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High-Resolution Microwave Images of Saturn 

An analysis of high-resolution microwave images of Sat- 
urn and Saturn's individual rings is presented. Radio 
interferometric observations of Saturn taken at the Very 
Large Array in New Mexico at wavelengths of 2 and 6 
centimeters reveal interesting new features in both the 
atmosphere and rings. The resulting maps show an in- 
crease in brightness temperature of about 3 K from 
equator to pole at both wavelengths, while the 6-centime- 
ter map shows a bright band at northern mid-latitudes. 
The data are consistent with a radiative transfer model of 
the atmosphere that constrains the well-mixed, fully satu- 
rated, NH3 mixin ratio to be 1.2 x in a region just 
below the NH3 c !? ouds, while the observed bright band 
indicates a 25 percent relative decrease of NH3 in north- 
ern mid-latitudes. Brightness temperatures for the classi- 
cal rings are presented. Ring brightness shows a variation 
with azimuth and is linearly polarized at an average value 
of about 5 percent. The variations in ring polarization 
suggest that at least 20 percent of the ring brightness is 
the result of a single scattering process. 

M ICROWAVE OBSERVATIONS PROVIDE A DIRECT MEANS OF 

sensing the deep atmosphere of Saturn and probing the 
rings of Saturn at a wavelength comparable to individual 

ring particle sizes. Recent Very Large Array (VLA) observations of 
S a m  and Saturn's rings have sufficient spatial resolution and 
sensitivity to detect smail-scale brightness vkiations in both the 
atmosphere and the rings (I). previous microwave interferometer 
observations have been limited in spatial resolution and sensitivity, 
which resmcts the usefulness of the data to fining global brighmess 
models to the disk and rings (2-4). We improve on earlier VLA 
results by using more telescopes, thereby producing unambiguous 
microwave maps of the Saturn system and separating the conmbu- 
tion to the total brighmess from the disk and individual ring 
systems. We directly measure latitudinal brightness variations on the 
disk, azimuthal brighmess variations and polarization in the rings, 
and attenuation of the disk brighmess by the rings. 

We examine the observed a&osphenc brigh6ess variations by 
developing a radiative transfer model for Saturn's atmosphere and 
by showing that the observed variations are largely due to two 
effects: variations in NH3 abundance and temperature profile. 
Because NHs is the major source of opacity, we can show that the 
data are consistent with a model of Saturn's atmosphere in which 
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both NH3 and temperature vary with latitude. In addition to 
showing latitudinal brighmess variations in the atmosphere, the 
high-resolution maps reveal azimuthal variations in ring brighmess. 
Previous observations have shown that ring particles scatter the 
thermal emission of Saturn to Earth and emit little thermal emission 
of their own at centimeter wavelengths (4) .  Thus the azimuthal 
variations in ring brighmess measure the scattering phase function 
of the rings. Finally we present observations of polarized ring 
brightness and relate these to the scattering properties of Saturn's 
rigs.  

Observations and data reduction. We observed Saturn for 2 
days at two wavelength bands using a 50-Mhz bandwidth at two 
adjacent frequencies. Table 1 summarizes the observational pararne- 
ters of the experiment. The data were scaled and rotated to a 
common reference before summing to produce one map at each 
wavelength of 2 and 6 un. W i g  to the length of the observing 
period relative to the rotation rate of Saturn, longitudinal informa- 
tion is smeared in time and only latitudinal variations are observable. 
Radio sources 1519 - 273 and 1657 - 261, which were close to 
Saturn, were used to calibrate phases. Radio source 3C286 served as 
our primary reference calibrator in amplitude and polarization and is 
accurate to within 3% on an absolute flux scale established by Baars 
et al. (5). 

The sensitivity in the maps is limited by noise caused by short 
time-scale terrestrial atmospheric fluctuations and turbulence. We 
are able to reduce this source of noise by applying a technique 
commonly known as self-calibration, which makes use of some a 

Flg. 1. Brighmess map of Saturn at a wavelength of 2 an. The image 
contrast has been stretched in order to flatten the histogram and enhance 
low-contrast f e a m  on the planetary disk and low-brighmess features in the 
rings. 
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Tabk 1. Observation log. Saturn and Saturn's rings were observed at wavelengths of 2 and 6 an over the course of 4 days during 1986. Integration time rep 
resents thc total time spent observing Sanun. The duration of the experiment is longer. Data at each wavelength were rotated and scaled to a common 
reference before adding to produce one map at each wavelength. 

Observation date Frequency 
(GHz) 

Integration Distance 
(hours) (AU) 

Map resolution 

AK scc Rst  

22 June 1986 6.17 4.835. 4.885 5.8 9.069 25.11" 1 

24 June 1986 6.17 4.835, 4.885 5.6 

14 July 1986 2.01 14.915, 14.965 4.6 9.286 25.03" } 1.2 0.151 
30 September 1986 2.01 14.915, 14.965 4.4 10.488 25.55" 

*Sanuniccnmc latitude of the urch. tR, = 60,268 km (equatorial radius). 

Fig. 2. Brighmess map of Saturn at a wavelength of 6 an. The image 
contrast has been stretched in order to Batten the histogram and enhance 
low-contrast features on the planetary disk and low-brightness features in the 
rings. 

priori knowledge of the source brighmess distribution (6). 
The resulting data set of visibilities, which is obtained for all four 

Stokes parameters, is the spatial Fourier transform of the source 
intensity distribution. The observed visibility coverage, however, is 
incomplete, and the direct Fourier transform produces a "dirty map" 
of the source intensity which represents the true intensity convolved 
with the synthesized beam pattern. Deconvolution of the total 
intensity was performed by applying the CLEAN procedure (7). 

The resulting brighmess maps of the total intensity at 2 and 6 cm 
are shown in Figs. 1 and 2. The root-mean-square uncertainty of any 
single pixel in the maps is +0.5 K at 2 cm and + 1.2 K at 6 cm. Maps 
of linear polarized intensity (8),  which are near the signal-to-noise 
threshold of the VLA, cannot be deconvolved by the CLEAN 
algorithm. Figures 3 and 4 show Saturn radio brightness contour 
maps at 2 and 6 cm as well as superimposed linear polarization 
vectors that indicate the percent magnitude and direction of polar- 
ized intensity. 

Brightness temperature of disk and rings. The ring is clearly 
visible on either side of the disk of Saturn as well as in a cusp, due to 
extinction, in front of the southern hemisphere of the planet. For 
comparison with other observations, and in order to determine ring 
optical depths, we can directly fit the brighmess maps to models of 
constant intensity for nine regions on Saturn: the planetary disk, 
four rings, and four cusps (where the rings cross the disk). The 
results of the linear least-squares estimation are shown in Table 2 
along with standard errors based on the goodness of the fit. 
Systematic errors in the absolute flux, which are believed to be less 
than 5%, are not included. Whole disk brightness temperatures of 
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Fia. 3. Briehmess contours and mlarization vectors at a wavelend of 2 an. 
&tours a; 2,3,4,5,6,7,8, lb, 30,50,70,90,110,130, l g a n d  138 K 
&re 2.7 K correction for microwave background. Average polarization 
vector is 5%, and maximum polarization is 19%. The Ned circle represents 
the 1.2-arc sec resolution of the beam. 

140.4 K at 2.01 cm and 176.7 K at 6.17 cm agree with previous 
observations at similar wavelengths (3). 

In determining the brightness temperature of the atmosphere we 
have corrected for the contrast between the atmosphere and the 
microwave background by adding 2.7 K to the measured atmo- 
spheric brighmess temperature. Such a correction factor is not 
necessary for the rings, which are conservative scatters and, unlike 
the atmosphere, scatter the microwave background radiation into 
the beam of the telescope. 

Vectors in Figs. 3 and 4 indicate the percent magnitude and 
direction of linearly polarized intensity. The vectors show an 
intensity component on the rings that is linearly polarized in a 
direction perpendicular to the plane of scattering and increases 
toward the ring ansae. The average polarized brightness is 5% + 1% 
of the total ring brightness at both wavelengths while the peak is 
about 19% at 2 cm and 20% at 6 cm. 

The 6-cm maps of Figs. 2 and 4 reveal a band of increased 
brightness in northern mid-latitudes, in contrast to Figs. 1 and 3 
which show no such variation at 2 cm. The high-resolution maps 
can be used to extract variations in brightness as a function of 
latitude. Figure 5 shows the variation of atmosphere brightness as a 
function of planetographic latitude at both wavelengths for a region 
within one beam width of the sub-earth meridian. A hot band 
extends from about +20° to +50° in the 6-cm data. This warm band 
is not visible in the 2-an data. In addition, a slight equator-to-pole 
wanning is observed at both wavelengths in Fig. 5. 

Atmospheric model. The brighmess of Saturn and the hot band 
at northern mid-latitudes can best be understood by comparing 
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Fig. 4. Brightness contours and polarization vectors at a wavelength of 6 cm. 
Contours at 3,5,7,9,  11,20,50,80, 110,140, 170, 180, and 185 K before 
2.7 K correction for microwave background. Average polarization vector is 
5%, and maximum polarization is 20%. The filled circle represents the 1.2- 
arc sec resolution of the beam. 

observations with theoretical radiative transfer models of the atmo- 
sphere (3, 9). The brightness temperature, TB, at a fixed wavelength 
of an observed region in the aunosphere with direction cosine (L 

relative to the local normal is 

TB((L) = h T ( T ) & - ~ " ) ~ T / ~  (1) 

in the Rayleigh-Jeans limit, where the normal optical depth ~ ( z )  at a 
height z in the aunosphere is 

~ ( z )  = cx(zl)dzf (2) 

and a (z t )  is the absorption coefficient at height z '  at the observa- 
tional wavelength. Our model calculations integrate Eq. 1 subject to 
constraints on atmospheric composition, atmospheric temperature 
profile, and microwave absorption coefficient. 

The model atmosphere consists of H2, He, CH4, and NH3. The 
H2, He, and CH4 are uniformly mixed throughout the atmosphere 
with molar mixing ratios of 0.963, 0.033, and 0.004 (10). We 
assume NH3 to b'saturated in the upper atmosphere (11), and we 
adjust its uniform mixing ratio in the lower atmosphere to agree 
with our observations. The temperature-pressure profile in the 
upper atmosphere is obtained from voyager radio occultation data 
(11). A wet adiabatic gradient is used to extrapolate to greater 
depths. In the absence of condensibles, a dry adiabat is used. 

  he model microwave absor~tion coefficient includes three maior 
sources of opacity: NH3 inversion bands, NH3 rotation bands, and 
Hz  collision-induced dipole rotation bands (12). Other potential 
sources of opacity such as collision-induced dipole CH4, clouds of 
H 2 0  and NH3, ionosphere, and thermal ionization deep in the 
atmosphere are negligible. The primary sources of opacity in the 
atmosphere are the inversion bands of NH3 centered near 1.3 cm. 
The ]Ben Reuven absorption profile has successfully been used to 
model the pressure-broadened NH3 lines of the giant planets, and 
we use it in our model as well (3, 13). 

The details of the atmospheric model are illustrated in Fig. 6, 
which shows the temperature profile, NH3 abundance, and weight- 
ing functions at both wavelengths. We compute the brightness of 
each point on the model image by integrating Eq. 1 along ellipsoidal 
shells of the atmosphere carefully accounting for the variation of 
gravity with latitude. The resulting model image is convolved by a 
gaussian comparable to the gaussian beam shape in the data maps. 
We tested the model brightness for sensitivity to variations in the 
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Flg. 5. Brightness temperature as a function of latitude for data at both 
wavelengths, as well as two models at each wavelength. Root-mean-square 
uncertainties of the data are 0.5 K at 2 cm and 1.2 K at 6 cm. The models are 
based on uniformly mixed, fully saturated NH3 and differ only in their NH3 
mixing ratio below the cloud deck. The change produces little difference at 2 
cm but can explain the variation in 6-cm brightness. Both data sets exhibit an 
equator-to-pole increase in brightness that is not predicted by the model. 

Table 2. Whole-disk and ring model fit results. A model consisting of nine 
regions of constant flux was fit to the data maps by means of a least-squares 
technique. Standard errors of the values are given. Systematic errors are less 
than 5%. The disk brightness applies only to the Northern hemisphere since 
the Southern hemisphere is largely occulted by the rings. Large errors on the 
A cusp and Cd cusp are due to the large ring opening angle and limited area 
occulted by these regions. 

Com- 
ponent 

Brightness temperature (K) 

Disk 

A ring 
Cd ring 
B ring 
C ring 

A cusp 
Cd cusp 
B cusp 
C cusp 

abundance of He, CH4, H 2 0 ,  and ortho-para hydrogen ratios. In all 
cases, the model is insensitive to variations in these parameters and is 
dominated by the NH3 abundance and temperature profile. Indeed, 
the greatest uncertainty in the model is attributable to the estimate 
of the NH3 absorption coefficient at pressures and temperatures 
applicable to Saturn. 

The data at both wavelengths are consistent with a model that 
contains a uniform NH3 global mixing ratio of 1.22;:: X 

where we have only included the 5% uncertainty in the absolute 
calibration of the data. Recent laboratory measurements that claim 
that the Ben Reuven absorption profile may be too great by as much 
as 40% (14) may change our absolute determination of NH3 
abundance, but do not fimdamentally change our conclusions, 
which rely on relative variations in NH3. 

Figure 5 shows the results of the model calculations for two 
concentrations of NH3 superimposed on the observational data. The 
two different concentrations of NH3 produce distinct variations in 
brightness at 6 cm, however, the two curves at 2 cm are indistin- 
guishable. This can best be understood by considering the weight- 
ing functions of Fig. 6, which illustrate that observations at 2 cm, 
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near the center of the NH3 band, are most sensitive to the 
temperature just above the saturation point, while observations at 6 
cm probe below the NH3 saturation point. As a result, the 2-cm data 
appear to be consistent with fully saturated NH3 and are not 
sensitive to variations in NH3 abundance below the saturation 
point. In fact, the good agreement between the model and data at 2 
cm serves as an independent test of the Baars et al ,  absolute flux scale 
(5). On the other hand, the 6-cm data are most sensitive to 
variations in NH3 below the saturation point. Thus variations in 
brightness observed at 6 cm and not at 2 cm must be directly related 
to variations in NH3 abundance, while brightness variations ob- 
served at both wavelengths are the result of changes in kinetic 
temperature. In this respect, the bright zone at northern mid- 
latitudes is a region of NH3 depletion, relative to the global 
distribution. In the context of our model, this corresponds to a 25% 
decrease in the NH3 mixing ratio to a value of 0.9 x 

The data do not rule out the possibility that the hot band is caused 
by a meridional temperature variation of 8 K at deep levels. 
However, the difficulties of sustaining a large temperature deviation 
in the presence of convection argues against this explanation. 
Furthermore, Voyager spacecraft observations support the conclu- 
sion that the hot band at northern mid-latitudes is a region of 
decreased opacity. Inversion of infrared spectra shows a region of 
increased brightness at a level of 0.73 bar in northern mid-latitudes 
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Fig. 6. Vertical profile of the model atmosphere. Solid line is the tempera- 
ture profile extrapolation with a wet adiabat. Other lines include NH3 
mixing ratio and normalized weighting functions (WF) at 2 cm and 6 cm. 
Circles are the NH3 saturation abundance as measured by the Voyager Radio 
Occultation experiment (1 1). 

Table 3. Normal ring optical depths and differential optical depths. These 
values are derived from Table 2 and the assumption of a many-particle-thick 
ring layer. Standard errors of the values are given. The large optical depths 
may be systematically underestimated by as much as 5%. The meaningless 
negative differential optical depth of the Cassini Division (Cd) has not been 
included. 

Component 7[2.01 cm] ~ [6 .17  cm] A7*/7[2.01 cm] 

A ring 0.91 r 0.33 0.49 r 0.09 0.46 
Cd ring 0.17 + 0.07 0.23 ? 0.06 - 
B ring 1.26 r 0.12 1.10 r 0.07 0.13 
C ring 0.15 ? 0.01 0.06 + 0.01 0.62 

(15) that is surprisingly similar in shape and position to the hot band 
observed at 6 cm. The infrared measurements suggest that the far 
infrared particulate opacity must be a minimum at these latitudes 
(16). One possible explanation for the similarity is that the same 
vertical motions that reduce infrared opacity at 0.73 bar extend deep 
into the atmosphere and are responsible for NH3 clearing below the 
clouds. 

Both wavelengths exhibit a similar 3 K increase in brightness 
relative to the model from equator to pole. The equator-to-pole 
brightening is most convincing at 2 cm, a wavelength that is most 
sensitive to the temperature at the NH3 condensation point. This 
brightness increase is most likely caused by an increase in kinetic 
temperature along constant pressure surfaces. The strong similarity 
of the equator-to-pole temperature increase at the two wavelengths 
argues against an explanation involving NH3 absorption alone. 

One possible mechanism for producing a meridional temperature 
gradient may be the latitudinal variation of ortho-para hydrogen. 
The heat released in conversion from ortho to para Hz has been 
estimated to be on the order of 5 K (17), which is consistent with 
the observed temperature increase. 
Ring model. Radiation from the rings arises because of three 

distinguishable physical processes: intrinsic thermal emission (which 
is negligible at our wavelength), emission from the planetary disk of 
Saturn (which is subsequently scattered by the ring particles), and, 
for the region of the rings that occults the disk, emission from the 
planetary disk attenuated by the rings. 

The gross structure of the rings can be understood by examining 
the normal optical depth of the rings. Previous microwave observa- 
tions have determined the normal optical depth, T, at various ring 
opening angles (Z), and we expand on this knowledge by determin- 
ing T at a ring opening angle of B - 25". 

The brightness temperature of the cusp Tc is given by the sum of 
attenuated planetary disk brightness TD and the intrinsic ring 
brightness in front of the cusp TR: 

Tc = TD exp (-.r/sinlBI) + TR (3) 

where B is the ring opening angle. We insert the data of Table 2 into 
Eq. 3 and solve for T to generate the results in Table 3, which also 
shows the normalized optical depth AT/T[~.O~ cm], where AT = 

7[2.01 cm] - ~[6 .17  cm]. 
The greatest source of bias in deriving the normal optical depth 

from Eq. 3 lies in estimating the intrinsic brightness of the ring at 
the cusp, TR, from its value at the ring ansae. These results assume 
that the intrinsic ring brightness at the cusp is equal to a constant 
flux model that is fit to regions at the ring ansae. The data, however, 
show a slightly increased brightness toward the cusp. As a result, 
estimates of TR used in Eq. 3 and derived from Table 2 are low and 
the resulting optical depths in Table 3 are probably low as well. The 
bias is clearly the greatest for the larger optical depths, but in no case 
is it larger than 5%. 
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The extinction of the disk brightness is primarily the result of 
conservative scattering by the ring particles. The normal optical 
depth, as defined by Eq. 3, is a measure of the second moment of the 
particle size distribution for those particles with radius a 2 A/T and 
is directly comparable to the optical depth derived in occultation 
experiments with natural sources (18). With this approximation, the 
fraction h ~ / ~ [ 2 . 0 1  cm] is roughly the fractional projected area of 
particles in the size range 0.6 to 2.0 cm (19). Table 3 can thus be 
interpreted as indicating that the A and C rings contain many 
particles in this size range while the B ring contains a greater 
population of large particles. In contrast, the Cassini Division 
appears to be lacking in centimeter size particles. The similarity of 
the 2-cm optical depths to those obtained at ultraviolet and visible 
wavelengths by the Voyager spacecraft (20) supports the conclusion 
that few particles are smaller than 0.6 cm. This finding confirms the 
results of the Voyager Radio Occultation for the A ring, C ring, and 
Cassini Division (21) and extends the results to the B ring. 

Azimuthal variations in ring brightness can be related to the 
ensemble scattering phase function of the ring particles. Current 
high-resolution observations can be used to test the existing theoret- 
ical models of ring scattering behavior (4). The models suggest that 
the ring should appear brightest at forward scattering angles, in 
front of the planet, and decrease in brightness at larger scattering 
angles. This simple model agrees with the 6-cm map, which shows 
an increased brightening in the forward direction; however, the 2- 
cm map shows no such variation with azimuth and suggests a need 
for more detailed modeling. One prediction of the models is 
observed in the data: the C ring appears nearly as bright as the A 
ring despite the low optical depth of the C ring. This is simply the 
result of Saturn subtending a much larger angle as seen from the C 
ring than as seen from the A ring. 

No current model, however, considers the polarization of the 
scattered radiation from Saturn's rings. Figures 3 and 4 show that 
the total polarized flux has an average amplitude of 5% t 1% and is 
generally oriented perpendicular to the mean scattering plane. Peak 
polarized flux reaches values of 20% at the ansae. The production of 
polarized radiation from the scattering of unpolarized radiation is 
generally a result of single scattering and suggests that at least 20% 
of the scattered emission is the result of a single scattering process. 

The linear polarization is suggestive of Rayleigh scattering but the 
wavelength independence of the polarized flux and the low scatter- 
ing efficiency rules out such a model. The polarized flux is most 
likely due to Fresnel reflection, which is highly polarized perpendic- 
ular to the scattering plane (22). Additional modeling is required to 
understand this phenomenon. 

Future prospects. Despite these high-resolution obsen~ations of 
Saturn, much remains to be learned about both the atmosphere and 
the rings. Observations at additional wavelengths penetrate the 
atmosphere to different depths and may further constrain NH3 
abundance and distribution as well as confirm the existence of other 
sources of microwave opacity. Ring brightness and optical depths 
obtained at different ring opening angles may be used to constrain 
the ring particle size distribution. Additional electromagnetic scat- 
tering models need to be developed in order to understand current 
observations. 

The observations presented in this article represent the ultimate in 
resolution and sensitivity obtainable from Earth-based radio tele- 
scopes. A vast improvement in our knowledge of Saturn's deep 
atmosphere and rings can be obtained from a Saturn-orbiting 
spacecraft instrument observing at radio wavelengths. 
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