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Abstract. The wide spectral coverage and extensive spatial, temporal, and phase-angle mapping capa-

bilities of the Visual Infrared Mapping Spectrometer (VIMS) onboard the Cassini-Huygens Orbiter are

producing fundamental new insights into the nature of the atmospheres of Saturn and Titan. For both

bodies, VIMS maps over time and solar phase angles provide information for a multitude of atmospheric

constituents and aerosol layers, providing new insights into atmospheric structure and dynamical and

chemical processes. For Saturn, salient early results include evidence for phosphine depletion in relatively

dark and less cloudy belts at temperate and mid-latitudes compared to the relatively bright and cloudier

Equatorial Region, consistent with traditional theories of belts being regions of relative downwelling.

Additional Saturn results include (1) the mapping of enhanced trace gas absorptions at the south pole, and

(2) the first high phase-angle, high-spatial-resolution imagery of CH4 fluorescence. An additional funda-

mental new result is the first nighttime near-infrared mapping of Saturn, clearly showing discrete mete-

orological features relatively deep in the atmosphere beneath the planet’s sunlit haze and cloud layers, thus

revealing a new dynamical regime at depth where vertical dynamics is relatively more important than zonal

dynamics in determining cloud morphology. Zonal wind measurements at deeper levels than previously

available are achieved by tracking these features over multiple days, thereby providing measurements of

zonal wind shears within Saturn’s troposphere when compared to cloudtop movements measured in

reflected sunlight. For Titan, initial results include (1) the first detection and mapping of thermal emission

spectra of CO, CO2, and CH3D on Titan’s nightside limb, (2) the mapping of CH4 fluorescence over the

dayside bright limb, extending to ~750 km altitude, (3) wind measurements of ~0.5 ms)1, favoring pro-

grade, from the movement of a persistent (multiple months) south polar cloud near 88� S latitude, and (4)

the imaging of two transient mid-southern-latitude cloud features.

1. Introduction

We report here initial results for the atmospheres of Saturn and Titan from
observations by the Visual Infrared Mapping Spectrometer (VIMS) onboard
the Cassini orbiter. VIMS is a multi-channel mapping spectrometer, which
simultaneously acquires 352 bandpasses ranging from 0.35 to 5:1 lm (cf.
Brown et al., 2004). The visible spectral range is mapped with the visual
channel of the instrument, and is comprised of 96 contiguous bandpasses
from 0.35 to 1:0 lm, with a spectral sampling interval of 0:006lm. The near-
infrared channel maps 256 contiguous bandpasses from 0.85 to 5:1 lm, with a
spectral sampling interval of 0.016 lm. Spatially, these two channels each
typically map a scene up to 32 mrad by 32 mrad across using internal mir-
rors. The visual channel maps one dimension along the columns of its two-
dimensional CCD array (with spectra being acquired along the rows).
The second spatial dimension is acquired with an internal mirror. The
near-infrared channel is effectively a single-element, 256-channel spectrom-
eter, which then maps spatially in two dimensions using two orthogonally
directed mirrors. Both channels nominally produce spectral images with an
IFOV (internal field-of-view) of 0.5 mrad by 0.5 mrad.

The integration time of the near-infrared channel is user-specified over a
typical range of 20 to 1000 ms. Typically, the integration time of the visual
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channel is coordinated with the near-IR channel, so that both observations
are completed nearly simultaneously.

To achieve various science objectives for Saturn and Titan, several
observational modes are possible (cf. Baines et al., 1992; Brown et al., 2005).
For example, in the near-IR channel, narrowing the image size to 2 · 2 pixels
and short integration times (e.g., 20 ms), stellar occultations can be effec-
tively observed. Solar occultations can be observed as well in the near-IR
through a solar port specifically designed for that purpose.

By far, nadir imaging is the primary mode of operation, encompassing
more than 98% of the observing time for Saturn and Titan. Spectral mapping
of Saturn and Titan can be obtained on both the day and night sides, with the
integration times adjusted appropriately to enhance signal-to-noise without
over saturating the detector. The wide spectral range enables simultaneous
observations of a wide variety of atmospheric species, in both absorption of
sunlight and in emission. The nature of hazes and cloud structures and the
microphysical properties of aerosols within them can be deduced from the
wavelength-dependent behavior of aerosol layers observed in sunlight over a
variety of observing and solar incidence angles. For Saturn, valuable addi-
tional information on cloud and haze opacities and microphysical properties
comes from 5-lm observations of the extinction of upwelling thermal radi-
ation generated at depth. Repeated observations of cloud features over time
provide measurements of dynamics, while measurements over phase angle
provide constraints on particle phase functions.

In this paper we present initial results of nadir observations of Saturn and
Titan, focusing on observations made with the near-IR channel. We present
initial results from observations obtained with a variety of flux sources,
including solar illumination observations, thermal emission maps and spec-
tra, and CH4 fluorescence.

2. Results

2.1. SPECTRA

As observed by VIMS, both Saturn and Titan exhibit rich near-infrared
spectra (cf. Figure 1). Shortward of 4 lm, CH4 is the dominant atmospheric
absorber. Saturn has significant additional gaseous absorption due to
ammonia and hydrogen, the latter dominating the 2.0–2.2 lm region with its
strong 1–0 band pressure-induced absorption features. Near 5 lm, none of
these prevalent gases effectively absorb, leaving a spectral emission win-
dow where radiant heat generated at depth can escape. As this internally
generated upwelling flux encounters phosphine (PH3), germane (GeH4),
carbon monoxide (CO), and deuterated methane (CH3D) water, some of the
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Figure 1. Near-IR atmospheric absorption spectra of Saturn and Titan, 1.0– 5:0lm. Panel (a)

Full spectra of Saturn (right I/F scale) and Titan (left scale). The Titan spectrum (CM
1477516605), obtained on October 26, 2004, is a medium-spatial-resolution (~55 km IFOV)
high-phase-angle observation (166.7�) and is thus a long pathlength, pure spectrum of

atmospheric absorption, uncontaminated by surface reflectance. Methane is the chief absorber
on both Saturn and Titan. For Saturn, absorptions due to hydrogen, ammonia, and phosphine
are also important. For Titan, CO absorptions are present near 4:7 lm. Panel (b) Near-IR

spectra from 3.8 to 4:8lm. Specific P branch lines for CH4 2m4 are depicted near 4:1 lm. The P
and R branches of CO are clearly seen on Titan near 4:7lm. The m2 feature of CH3D is seen
near 4:55lm in both Saturn and Titan. Absorptions due to disequlibrium species phosphine,
germane, and CO are seen near 5 lm. The Saturn spectrum is from VIMS observation CM

1465898991, taken on June 14, 2004, at a phase angle of 67.1� at a range of 9.97 million km
from Saturn’s clouds. The long integration times (160 ms) ensure a high S/N greater than
400:1 throughout the bulk of the spectra.

122 K. H. BAINES ET AL.



flux is absorbed, producing spectral features which thus reveal the presence of
these trace species. The first three are disequilibrium species, meaning they
are intrinsically short-lived in the planet’s upper troposphere and strato-
sphere. Their presence indicates upwelling of material from below, from at
least as deep as their formation range near 1000 km depth (e.g., Lewis and
Fegley, 1984; Fegley and Prinn, 1985). Phosphine absorption is also observed
near 2:95lm on Saturn, as recently measured in the laboratory by Butler
et al. (2005). CH3D is an indicator of Saturn’s origin. When compared with
the abundance of CH4, the derived D/H ratio is a key constraint on the origin
of material which formed Saturn (e.g., comets falling in from the Kuiper Belt
region). On Titan, additional absorptions near 4:65lm are due to atmo-
spheric carbon monoxide (CO), for which the envelope of both the P and R
branches can be clearly seen. Near 4lm, both the planet and its moon show a
host of individual spectral features from the 2m4 P branch of methane.

2.2. SATURN CLOUDS

VIMS images confirm the well-known zonal morphology of Saturn’s cloud
systems (cf. Figure 2). The most apparent clouds cover a broad (>20� of
latitude) region surrounding the equator. These clouds extend to higher
altitudes than others, as evidenced by their bright appearance in deep pres-
sure-induced hydrogen and CH4 absorption bands (e.g., 2:12 lm H2

absorption image, Panel (a) of Figure 2). Another zonal feature is at 50� S
latitude, and either lies deeper than the Equatorial Region (ER), or is com-
prised of substantially less 2.12-lm reflective material. However, a near-
continuum image at 1:59 lm (b), indicates nearly uniform reflectivity across
the disk, and strongly suggests that the inherent reflectivity of cloud material
at 2:12lm should be uniform as well. Thus, the spatial variability seen in the
H2 absorption band at 2:12lm (and, indeed, at other absorbing wavelengths)
is primarily due to variations in the vertical distribution of cloud material. In
particular, this variability is largely due to variations in the altitudes of the
tops of the highest clouds.

The morphology of clouds at 5 lm is distinctly different (cf. Figure 2(c)).
Here, the dominant lighting is from internally generated thermal emission,
not the Sun. Indeed, the nightside of Saturn is shown on the left-hand side of
the disk in this image, and is nearly as bright as the dayside on the right. As
first recognized in ground-based dayside observations of Yanamandra-Fisher
et al. (2001), instead of a gross axisymmetric structure of latitudinally
varying brightness, the atmosphere viewed at 5 lm appears quite uniformly
sprinkled with light and dark spots. This different morphology is particularly
apparent in the color composite (Figure 2(d)), which shows little correlation
of the 5-lm flux with the axisymmetric bands of flux seen in reflected sunlight
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at 2:12lm and other H2 and CH2 absorption wavelengths. As we show
below, these ‘‘cold’’ and ‘‘hot’’ spots are not thermal structures per se, but
instead represent thick and thin clouds, respectively, which attenuate the
upwelling 5-lm thermal emission to varying degrees. What this image indi-
cates then is that at an atmospheric depth unobservable in sunlight, the
clouds take on a discrete character, distinctly different from the canonical
axisymmetric appearance of Saturn’s sunlit clouds. The localized nature of
these clouds suggests that vertical transport is more important in determining
cloud morphology at these depths than at higher altitudes, perhaps causing
cloud formation there via convection and/or vertical wave processes. The
depth of this lower layer of discrete clouds is yet unconstrained. Likely
possibilities include the bottom of the ammonia cloud layer near 1.3 bars,
and the NH4SH cloud layer near 4.2 bars, as predicted from ~7 times

Figure 2. Saturn cloud morphology from near-IR maps. VIMS image cube CM1469259344

was acquired July 23, 2004, from 6.48 million km at a phase angle of 90.3�. The spacecraft is
positioned over the morning terminator, with the sun to the right. Southern summer is seen,
with the SPR completely sunlit. Panel (a) A broad band of equatorial clouds is relatively

bright in 2.12-lm H2 absorption, indicating a relatively high cloud altitude compared to
clouds elsewhere. In contrast, at the 1:59lm continuum wavelength (Panel b), the more
constant brightness of Saturn across the disk shows that clouds are present virtually every-

where across Saturn. Panel (c) Observations at 5:1lm show significant longitudinal structure.
Here, clouds are seen as predominantly silhouetted against the thermal glow emanating from
Saturn’s deep, warm atmosphere. Thus, in contrast to images taken in reflected sunlight, here
relatively bright areas are regions of relatively small cloud opacity, while relatively dark areas

show regions of large opacity. The lack of significant organized latitudinal variability in 5-lm
brightness compared to the zonally oriented brightness structures seen in reflected-solar
wavelengths (cf. Panel d) indicates that the overlying solar-reflective zonally oriented clouds

are comprised of relatively small, non-5-lm-attenuating particle.
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enhancement over solar molar fractions of nitrogen and sulfur recently
determined from Cassini/CIRS observations (Flasar et al., 2005a).

For the tops of the sunlit, optically thick axisymmetric clouds, quantita-
tive altitude constraints can be determined from multispectral analysis. The
basic procedure is to use a continuum wavelength – one not affected by
absorption of atmospheric gases – to determine the single-scattering albedo
of a presumably optically thick cloud. Since the atmosphere does not provide
extinction (except perhaps by Rayleigh scattering, which is largely avoided
with our choice of near-infrared wavelengths), the derived single-scattering
albedo is not dependent on cloud altitude. With the derived single-scattering
albedo, the next step is to analyze the brightness observed in a nearby
wavelength which is affected by gas absorption. Using a wavelength where
the vertical distribution of absorbing gas constituents are known (usually
pertaining to a well-mixed constituent such as methane or hydrogen), the
cloudtop brightness can be fit by varying the cloudtop pressure, using the
previously established single-scattering albedo, under the assumption that (1)
the clouds are optically thick, and (2) the cloud particle single-scattering
albedo does not vary over the spectral range between continuum and
absorption wavelengths. In this analysis, the phase function does not sig-
nificantly affect the results, since all the data under analysis were taken
simultaneously under the same lighting and observing conditions. Currently,
we are performing such an analysis, extended to cover more realistic cases
where the cloud opacity is not optically thick.

A limitation of this procedure is that as the cloudtop descends, eventually
the atmospheric extinction is so great that the reflected cloudtop signal is
weakened below the inherent noise level of the observations. At deeper levels,
a weaker absorption wavelength capable of peering deeper into the atmo-
sphere is needed to provide vertical constraints. Fortunately, the large range
of methane and hydrogen absorption coefficients afforded in the near-
infrared provides a means for VIMS to effectively determine cloudtop pres-
sures over an extensive range of altitudes. As shown in Figure 3, in the
absence of overlying clouds, cloudtop altitudes from the high stratosphere
near 1 mbar down below the 10 bar level in the troposphere can be effectively
probed with VIMS. In Figure 3, we show the level in the atmosphere where
an optically thick, completely reflective cloud would be observed as reflecting
back e)1 (0.368) of the incident sunlight impinging the top of the atmosphere,
for a nadir geometry wherein both the sun and observer are directly above
the reflecting cloud. The pressure-induced 1–0 H2 band in the 2.0–2.2 lm
range affords a particularly effective means of constraining cloud distribu-
tions in the 10 mbar to 0.4 bar range, while strong CH4 absorptions at
2.2–2:4lm constrain aerosols at high altitudes up to at least the 5 mbar level.

Thus, VIMS spectral imaging observations spanning a large range of
wavelengths (0.3–5:1 lm) and atmospheric extinction strengths can be used to
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quantitatively determine meaningful constraints on the vertical structure of
features across the planet. The evolution of these structures over several years
can also be quantitatively evaluated. As well, constraints on haze and cloud
phase functions can be assessed from the variety of phase angles sampled
over a wide range of non-gas-absorbing wavelengths by the orbiting Cassini
spacecraft. Such in-depth multi-spectral quantitative analyses of cloud
structures is the subject of ongoing studies and is beyond the scope of this
survey paper. Here, we now present early results on atmospheric structure
derived from the qualitative aspects of the data, including evidence of spatial
variabilities in the abundances of the trace gases, phosphine and ammonia.

2.3. EVIDENCE FOR DEPLETION OF PHOSPHINE IN SOUTHERN BELTS

The dual simultaneous instrumental capabilities of (1) two-dimensional
spatial mapping and (2) extensive spectral coverage, together enable VIMS to

Figure 3. Saturn effective pressure levels from 1– 2:5 lm. The depth at which atmospheric gas

opacity reaches unity for a two-way nadir path is depicted as a function of wavelength. The
depths of cloud and haze layers can be effectively constrained over four orders of magnitude of
pressures in this spectral region. Here, the correlated-K approach (Goody et al. 1989; Lacis

and Oinas 1991) is used to determine the effective CH4 gas opacity, using CH4 absorption
coefficients of Baines et al. (1993) interpolated for the temperature/pressure structure of
Saturn given a CH4 mixing ratio of 0.0045 after Courtin et al. (1984). The pressure-induced
hydrogen absorption near 2lm was calculated using the formalisms of Borysow (1992). The

location of the NH3 cloudbase is from Tomasko et al. (1984). The NH4SH cloud-base is at
4.2 bars, assuming nitrogen and sulfur are enhanced by a factor of seven compared to their
solar elemental abundances, as indicated by recent Cassini/CIRS measurements (Flasar et al.,

2005a).
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efficiently map a variety of atmospheric constituents over the planet. Here
and in the next section we use these capabilities to present evidence that (1)
phosphine is depleted in less cloudy belts relative to the more cloudy ER, and
(2) absorptions by phosphine, ammonia, methane, and hydrogen are all
unusually strong in the South Polar Region (SPR), not inconsistent with the
relatively deep clouds observed there.

As discussed earlier and shown in Figure 1, CH4, H2, NH3, and PH3 all
absorb at VIMS wavelengths. Figure 4 shows the near-infrared spectra for
the ER and the nearby southern temperate belt (STeB). The spectra look
similar in overall shape. The main difference is that the belt absorbs signifi-
cantly more at H2 and CH4 absorption wavelengths, as seen more clearly in
the ratio of these two spectra shown in Figure 4(c). As noted earlier, such a
behavior in these well-mixed gases can be readily attributed to variations in
cloud structure. In this case, the STeB cloudtops are found to reside at
significantly deeper levels than the ER clouds.

Ammonia also absorbs more in the STeB than in the ER, as indicated in
the enhanced absorption seen near 1:99 lm. This, too, can be explained by
the increased depth of view allowed in the STeB due to the decreased
cloudtop altitude.

Phosphine behaves differently. Contrary to the behavior of methane,
hydrogen, and ammonia, absorption by phosphine is nearly identical in these
two regions. This is readily seen in the ratio spectrum (Figure 4(c)), where the
ratio is flat throughout the phosphine absorption complex from 2.75 to
3:0lm. This difference in behavior strongly indicates that the vertically
averaged PH3 mixing ratio above the cloudtops is significantly less in the
STeB than in the ER. Since PH3 is a disequilibrium species formed at high
temperatures (~1000 K) deep in the atmosphere and readily destroyed in the
cold, observable atmosphere by both cold-temperature chemical and phot-
olytic processes in ~100 days (e.g., Atreya, 1986), this suggests that vertical
transport of PH3 from the interior is significantly less in the STeB than in the
ER. This in turn is strong evidence for enhanced upwelling from depth in the
ER vs a nearby belt.

A similar behavior is seen in the southern polar belt (SPB) located near
56.3� S latitude (cf. Figure 5). Again, enhanced absorptions of the well-mixed
constituents CH4 and H2 are clearly seen in the ratio spectrum (Panel c).
These increased absorption are due to the increased pathlengths caused by (1)
the larger solar incidence and viewing angles for the southern belt (2) and,
perhaps, deeper cloudtops there. However, PH3 absorptions near 2.8 and
4:75lm are not similarly enhanced, thus indicating that phosphine may be
relatively depleted in the southern belt relative to the ER, and thus upwelling
from depth is likely greater in the ER. This behavior of belts vs brighter zones
is not unexpected, as neighboring Jupiter exhibits a similar nature. There,
bright zonal features appear to be regions of relative upwelling, with higher,
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thicker condensation clouds and trace species vapor abundances (such as
ammonia), while darker belts appear to be regions of relative subsidence
(e.g., Ingersoll et al., 1984; Baines et al., 1989).

2.4. EVIDENCE FOR RELATIVE ENHANCEMENT OF ABSORPTIONS

BY PHOSPHINE AND AMMONIA IN THE SPR

In contrast to the relative depletion of phosphine observed in the two belts
discussed above, the SPR shows distinct enhancements in the column
abundance of phosphine. As shown in Figure 6, the spectral ratio of the SPR
relative to the ER shows additional 2.9- lm and 4.7- lm PH3 absorption near
the pole. A similar enhancement occurs for the ammonia absorption at
1:99lm. The spatial extent of these enhancements are depicted in Figure 7.
Here, in the right-hand panels, we show the continuum-to-absorption
brightness ratios for the two phosphine bands and one ammonia band. In all
three cases, this ratio is increased by over 40% southward of approximately
65� S latitude, indicating relative enhancements in column absorptions for
both phosphine and ammonia.

These absorption enhancements appear to be well correlated with cloud
structure, as shown in the color images of Figure 8. Here, blue is used to
depict the continuum-to-absorption brightness ratios, while red and green
denote cloud brightnesses as mapped in the continuum wavelengths at 1.59
and 1:89lm. In the SPR, the cloud brightnesses fade significantly, while the
continuum-to-absorption brightness ratios increase, resulting in a distinctly
bluish coloring to the SPR. The fading of the clouds there may be due to
both a thinning of the cloud opacity as well as the lowering of the cloudtop
to deeper depths. This is suggested by Figure 8(d), where we show only

Figure 4. Spectra of south temperate belt (STeB, observed here at 27.9� S latitude, Panel (a)
and ER (1.5� S latitude, Panel (b)). In addition to CH4 and H2 absorptions, prominent

absorptions due to PH3 near 2.8 and 4.2–4:9 lm are depicted in both the STeB and ER spectra.
The band depths of these PH3 features are comparable in both spectra, as illustrated in the
ratio spectrum (Panel c) showing relatively flat spectral signatures for PH3. On the other hand,

the H2 pressure-induced absorption near 2:1lm, the CH4 absorptions near 3.8–4:0lm, and
the ammonia band absorption near 1:99 lm are all deeper in the STeB spectrum, leaving
marked signatures of these species in the ratio spectrum. The fact that the phosphine
absorption does not similarly increase between the ER and STeB indicates that phosphine may

be relatively depleted in the STeB relative to the ER. Spectra are from VIMS observation
CM1472983590, acquired on September 4, 2004 from a distance of 9.0 million km at a phase
angle of 84.5�. The spectra shown here are from the minimum air mass point at the specified

latitude, at a relative longitude of 42� on the sunlit side, to minimize the aerosol and gas
extinction per km altitude and provide the deepest views of the atmosphere.

b
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cloud properties. Specifically, here we use blue to denote cloudtop altitude
via the reflectivity observed in H2 absorption at 2:08lm. Due to the evi-
dently lower-lying and less-reflective clouds there, the clouds appear a
brownish color, instead of the bright yellows and whites depicted at non-
polar latitudes. This variation in vertical cloud distribution may be
responsible for the enhanced PH3 and NH3 absorptions seen in Panels (a)–
(c). Specifically, the observed enhancements in trace gas absorptions may be
due to the increased air mass sampled above the cloud reflectors in the SPR
and not due to intrinsic variabilities in the relative abundances of trace
constituents there.

Latitudinal profiles of brightness ratios and cloud reflectivities are
shown in Figure 9. Poleward of 60� S latitude, phosphine absorptions
near 2.97 and 4:75lm are enhanced by 30% and 60%, respectively, over
temperate latitudes (solid and dashed curves in Panel (a), showing 2.79/
2.97 and 4.68/ 4:75lm brightness ratios, respectively). The ammonia
absorption is also enhanced, by 45% (Panel (c), showing 1.89/1:99 lm
brightness ratio). These enhancements coincide with changes in the lati-
tudinal cloud structure, as indicated by the sharp polar decrease in
reflectivity observed in the latitudinal profiles of both continuum and H2

absorptions, here represented by the 1.59- lm continuum (Panel d) and
shoulder of the 1–0 S(1) H2 pressure-induced-absorption (2:03 lm in Panel
(e), 2:08lm in Panel f). Thus it is far from certain that the increased
absorptions in the non-uniformly mixed gases phosphine and ammonia
represent polar enhancements in the molar fractions of these substances.
Rather, the increased column abundances and air mass above the deeper
reflecting cloud layers there may explain the enhanced absorptions.
Quantitative modeling is presently underway to definitively evaluate the
mixing ratios of these gases over the visible disk.

Figure 5. Spectra of SPB (56.3� S latitude) and bright ER (1.5� S latitude). As in Figure 4,
compared to the ER (Panel b), the darker belt region (Panel a) exhibits enhanced absorptions

of the well-mixed constituents CH4 and H2 – as clearly shown in the ratio spectrum (Panel c) –
due to increased pathlengths perhaps caused by the deeper cloudtops and larger solar
incidence and viewing angles for the belt. However, absorptions due to PH3 near 2.8 and

4:75lm are not similarly enhanced in the southern belt – as evidenced by the subdued PH3

signature seen in Panel (c) – thus indicating that phosphine may be relatively depleted in the
southern belt relative to the ER. Spectra are from VIMS observation CM1472983590,
acquired on September 4, 2004 from a distance of 9.0 million km at a phase angle of 84.5�. The
spectra shown here are from the minimum air mass point at the specified latitude, at a relative
longitude of 42� on the sunlit side, to mimimize the aerosol and gas extinction per km altitude
and provide the deepest views of the atmosphere.

b
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2.5. SATURN CH4 FLUORESCENCE

Figure 10 shows spatially resolved 3.32 l-m CH4 fluorescence on Saturn,
as first mapped by VIMS. CH4 fluorescence is created by the non-LTE
scattering of solar light absorbed by methane within one of its vibrational
levels and re-emitted before collisional damping can occur. Disk-integrated
fluorescence has been previously observed by ISO/SWS (Drossart et al.,
1999). Since the relevant weighting functions are phase-angle dependent,
views over a variety of phase angles unavailable from Earth – such as
the view in Figure 10 at 85� phase – enable increased accuracy in the
determinations of mesospheric CH4 abundances and the eddy diffusion
coefficient near the homopause. VIMS is the first instrument to spatially
map this fluorescence. It can thus determine the eddy diffusion coefficient
over latitude, thereby further illuminating dynamical processes in the upper
mesosphere. A detailed analysis of such images is presently underway for
publication in the near future.

2.6. SATURN BACKLIT CLOUDS AT 5lM

At 5 lm, Saturn’s clouds are predominantly backlit, as demonstrated in
Figure 11 which simultaneously shows both the day and night sides of the
planet. In this image at 87� phase angle, the dayside and nightside differ by
less than a factor of two. This is particularly evident in the longitudinal
profile plot (Panel d) at 46� S latitude, where the central meridian crosses the
terminator, so that the nightside and dayside each occupy half the profile.
Reflecting the nightside half of the profile over the central meridian onto the
dayside, we see that the sunlit brightness exceeds the nightside brightness by
about half the nighttime flux. Thus, at this phase angle, roughly 2/3 of the
observed 5-lm daytime flux comes from thermal radiation, while 1/3 comes
from reflected sunlight.

Figure 6. Saturn spectra: The SPR (83.2� S latitude, Panel (a) vs the ER (5.0� S latitude, Panel
(b)). Prominent PH3 absorptions are distinctly different in the two spectra, as shown in the

ratio spectrum of the SPR spectrum divided by the ER spectrum (Panel c). Here, the enhanced
phosphine absorption in the polar region is seen as a mimicking of the polar spectrum itself at
both 2.8 and 4:7 lm. This spectral behavior is in distinct contrast to the nearly flat ratio across

these spectral features obtained for both the 27.9� S latitude STeB and the 56� south latititude
SPB, ratioed to the bright ER shown in Panel (c) of both Figures 4 and 5. Spectra are from
VIMS observation CM1472983590, acquired on September 4, 2004 from a distance of
9.0 million km at a phase angle of 84.5�. The spectra shown here are from the point of

minimum air mass at the specified latitude, at a relative longitude of 42� on the sunlit side, to
minimize the aerosol and gas extinction per km altitude and provide the deepest views of the
atmosphere.

b
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We find that the point-to-point spatial variability in nightside flux comes
predominantly from variations in cloud transmissivity/opacity, not local
temperature. Figure 11(c) depicts a longitudinal profile at 8� S latitude,
showing peak/minimum flux ratios greater than two over small spatial
scales less than 5000 km. This corresponds to an extinction in tropospheric
cloud opacity of ~0.8, quite plausible given the opacity variations observed

Figure 7. Maps of enhanced phosphine and ammonia absorption in the SPR. Ratios of

continuum to absorption brightnesses are shown for two phosphine absorption regions (rows
a and b) and an ammonia absorption (row c). Contrast in strong phosphine-absorbing
wavelength of 2:97 lm is significantly greater than in the pseudo-continuum wavelength,
2:79lm (row a). The brightness ratio I/F2.79/I/F2.97 is enhanced by more than 20% in the

SPRs south of 70� S latitude vs equatorial and temperate latitudes. The contrast enhancement
in the PH3, GeH4, CO, CH3D complex at 4:75 lm is greater, with a ~40% increase in the
I/F4.68/I/F4.75 brightness ratio (row b) in the polar region. For ammonia, contrast enhance-

ment at the south pole is also observed (row c), for the I/F1.89/I/F1.99 brightness ratio (bottom
row). Images are from VIMS observation CM1472983590, acquired on September 4, 2004
from a distance of 9.0 million km at a phase angle of 84.5�.
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at 5-lm in Saturn’s neighbor, Jupiter (e.g., Ortiz et al., 1998). Alternatively,
ascribing this factor-of-two variability in flux to temperature variations
leads to 50 K spatial variability on 5000-km scales. This is more than an
order of magnitude greater than the observed mean equator-to-pole vari-
ability seen in our images, and certainly not dynamically consistent with the
steady, axisymmetric, zonal winds measured over the decades in sunlit
tracked features (e.g., Smith et al., 1981, 1982; Ingersoll et al., 1984; San-
chez-Lavega et al., 1999), nor by these thermally lit features themselves, as
we now discuss.

Figure 8. South polar enhancements of phosphine and ammonia absorptions compared with
cloud variability. In each color image, cloud reflection in two pseudo-continuum, essentially

non-absorbing wavelengths, 1:59 lm and 1:88 lm, are depicted by red and green, respectively.
Trace gas absorption strengths, represented as brightness ratios of pseudo-continuum-to-
absorption fluxes as in Figure 7, are depicted as blue in Panels (a)–(c) (Panel a: 2.79/2:97 lm;

Panel (b) 4.68/4:75lm; Panel (c) 1.88/1:99 lm). In each case, polar enhancement is seen as a
distinct bluish haze. The relative lack of red and green there indicates a correlated decrease in
cloud reflectivity, as emphasized in Panel (d), where blue is represented as an H2 absorption

wavelength, 2:08lm. South polar clouds appear a dark brownish color, instead of the bright
yellows and whites depicted at non-polar latitudes, indicating less reflective, relatively low-
lying clouds there. This variation in vertical cloud distribution may be responsible for the
enhanced PH3 and NH3 absorptions seen in Panels (a)–(c).
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2.7. SATURN WINDS FROM TRACKING OF BACKLIT CLOUDS

Thermally backlit clouds are particularly useful for measuring Saturn’s
windfield. Due to (1) their localized, discrete nature (as contrasted to the
zonally homogeneous appearance of clouds viewed only in reflected sunlight),
(2) their ready identification on both dayside and nightside images, (3) their

Figure 9. Latitudinal profiles of phosphine and ammonia absorption brightness ratios and
cloud reflectivities. Absorptions by these two non-uniformly mixed trace species are enhanced

poleward of ~65� S latitude. Phosphine absorptions near 2:97 lm (Panel (a), showing 2.79/
2:97lm brightness ratio) and 4:75 lm (Panel (b), showing 4.68/4:75 lm brightness ratio) are
enhanced by >30% and >60%, respectively, at the pole compared to temperate latitudes. The
ammonia absorption is enhanced by ~50% (Panel (c), showing 1.89/1:99lm brightness ratio).

These enhancements coincide with changes in the latitudinal cloud structure, as indicated by
the sharp polar decrease in reflectivity observed in the latitudinal profiles of both continuum
and H2 absorptions, here represented by the 1.59-lm continuum (Panel d), and 2.03-lm
shoulder and 2.08-lm near-peak of the 1–0 S(1) H2 pressure-induced-absorption (Panels e and
f, respectively).
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persistence over many days, and (4) the relatively low altitude of cloud
extinction, these features offer a unique and accurate means to measure winds
at depths deeper than measured heretofore. In Figure 12, we show images
acquired each (Earth) day for 5 days. The persistence of spots can be seen, as
demonstrated by the two bright features (arrows), which represent clearings
between persistent cloud features.

Preliminary measurements of such features indicate zonal windspeeds
of ~390±50 m s)1 at 8� S latitude in the ER. This is consistent with past
Voyager measurements of winds in the ER by Smith et al., 1982 and Ingersoll
et al. (1984), but inconsistent with the more recent wind measurements
of ~270 m s)1 obtained by Sanchez-Lavega et al. (1999). Since these mea-
surements are at a deeper depth than previously reported, any differences

Figure 10. Methane fluorescence on Saturn. Brighter pixels concentrated at the limb show

relatively strong fluorescence, due to the increased pathlengths per pixel there due to near-
optimal observational and solar incidence angles. Image is from VIMS observation
CM1472983590, acquired on September 4, 2004 from a distance of 9.0 million km at a phase

angle of 84.5�. Integration time is 240 ms.
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between our measurements and others – all of which were taken with
reflected sunlight near the cloudtops – may be due to vertical shear in the
zonal windfield. To refine our analysis, we are continuing to analyze Saturn’s
windfield with newer data acquired at higher spatial resolution. As well,
center-to-limb observations obtained in subsequent orbits will enable the

Figure 11. Contrasting views of Saturn, in reflected sunlight at 2:07lm (Panel a) and illu-

minated by Saturn’s thermal flux at 5:11lm (Panel b). Zonal features are prominent in
reflected sunlight, while localized, discrete cloud features dominate the 5-lm scene. Sil-
houetted against Saturn’s 5-lm bright thermal radiation upwelling from depth, thick clouds
are seen as relatively dark features (Panel b). Across the disk, point-to-point contrasts

exceeding 80% are observed (see longitudinal profile for 8� S latitude, Panel c), indicating
significant spatial variability in cloud opacity. On the dayside of this 5-lm image, reflected
sunlight provides significant additional flux, as depicted in the lower right part of this 90�
phase image and quantitatively in Panel d. Here, the nighttime flux at 46� S latitude is
shown reflected over the terminator onto the dayside. About 1/3 of the daylight 5-lm flux is
due to reflected sunlight. Images from VIMS observation CM1472983590, acquired Sep-

tember 5, 2004 from a distance of 8.936 million km at a phase angle of 84.5�. The IFOV at
the center-of-disk is 4500 km.
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detailed analysis of features necessary to better determine the altitude of our
measurements. We also continue to look for discrete sunlit features that can
be used to measure winds at higher altitudes, thus enabling a direct deter-
mination of vertical windshears. Another goal of such observations is to
measure long-term temporal variabilities from direct comparison of new
cloudtop winds measurements to previous Voyager and groundbased results.

2.8. TITAN CLOUD-TRACKED WINDS

As predicted (e.g., Baines et al., 1992), VIMS is able to pierce through Titan’s
ubiquitous haze layer to obtain for the first time clear, high-resolution,

Figure 12. Saturn backlit-cloud tracking at 5lm. Five images acquired over five (Earth) days
are shown. At 8� S latitude, two bright features, representing cloud clearings (arrows), persist

for the entire period, enabling effective measurements of the zonal wind. Images acquired
from approximately 8.97 million km at a phase angle near 85�. Specific images and times are:
(1) CM 1472684295 obtained 23:32, August 31, 2004 from 9.002 million km altitude above the
1-bar level at 85.5� phase, (2) CM 1472724707, 09:47 September 1, 2004 from 8.96 million km

altitude, 85.4� phase, (3) CM 1472798836, 06:23 September 2, 1004, 8.981 million km altitude,
85.1� phase, (4) CM 1472946168, 23:27 September 4, 2004, 8.946 million km altitude, 84.7�
phase, and (5) CM 1472983590, 09:41 September 5, 2004, 8.936 million km altitude, 84.5�
phase angle.

139THE ATMOSPHERES OF SATURN AND TITAN



multi-filter images of Titan’s surface and lower atmospheric clouds –
including any surface fogs and cryovolcanic plumes. Indeed, the first VIMS
observation at better than 2 km resolution revealed the presence of an
unusual morphological feature on the planet’s surface, suggested to be a
cryovolcano (Sotin et al., 2005). The ability of VIMS to peer through the
high-altitude mists of Titan is demonstrated in Figure 13. Due principally to
the small size of Titan’s haze particles (cf. Toon et al., 1992; Baines et al.,
1992), aerosol extinction falls dramatically between 1 and 2 lm, thus enabling
progressively sharper imaging of the surface over this spectral range. Such
surface and deep-atmosphere imaging is possible only in discrete spectral
‘‘windows’’ in the near-infrared, where atmospheric absorption due to CH4

gas is low. As shown in Figure 1, such near-infrared windows are located at

Figure 13. Clearing of Titan’s atmosphere in the near-IR. Maps simultaneously acquired at
1.0, 1.3, 1.6, 2.0, 2.7 and 5:0lm clearly show the dramatic improvement in surface visibility
afforded in the near-infrared beyond 1:0lm in non-methane-absorbing spectroscopic win-

dows. VIMS observation CM 1477491859 was obtained October 26, 2004 from 0.0285 million
km, corresponding to a VIMS IFOV of 14.3 km/pixel. Obtained at a low phase angle (13.7�), a
small integration time (40 ms/pixel) was used to reduce smear due to spacecraft motions, thus

ensuring preservation of the inherent IFOV-determined resolution. Images in the 2.7- and 5.0-
lm windows are significantly noisier than the 2.0- lm image due to the relatively low levels of
2.7- lm surface reflectivity and 5- lm solar flux.
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1.0,1.3, 1.6, 2.0, 2.7, and 5:0 lm. The 5-lm window is somewhat limited by
poor signal-to-noise due to both the diminishing throughput of the VIMS
instrument as well as the diminishing solar flux. However, this can be miti-
gated by (1) longer integration times or (2) co-adding of signal over adjacent
wavelengths. The poor signal-to-noise observed in the 2:7 lm window is
primarily due to the low reflectivity of the surface.

During Cassini’s first encounter with Titan on July 2, 2004, four cloud
features were observed in the SPR. As depicted in Figure 14, the most
prominent cloud was observed near 88� S latitude, and was approximately

Figure 14. Titan clouds. Panel (a) South polar clouds on Titan observed on Cassini’s first

encounter with Titan, July 2, 2004 from a distance of 377.5 thousand km and a phase angle of
85.9� (VIMS observation CM1467473147), with the spacecraft located almost directly over the
south pole. Four clouds are readily apparent at 2:01lm (red) and 2:81 lm (green). The most

prominent, poleward cloud at 88� S latitude is apparent in all of these false-color images,
including a CH4-absorbing wavelength near 2:13 lm (blue). Panel b: Titan cloud variability.
Maps of the same face of Titan obtained 7 weeks apart show different distributions of clouds

at southern mid-latitudes. The left image is from observation CM1477461989, obtained
October 26, 2004 from 0.183 million km, at a phase angle of 13.2�. The right hand image was
obtained December 13, 2004 from 0.224 million km at a similar phase angle of 15.0�.
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700 km in diameter. The smaller clouds were all located within 6� of latitude
of the major cloud, and ranged in size from 65 to 170 km in diameter. All
four clouds are visible in the 2.01 and 2:81lm methane windows, shown as
red and green, respectively, in Figure 14, Panel (a). The prominent polar
cloud is also visible at 2:13lm, in CH4 absorption, as shown in the blue
image. Our initial modeling indicates it is located at approximately 30 km
altitude above the surface. This cloud proved observable for 13 h on
Cassini’s first Titan encounter, enabling measurements of a zonal windspeed
of 0.5±3.0 m s)1, slightly favoring a prograde motion, as discussed in Brown
et al. (2005). Movements were also seen in the other three clouds over the
shorter periods of time they were visible. The windspeed measured for the
major polar cloud was consistent with the more poorly determined wind-
speeds (1-sigma uncertainty of about 10 m s1) observed for these other
features.

2.9. TITAN CLOUD VARIABILITY

Evidence of substantial temporal variability in the spatial distributions of
clouds was observed by VIMS between the second and third pass of Titan in
October and December 2004. As shown in Figure 14(b), while clouds persist
over the SPR in both views taken seven weeks apart, two prominent cloud
features not visible in October appeared in the December image near 41� and
58� S latitude. The two clouds cover a comparable range of latitudes,
extending approximately 6.5� or ~290 km. However, unlike the round polar
cloud, these features have a streaked appearance, extending significantly
further zonally than meridionally. The most equatorward cloud is six times
longer in the longitudinal dimension than the latitudinal, while the more
southern cloud is 2.5 times longer. This streaked appearance suggests that the
windfield is predominantly zonal at temperate latitudes and may exhibit
strong vertical and/or latitudinal gradients (shears) in this zonal component.

2.10. TITAN EMISSIONS

Titan glows in its own emissions both day and night, as strikingly shown in
Figure 15. As on Saturn, CH4 fluoresces on Titan’s dayside, as has been
observed from the ground (cf. Kim et al., 2000). In this unique VIMS
view from a phase angle of 109� – at a vantage point nearly above the
terminator – CH4 fluorescence can be directly mapped for some 730 km
above the surface, with a maximum brightness near 350-km altitude. As
with Saturn, we are presently analyzing the variation of such fluorescence
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with phase angle, to better determine latitudinal variations in CH4 abun-
dances at mesospheric levels (~400–600 km altitude) from pole to pole.

As discovered in these first spectral maps of the nightside, Titan glows at
night. Emissions shown in red on the rightside of Figure 15 are produced by
CO, CO2, and CH3D in the 4.2–5.1 m region, as clearly shown in the emis-
sion spectrum (Figure 16). Previous dayside observations by Lellouch et al.
(2003, 2004) demonstrated the existence CO emissions imbedded within the
broader CO absorptions, but their interpretation was complicated by non-
LTE effects prevalent on the dayside. Here, these nightside emissions are

Figure 15. Glowing Titan. Panels (a) and (b) Observation CM1467517212 acquired near 109�
phase angle on July 3, 2004 shows emissions on both the dayside and nightside. Here, the
dayside emission (green on left side of disk) is due to CH4 fluorescence near 3:3 lm; the

nightside emission (right side of disk, red) is near 4:7 lm, and is likely due primarily to CO
emission. Image acquired from 0.621 million km in high-resolution mode, exposure time
400 ms per pixel. Panel (c) High-resolution image of Titan’s limb at high phase angle showing

CH4 fluorescence (3:3 lm, yellow) and underlying surface (at 5:1lm, blue). Dark lane in
fluorescent glow is due to aerosol absorption in a haze layer located at about 350 km altitude.
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Figure 16. 4.7-lm emission spectra from the limb of Titan. Spectra obtained at approximately
300 km altitude (upper spectrum) and near the surface (lower spectrum). Emissions from CO,

CO2, and CH3D are observed. Initial modeling indicates a prominent source region near the
300-km-altitude stratospheric temperaturemaximum (cf. Panel b). ObservationCM1467517212
was obtained near 109� phase angle on July 3, 2004 from a distance of 0.621 million km in
high-resolution mode and 400 ms per pixel integration time.
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primarily thermally induced, emanating largely from the relatively warm
stratosphere near the 300 km altitude level. VIMS observations can be used
relatively straight-forwardly to constrain the abundances of CO2, CO,
and CH3D near the 300-km level, and to look for vertical, latitudinal, and
temporal variability, perhaps induced by sporadic external delivery of water
and other species. These results can also be compared with CIRS results (e.g.,
Flasar et al., 2005b) to provide information on the vertical distribution of
these species. Such work is presently underway.

3. Conclusion

During its first few months in the Saturn system, VIMS atmospheric obser-
vations have provided a wealth of exciting new information about the
structure, composition, chemistry, and dynamics of Saturn and Titan. Future
observations of stellar and solar occultations, increased scrutiny at high
spatial resolution over an extensive range of phase angles, and new polar
views, all promise to provide important further clues on dynamical and
chemical processes taking place within the atmospheres of the outer solar
system.
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