio occult- 
ation data depends on the assumed composition, represented 
here by all2, the number of H2 molecules relative to H• + He. 
Figure 12b of Kliore et al. [this issue] gives a family of such 
profiles for various assumptions about the value of this pa- 
rameter. The temperature profile that one derives from the 
IRR data also depends on {XH2 , but in a different way. Thus for 
any value of aH• one can use the appropriate radio occultation 
profile to get the temperature above the 126-mbar level and 
allow the IRR data to determine temperatures at the two low- 
est nodal points at 1og,o p (bar) -- -0.3 and -0.6 (0.501 and 
0.251 bar). The derived value of all: is the one that gives the 
lowest rms residual e, defined in (2). 

Figure 5 displays the residuals for each temperature sound- 
ing as a function of the H• mixing ratio assumed. They are 
minimized for aH• ---- 0.90 +_ 0.02 (aHc ---- 0.10 +_ 0.02). The un- 
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Fig. 5. Root mean square residuals to the fit between IRR data 

and outgoing fluxes computed from the radio occultation model as a 
function of the hydrogen mixing ratio a•,. The mixing ratio of helium 
is assumed to be complementary. The solld curve represents the resid- 
uals to the unweighted fit to the data set; the dashed curve represents 
the residuals to the fit weighted as described in the text. 

certainty quoted •s derived from the equation used by Orton 
and Ingersoll [1976], conservatively assuming only I degree of 
freedom, and it represents only the uncertainty of the fit. The 
minimum residual value is 6.9 x 10 -3, of the same order as re- 
siduals for this latitude from straightforward temperature 
sounding, discussed in the next section, for the full 0.501- to 
0.063-bar range. The resulting thermal structure is shown in 
Figure 6. 

As a test of the method we tried weighting the residuals in 
each pair of (channel,/0 sets according to its degree of overlap 
with the radio occultation results--strongly favoring the fit to 
residuals to the 20-/an channel results near the limb (small 
'values of/•). These weighted residuals were minimized for a.2 
= 0.90. Since there is only one significant observation (in- 
tensity at 20/•m for small/0 and one free parameter (a.), the 
number of degrees of freedom is zero, and an uncertainty esti- 
mate would be meaningless. Nevertheless, the result is consis- 
tent with that obtained by consideration of the full data set. 

This comparison between radio occultation and IRR results 
is valid only under the assumption that the longitudes 
sounded by the radio occultation experiment are representa- 
tive of the average temperature structure in this latitude re- 
gion over all longitudes. Further implicit assumptions are re- 
quired for either the radio occultation or the infrared remote 
retrieval of temperatures (using the IRR data set) to be valid 
in general: (1) the atmosphere is in thermodynamic equilib- 
rium, (2) all constituents besides H2 and He are negligible at 
the level of error in the fit, (3) the atmosphere is spheroidally 
symmetric, with isobar surfaces completely coincident with 
geopotential surfaces, and an appropriate value for the plan- 
etary oblatehess has been used, (4) the atmosphere is in hy- 
drostatic equilibrium, (5) the infrared opacity is mod- 
eled correctly, (6) the thermal structure is longitudinally 
homogeneous, and (7) the absolute calibration of the radi- 
ances measured by the IRR experiment is accurate. 

Violation of the above assumptions leads to additional un- 
certainties in a•. For example, an 8% overestimate of the 20- 

/•m intensity lea•ls to a 1-K overestimate of temperature near 
the 0.06-bar level, corresponding to a 0.01 underestimate of 
aI4•. Errors in opacity tend to have a smaller effect, because 
the atmosphere at these altitudes is nearly isothermal, so that 
the pressure at which the minimum temperature occurs is ir- 
relevant. The addition of the few levels of radio occultation 

results for p > 125 mbar makes an insignificant change in the 
results. The effect of clouds near the 500-mbar level on out- 

going radiation, as will be discussed below, has no effect on 
these results, as the region of overlapping coverage is sub- 
stantially higher in the atmosphere. Furthermore, an exami- 
nation of Figure 13 of Kliore et al. [this issue] shows that un- 
certainties in the retrieved radio occultation temperature 
structure due to the assumption of an initial temperature or to 
bias selection are negligible in the region of overlap with IRR 
results. The values of 90% H2 and 10% He by volume differ 
from the initial results given by Kliore et al. [1980], because 
their earlier comparison was made between IRR results de- 
rived by assuming a much steeper inverted lapse rate in the 
stratosphere than is consistent with the radio occultation re- 
sults. 

Temperature differences between the IRR range of longi- 
tudes and those sampled by the radio signal are more difficult 
to estimate. A 1-K difference in temperature would lead to a 
0.01 change in a•. Nonequilibrium, nonhydrostatic effects in 
the atmosphere are also difficult to estimate, as are systematic 
effects in the radio occultation experiment besides those dis- 
cussed above. The temperature error in the overlap region due 
to radio data alone is thought to be less than +_1 K (A. J. 
Kliore, personal communication, 1980). 

Our final results, then, using this technique are 
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Fig. 6. Retrieved temperature structure for $.1ø-11.1øS latitude, 
centered on the region sounded by the Pioneer 11 egress radio occul- 
tation [Kliore et al., this issue]. The radio occultation profile is used 
for p _< 126 mbar. Residuals of the model fit to IRR data are mini- 
mized by (1) temperature sounding the region where p _> 126 mbar 
and (2) adjusting the mixing ratios of H2 and He as shown in Figure 
5. 
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with no uncertainties in the values quoted other than those 
corresponding to the internal fit and to the radiometer calibra- 
tion. All other potential sources of systematic uncertainty fol- 
lowing the assumptions listed above cannot be estimated in 
quantitative terms. These values are assumed in all temper- 
ature-sounding calculations discussed below. 

We note that the method used by Orton and Ingersoll [1976] 
to determine the relative abundances of H2 and He in Jupiter 
took advantage of an overlap between the 20- and the 45-/tm 
channel vertical coverage of the atmosphere. This extra de- 
gree of freedom allowed a test of a variety of values of the H2 
and He mixing ratios to be made, since the collision-induced 
opacity of H2 in the 45-pm channel versus the 20-pm channel 
is somewhat sensitive to the relative number of H2 versus He 
collisions with the H2 molecule. As Figure 3 shows, however, 
this degree of freedom was absent for the Saturn atmosphere; 
that is, there was no overlap in the vertical coverage of the at- 
mosphere between the two channels without making unrealis- 
tic assumptions about the integrity of the few 45-pm data col- 
lected near low-latitude regions characterized by values of p • 
0.10. 

The technique of correlating radio occultation and infrared 
results has been used for Jupiter in a comparison of Voyager 1 
radio science system (RSS) and infrared interferometer spec- 
trometer (IRIS) data. The derived value for the H2 mixing ra- 
tio is a• 2 = 0.897 + 0.024 [Gautier et al., 1980]. This value is 
remarkably close to the value derived here for Saturn. A com- 
parison of the Voyager I and 2 RSS and IRIS results should 
be made for Saturn also to determine the bulk composition, 
following the respective spacecraft encounters with that 
planet. These should produce results which do not require the 
assumption of longitudinal homogeneity of the atmospheric 
structure to the same extent as is required for IRR data analy- 
sis. 

TEMPERATURE-SOUNDING RESULTS 

Temperature soundings were made at latitudes from 30øS 
to 9øN in bins 3 ø wide. The radio occultation profile was not 
used to constrain the data at p < 125 mbar, as it was in the last 
section. Rather, the 20- and 45-pxn data were used to solve for 
temperature at the four nodal points 1og,o p (bar) -- -0.3, 
-0.6, -0.9, and -1.2 (p -- 0.501, 0.251, 0.126, and 0.063 bar). 
Several assumptions were made regarding (1) the value of the 
inverted lapse rate (temperature increase with altitude) in the 
1og,o p < -1.2 region (p •_ 63 mbar) and (2) the pressure of 
clouds in the troposphere. The three major cases discussed be- 
low are summarized in Table 1. Recall that an overlying lapse 
rate of 21 K per decade of pressure is consistent with the radio 
occultation profile at 9.6øS (cases I and 3). An overlying lapse 
rate of 36 K per decade of pressure is more consistent with 
earth-based observations (case 2). Crude cloud models, where 
invoked (case 3), consist of a unit emissivity surface represent- 
ing a uniform, optically thick cloud top emitting at the am- 
bient temperature. 

TABLE 1. Temperature-Sounding Assumptions 

Case 

Overlaying 
Lapse Rate, 
K/log•o p Cloud Presence 

21 

36 
21 

no 

no 

where required 
(see text) 

0.01 

0.05 

1.00 
80 

SATURN TEMPERATURE STRUCTURE 
-13.5 ø TO -16.5 ø LATITUDE 

j i 
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I I 
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T(K) 

Fig. 7. Retrieved temperature structure for cases I and 2, de- 
scribed in the text and in Table 1, for data from a latitude region ex- 
tending from 13.5øS to 16.5øS, one of the warmest regions examined. 

Figures 7 and 8 display the vertical temperature structures 
retrieved from two latitude regions. They are (1) 13.5 ø- 
16.5øS, a region which is one of the warmest observed and 
which is associated with a visually dark area in reflected sun- 
light (properties similar to a Jovian belt) and (2) 1.5øN to 
1.5øS, a region which is one of the coldest observed and which 

SATURN TEMPERATURE STRUCTURE 
+1.5 ø TO -1.5 ø LATITUDE 
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1.00 I 
80 160 

• I/•/ /' I • I 

I;I - CASE 1 /1/ , CASE 2 
/.// ..... CASE 3 

(' 

100 120 140 

T(K) 

Fig. 8. Retrieved temperature structure for cases 1, 2, and 3 for 
data from a latitude region extending from 1.5øN to 1.5øS, one of the 
coolest regions examined. The location of a cloud top, modeled as a 
unit emissivity blackbody surface, is also marked. 
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Fig. 9. Fit of various retrieved models to data from the relatively warm 13.5ø-16.5øS latitude region. 

is associated with a visually bright area in reflected sunlight 
(properties similar to a Jovian zone), for Figures 7 and 8, re- 
spectively. 

Clear atmospheres, free of the absorption or scattering ef- 
fects of any aerosols, were assumed in cases 1 and 2. Figures 7 
and 8 show the vertical temperature structure associated with 
each of these cases for the two latitude regions described 
above. The lower part of the retrieved profiles, between log•o œ 
-- -0.6 and -0.3 (501 _> œ _> 251 mbar), is characterized by 
lapse rates which are slightly subadiabatic and therefore not 
inconsistent with the assumption of adiabatic lapse rates at 
deeper levels. We note, however, that we cannot rule out the 
possibility of a subadiabatic lapse rate at levels deeper than 
501 mbar, except by reference to a variety of radiative-con- 
vective equilibrium models, all of which predict convective 
equilibrium in this region (e.g., J. F. Appleby and J. Hogan, 
unpublished manuscript, 1980). A comparison between these 
theoretical models and the results derived here will be made 

later. 

The difference between the overlying lapse rates assumed 
for cases 1 and 2 appears to affect only the temperatures re- 
covered at the highest nodal point (63 mbar) to any sub- 
stantial degree. In addition to the generally colder temper- 
atures, compared with the Jovian temperature structure (e.g., 
500-mbar temperatures near 105 K instead of approximately 
143 K for Jupiter), the next major difference between these 
temperature profiles and those derived for Jupiter is the rather 

shallow lapse rate in the vicinity of the temperature minimum. 
In fact, for case 1 the equatorial cool region is nearly isother- 
mal for more than an atmospheric scale height (Figure 8). 

In case 3 we pursued the possibility that the differences in 
the retrieved temperatures at 501 mbar between cases 1 and 2 
result from changes in the properties of aerosols near that 
level in the atmosphere. This corresponds to the alternative 
model for temperatures near the 700-mbar level in Jovian 
zones. For this 'cloudy zone' model we assumed that the 501- 
mbar level of the atmosphere is in convective equilibrium and 
that latitudinal variations of temperature along isobars are 
well below our observational noise. For the equatorial zones, 
then, we introduced a uniform, fiat, and optically opaque 
cloud top with unit emissivity. Its altitude was adjusted until 
the retrieved temperature at 501 mbar was near 108 K, an ap- 
propriate mean of temperatures retrieved at this depth in 
higher-latitude regions where aerosol effects were presumed to 
be negligible. 

The vertical structure and cloud location for this case are 

shown in Figure 8 for the equatorial 'zone.' If the cloud is real 
and, further, if it is similar to the Jovian ammonia ice cloud, a 
consistent picture may be found in which the NH3 cloud or 
haze is substantially thicker (at least at some latitudes) than its 
Jovian counterpart. The effective blackbody cloud top tem- 
peratures for Jovian zones are near 148 K [Orton, 1975; Or- 
ton and Ingersoll, 1976], quite close to the saturation temper- 
ature for NH3. The Saturn cloud top temperatures in the 
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10øN to 10øS latitude region (124 K) are far too low to be ex- 
plained solely by saturation equilibrium (which would require 
a substantial enrichment of ammonia abundance in the deep 
atmosphere of Saturn relative to that of Jupiter). However, 
the ammonia saturation level, if it is near temperatures of 148 
K, is relatively deep within the convective region of Saturn. 
Thus it is plausible to consider that the aerosols may be car- 
ried aloft by convection to regions where the ambient temper- 
atures are well below those at the saturation level. 

Caldwell's [1977] analysis of the 8- to 14-/•m spectrum of the 
Saturn disk, observed by Gillett and Forrest [1974], requires, in 
fact, an optically opaque cloud top temperature just below 
110 K. We pursued that model by assuming that a 110-K opti- 
cally opaque cloud exists in the temperature profile retrieval. 
However, such models give a consistently worse fit to the data 
than the models in cases 1, 2, and 3. The fits of various model 
cases to the data are shown in Figures 9 (13.5ø-16.5øS) and 10 
(1.5øN to 1.5øS). It is clear that cases 1, 2, and 3 provide good 
fits to the data in each respective region, with root mean 
square residuals (equation (2)) of the order of 3.9 x 10 -3 and 
2.5 x 10 -3. For these same regions, models with an opaque 
cloud top at 110 K yield residuals of 6.7 x 10 -3 and 7.5 x 10 -3 
because of the inability of the models to provide sufficient 
limb darkening to match the 45-/•m data, as Figures 9 and 10 
show. 

We conclude that these models do not represent vaiable al- 
ternatives. The difference between the optimum models for 
the 8- to 14-/•m region and the 45-/•m regions is that there is 
probably a substantial wavelength dependence of the optical 
properties of aerosols (presumably NH3 ice crystals). In order 
to be consistent with both the 10-/•m and the 45-/•m regions 
the cloud must be more opaque at 10/•m that at 45/•m. An 
examination of Taylor's [1973] calculation of the extinction ef- 
ficiency Qext for NH3 ice shows that cloud particles would be 
more transparent at longer wavelengths if the particles were 
characterized by mode radii of the order of 1-10/•m. Whether 
this is the case for ammonia ice in the atmosphere of Saturn 
must be determined by application of radiative transfer calcu- 
lations which include scattering and absorption by NH3 ice 
crystals, which is outside the scope of this report. 

A smoothed plot of temperatures between 60- and 500- 
mbar altitude and between 30øS and 10øN latitude is shown 
in Figure 11. The equatorial zone is a prominent cold region 
at all altitudes. But in comparison with Jupiter there are re- 
markably few features at other latitudes. The same behavior is 
seen in the raw data shown in Figures 1 and 2. We have 
searched for evidence of ring shadowing in these data. The 
Saturnocentric latitude of the sun was 2.83øS at the time of 
the encounter. Northern spring equinox occurred 51 days 
later. The only possible evidence of ring shadowing is the 
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Fig. 11. Smooth contours of temperature in a meridional cross sec- 
tion from 30øS to 10øN and from 0.50 to 0.06 bar. 

slight northward displacement of the equatorial temperature 
minimum for p -- 0.2, 0.4, and 0.6 at 20 pm (Figure 1). Thus 
temperatures near the 0.06-bar level might be • 1 K lower as a 
result of the •50-day passage of the ring shadow from north 
to south at latitudes from 2 ø to 5øN. 

Figure 12 displays the vertical temperature profiles for cases 
1, 2, and 3 for both the 13.5 o_ 16.5 o $ and the 1.5 ON to 1.5 o $ 
regions. With these we compare the radio occultation results 
of Kliore et al. [this issue], the semiempirical equilibrium 
model of Tokunaga and Cess [1977], and one of the equilib- 
rium models of J. F. Appleby and J. Hogan (unpublished 
manuscript, 1980). The structural details of the Kliore et al. 
model are only crudely approximated by the constant lapse 
rate adopted in cases I and 3. The agreement in the 125- to 
60-mbar region between this result and the results derived 
from the IRR data has been optimized by means of adjust- 
ment of the bulk composition. . 

Assumption of a steeper overlying inverted lapse rate, as is 
consistent with the model of Tokunaga and Cess, substantially 
changes only the 63-mbar nodal point in our retrieved tem- 
peratures and does not increase the residuals of the model fit 
to the data in any systematic way. It is therefore quite possible 
to achieve a consistency between our derived thermal struc- 
ture models and either of the equilibrium models. Appleby 
and Hogan have shown, in fact, that it is possible to change 
the stratospheric temperature structure substantially with ap- 
propriate changes in the vertical distribution of absorbing 
aerosols. Furthermore, as was mentioned earlier, the equilib- 
rium models are consistent with the assumption in case 3 
models that the atmosphere is in convective equilibrium near 
the 501-mbar level. 

Models fitting the microwave spectrum of Saturn have been 
presented by Klein et al. [1978]. Unlike the case for Jupiter, no 
high-resolution data are available in the spectral region 
around several strong inversion lines of NH3. Their results are 
accordingly constrained only to a family of models in which 

the mixing ratio of ammonia in the deep atmosphere is pa- 
rameterized against a given temperature structure (essentially, 
a given adiabat). These models thus provide no independent 
verification of the temperatures retrieved here. However, the 
models we present here can be used with the microwave data 
to constrain the abundance of NH3 and H20 in the deep at- 
mosphere, as is discussed by Klein et al. [1978]. 

SPECTRA 

The models presented in the preceding section have been 
used to generate low-resolution spectra in the 25- to 800-cm -• 
region. These are summarized in Figure 13. For convenience, 
in comparison with many earth-based observations the hemi- 
spherically averaged brightness temperatures (equivalent 
whole disk) have been plotted. This figure also shows a sche- 
matic plot of the spectral response of the 20- and 45-/tm filters. 
The spectra are dominated by the collision-induced dipole 
opacity of H2. Absorption peaks for the S(0) and the S(1) rota- 
tional lines are near 375 and 600 cm -•, respectively. These 
spectral regions appear rather isothermal, because radiation 
emerging from them is originating to a large extent from the 
rather isothermal regions of the atmosphere near 100 mbar. 
At lower frequencies the translational absorption band of H: 
is apparent, and it becomes increasingly transparent at fre- 
quencies below 100 cm -•. The spectra of different model cases 
are not very different from one another and are denoted by 
the separation between the solid curves representing each re- 
gion in Figure 13. 

The general agreement of earth-based observations with the 
spectra computed from the models is good. The feature near 
830 cm -I in the Gillett and Forrest [1974] spectrum is due to 
the •'9 fundamental band of ethane (C:H6), whose opacity was 
not included in the calculation of the spectra shown. Between 
400 and 600 cm -I most of the observations were made with 

some degree of spatial resolution of the disk, and so a com- 
parison with the hemispherically averaged spectrum may not 
be wholely appropriate. The Erickson et al. [1978] spectrum, 
shown somewhat schematically at a lower resolution than ob- 
served, includes flux from the entire disk and from the ring 
system. The observations by R. F. Loewenstein et al. (unpub- 
lished manuscript, 1980) and Hildebrand et al. [1980] are dis- 
played also, as they were made during times when the ring 
system subtended an angle of 1 o or less as viewed from the 
earth, so that their flux contribution relative to that of the 
planetary disk is considered to be negligible. 

The earth-based observations are largely in agreement with 
our predicted spectra. A notable exception is the 40- to 100- 
cm -• spectral region, where broad-band-pass-filtered radio- 
metry displays a substantial drop in brightness compared with 
that in our models. If we choose to interpret this as a real fea- 
ture, then absorption by NH3 or H•O vapor is extremely un- 
likely if we assume that these constituents are in saturation 
equilibrium at the ambient temperatures. Other possible con- 
stituents (e.g., PH3, CO) must also meet the constraints im- 
posed by their influence on other spectral regions. Ice can- 
didates such as NH3 [Taylor, 1973] or even H:O [Irvine and 
Pollack, 1968] do not have strong absorption in this region 
and are therefore unlikely to succeed in explaining the ob- 
served drop in brightness. Alternatively, it is possible that this 
feature is an artifact of the earth-based calibration, providing 
that there is a corresponding spectral feature in the atmo- 
sphere of Mars (the primary calibration source for both Loe- 
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wenstein et al. and Hildebrand et al.). We suggest that higher- 
resolution spectral observations of this region would at least 
verify the presence of the feature as well as determine whether 
distinct absorption features belonging to a gas (as opposed to 
the relatively broader features of an ice or liquid) are detect- 
able. 

TOTAL INFRARED BRIGHTNESS 

The total infrared flux from each of the latitude regions ob- 
served was computed by using model spectra such as those 
shown in Figure 13. The model spectrum was integrated from 
0 to 750 cm -•, and the observed disk spectrum of Gillett and 
Forrest [1974] was used at higher frequencies. The results are 
shown in Figure 14. We see immediately that a strong symme- 
try exists about the equator and relatively constant values ap- 
pear between 7.5øS and 22.5øS latitude. Poleward of 22.5øS 
the data imply a total flux output less than that in the 7.5 o_ 
22.5øS region. However, we note that the data are sub- 
stantially fewer in number for these regions (as in the case for 

latitudes greater than 15 øN) than for latitude bins in the 7.5 ø- 
22.5 øS region. 

The effective temperatures quoted by Ingersoll et al. [1980] 
are some 1.5-2.0 K cooler than those shown in Figure 14 ow- 
ing to an incorrect treatment of the opacities in the 100-cm -• 
region, which produced an underestimate of the flux. That 
treatment was, however, more consistent with the spectrum 
measurements of R. F. Loewenstein et al. (unpublished manu- 
script, 1980) and may be closer to the true value of the total 
output if the earth-based measurements are correct. However, 
for the sake of consistency we will use values which are de- 
rived from the theoretical spectra, dependent mostly on the H2 
dipole opacity as shown in Figure 13. If we make the ex- 
tremely simplifying assumptions of symmetry about the equa- 
tor and a constant flux poleward of 7.5øS, then the values for 
total thermal emission shown in Figure 14, integrated over the 
sphere, imply an effective planetary temperature 

Tear = 96.5 + 2.5 K (3) 
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The uncertainty quoted largely reflects the calibration uncer- 
tainty. The uncertainties involved in the model extrapolation 
to long wavelengths and to latitudes south of 31.5 øS and north 
of 10.5øN are not included in this value, as we do not know of 
a cogent way to quantify them explicitly. 

GLOBAL ENERGY BUDGET AND INTERIOR MODELS 

Saturn's total emitted power per unit area is about 4.9 + 0.5 
W m -2 according to (3). This value is about 0.4 W m -2 higher 
than that given in our preliminary report. In addition, there is 
some evidence [Tomasko et al., this issue] that the phase in- 
tegral of Saturn is about 1.50 instead of 1.25, as observed for 
Jupiter. This raises the estimate of the Bond albedo •1 from 
0.45 + 0.15 [Erickson et al., 1978] to 0.54 + 0.15. The average 
internal heat flux is then 3.2 + 1.0 W m -2, and the ratio of to- 
tal emitted power to sunlight absorbed is 2.8 + 0.9. The phase 
integral and Bond albedo are still preliminary estimates, how- 
ever, and the emitted flux was computed with no information 
poleward of about 40øS. Thus inferences about the internal 
energy source are still uncertain and subject to change. 

Nevertheless, it is clear from models of the cooling history 
and interior [Pollack et al., 1977; Stevenson, 1980] that 3.2 + 
1.0 W m -2 is a large internal heat flux for Saturn. For Jupiter 
the Pioneer 10 and 11 IRR gave an effective temperature of 
125 +_ 3 K [Ingersoll et al., 1976]. The photopolarimeter gave a 
phase integral of about 1.25 and a Bond albedo of 0.35 [To- 
masko et al., 1978]. When combined, these imply an internal 
heat flux of 5.6 W m -2, a value that agrees with models of Ju- 
piter's cooling history starting with gravitational collapse 4.5 
b.y. ago [Graboske et al., 1975]. 

However, the new value of Saturn's internal heat flux is 
probably too large to be explained by simple cooling and con- 
traction [Pollack et al., 1977; Stevenson, 1980]. An additional 
energy source, precipitation of .':.•elium at the top of a metallic 
hydrogen liquid interior, could supply some of the extra en- 
ergy [Kieffer, 1967; Stevenson and Salpeter, 1977], but even 
this energy supply is limited. Stevenson [1980] estimates that 
depletion from an initial 25% helium by mass (a, 2 = 0.86) to a 
present value of 15% (a,2 • 0.92) in the outer molecular layer 
could account for a total internal heat flux at present of 2.4 W 
m -2, our preliminary published estimate [Ingersoll et al., 
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1980]. Precipitation of additional helium does not result in a 
substantially higher heat at present. Thus we might expect de- 
pletion of helium in the atmosphere of Saturn, though per- 
haps not on Jupiter, to explain the excess internal heat flux. 
Such a difference between the two planets is consistent with 
interior models [Stevenson and Salpeter, 1977]. 

Direct estimates of the atmospheric hydrogen to helium ra- 
tio are clearly important. The atmosphere is likely to reflect 
the bulk composition of the entire molecular envelope, be- 
cause convection provides rapid mixing. The hydrogen to he- 
liura ratio for the planet as a whole is likely to be no greater 
than the solar composition value, for which a. 2 = 0.88 accord- 
ing to one estimate [Cameron, 1974]. The uncertainty in this 
solar value is difficult to establish. But neither our estimate for 

Saturn's atmosphere, a.2 = 0.90 +_ 0.03, nor Gautier et al.'s 
[1980] estimate for Jupiter's atmosphere, a• = 0.897 +_ 0.024, 
is significantly different from the solar value, though both are 
high. It is possible that helium depletion has taken place on 
both planets, but the evidence is inconclusive. Thus it appears 
that our measurements are not quite accurate enough to re- 
solve these important questions about the histories of the gi- 
ant planets. 
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