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Titan's Atmospheric Temperatures,
Winds, and Composition
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Temperatures obtained from early Cassini infrared observations of Titan show a
stratopause at an altitude of 310 kilometers (and 186 kelvin at 15°S). Stratospheric
temperatures are coldest in the winter northern hemisphere, with zonal winds
reaching 160 meters per second. The concentrations of several stratospheric organic
compounds are enhanced at mid- and high northern latitudes, and the strong zonal
winds may inhibit mixing between these latitudes and the rest of Titan. Above the
south pole, temperatures in the stratosphere are 4 to 5 kelvin cooler than at the
equator. The stratospheric mole fractions of methane and carbon monoxide are (1.6 +
0.5) x 1072 and (4.5 = 1.5) x 1075, respectively.

Unlike other moons in the solar system, Titan
has a substantial atmosphere and offers an in-
teresting comparison with Earth and the other
planets. Its pressure at the surface is 1.5 times
Earth’s, but its temperature is much colder, 90
to 94 K (/-3). Like Earth, Titan’s atmosphere
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is primarily N,, but CH, (not O,) is the next—
most abundant constituent. Dissociation of CH,
and N, by ultraviolet sunlight and energetic
electron impact leads to a rich mixture of or-
ganic compounds (4-6). Titan’s winter polar
atmosphere may be analogous to the terrestrial
Antarctic ozone hole but with different chem-
istry. Infrared observations from the Voyager
spacecraft indicated cold stratospheric tem-
peratures, strong circumpolar winds, and an
enhanced concentration of several organic com-
pounds in the north-polar region, which was
coming out of winter in 1980 to 1981 (7-9).
This enhanced concentration suggests that the
winter polar atmosphere was isolated from
that at low latitudes. Titan has a 16-day period
and rotates slowly, like Venus. Both have at-
mospheres that rotate globally much faster
than their surfaces. Unlike Venus, however,
Titan has a large seasonal modulation in its
stratospheric temperatures and winds (2, 7).
Here we summarize results from early
Cassini orbiter observations of Titan by the
Composite Infrared Spectrometer (CIRS). The
observations were made on 2 July 2004 (flyby
TO), shortly after Cassini was inserted into
orbit around Saturn, and on 13 December 2004
(flyby TB). CIRS consists of two Fourier-
transform spectrometers, which together mea-
sure thermal emission from 10 to 1400 cm ™!
(wavelengths 1 mm to 7 um) at an apodized
spectral resolution selected between 0.5 and
15.5 cm™! (10, 11). The far-infrared interfer-
ometer (10 to 600 cm 1) has a 4-mrad field of
view on the sky. The mid-infrared interferom-
eter consists of two 1 x 10 arrays of 0.3-mrad
pixels, which together span 600 to 1400 cm ™.
Like Earth, Titan has a well-defined strato-
sphere. It has been well characterized at
altitudes up to ~225 km by Voyager radio-
occultation and infrared observations (1, 7, §)
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and also by the Infrared Space Observatory
(12). Titan stellar occultations have been used
to probe the mesosphere at altitudes of 300
to 500 km (73, 14). In this region, the re-
trieved temperature profiles show great vari-
ability, possibly because of the influence of
vertically propagating waves. The accuracy
of the retrieved temperatures decreases at al-
titudes below ~300 km because of the un-
certain contribution of aerosol absorption to
the signal. None of these observations defined
the stratopause, which is the maximum in the
temperature profile separating the mesosphere
from the underlying stratosphere. The strato-
pause temperature and its location are deter-
mined by the vertical variation of aerosol
heating, infrared cooling to space by C,H,,
and, to a lesser extent, heating of CH,, in its
near-infrared bands (/5). At these altitudes,
CH, is well mixed, but the aerosols tend to de-
crease with altitude and C,H, increases slowly
with altitude (6). The spatial resolution of the
mid-infrared detector arrays allowed CIRS to
observe Titan’s atmosphere on the limb, where
the line of sight extends through the atmo-
sphere to deep space. In this mode, the altitude
coverage and vertical resolution was deter-
mined by the array pixels (/7). Figure 1A shows
that vertical profiles up to the 0.01-mbar
level (410 km) are feasible. At 15°S, a well-
defined stratopause is evident near 0.07 mbar
(310 km) with a temperature of 186 K.
CIRS mapped stratospheric temperatures
over much of Titan (Fig. 1, B and C) in the
second half of 2004, with its mid-infrared ar-
rays in the nadir-viewing mode. This corre-
sponded to early southern summer (solstice
was in October 2002). The warmest temper-
atures were near the equator. Temperatures
were moderately colder at high southern lati-
tudes (by 4 to 5 K near 1 mbar), but they were
coldest at high latitudes in the north, where it
was winter. The thermal wind equation re-
lates the variation of zonally averaged tem-
peratures with latitude to the variation of the
mean zonal winds along cylinders parallel to
Titan’s rotation axis (/6). The derived zonal
winds (Fig. 1D) were weakest at high southern
latitudes and increased northward. The maxi-
mum winds were at low and mid- northern
latitudes, reaching 160 m s~ ! between 20°
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and 40°N. The zonal winds at the 10-mbar
level in Fig. 1D, which are not known, were
set to zero. The errors from this assignment
should not materially affect the displayed
winds where they were strong, at low latitudes
and in the north. The largest relative errors are
likely to be at high southern latitudes, where
the derived winds were smallest (/6).

The CIRS observations, taken with earlier
studies, indicate that the strongest zonal winds
migrate seasonally in the stratosphere. Voyager
infrared observations, taken in 1980 shortly af-
ter the northern spring equinox, indicated that
the strongest winds were at mid- and high
northern latitudes, and also at high southern
latitudes (8). Subsequent stellar-occultation

central-flash data provided information on the
winds on the 0.25-mbar isobar in the upper
stratosphere. An occultation of Sgr 28 in 1989,
during northern summer, showed a strong jet
(175 m s~ 1) centered at 65°S (13, 17). A more
complex wind structure was observed in De-
cember 2001, a few months before northern
winter solstice; a 220-m s~ ! jet was centered
near 60°N, and a somewhat weaker jet had a
maximum near 20°S, with strong winds extend-
ing to 60°S (/8). The CIRS data indicate that
the southern-hemispheric winds have weakened
and the strongest northern-hemispheric winds
have migrated toward the equator (Fig. 1D).
This is not a simple hemispheric reflection of
the high-latitude jet observed during the Sgr

28 occultation, which occurred approximate-
ly one-half-Titan year earlier (/3).

The lower temperatures at the south pole
of Titan during early summer are in marked
contrast to the south-polar warming seen in
Saturn’s stratosphere (/9). A radiative expla-
nation by itself is not straightforward, because
the radiative relaxation time in Titan’s upper
stratosphere is so short (~1 year, compared
with Saturn’s orbital period of 29.5 years).
Time-dependent radiative models of Titan,
which assume opacities that are uniform in lat-
itude, predict that the south pole near 1 mbar
is 16 to 17 K warmer than the equator at the
current season (20). Instead, it is 4 to 5 K
colder. The gaseous opacity in the stratosphere
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Fig. 1. Temperatures and zonal winds in Titan's atmosphere. (A) Vertical
temperature profile near 15°S, retrieved from a combination of nadir- and
limb-viewing spectra (76). The dashed portions of the curve represent the
regions where temperatures are not well constrained by the spectra and
are more influenced by the Voyager radio-occultation profiles (7) and ra-
diative mesospheric models (75) used as the initial estimate. (B) Temper-
atures (K) on the 1.8-mbar isobar, obtained from nadir-viewing spectra
at 3-cm~ " resolution. The map is a combination of observations taken on
2 July 2004, which were primarily in the southern hemisphere at longi-
tudes centered near 0°, and observations on 13 December 2004, which
were in both hemispheres at longitudes centered near 146°W. The hori-
zontal resolution is 5° of great-circle arc. The temperature errors from
instrument noise are 0.2 K at most locations, increasing to ~0.4 K at high
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northern latitudes, where there are fewer data. (C) Meridional cross section
of stratospheric temperatures (K) averaged over available longitudes [see
(B) for horizontal coverage], with latitude as the horizontal coordinate and
pressure as the vertical coordinate (altitude is indicated on the right). The
errors in zonal-mean temperature from noise range from 0.03 to 0.1 K. (D)
Zonal winds (m s~ ), calculated from the temperatures in (C) using the
thermal wind equation for a thick atmosphere (76). Positive numbers in-
dicate eastward velocities. Winds at the 10-mbar level have been set equal
to zero. At low latitudes within the parabola, this boundary condition is
insufficient for calculating the winds, and they have been omitted (76).
At 15° latitude, the noise in temperatures propagates into errors of 6 and
9 m s~ at the 5- and 0.5-mbar levels, respectively; at higher latitudes
the error decreases roughly as 1/tan (latitude).
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could be heterogeneously distributed so that it
cools less at low latitudes than at high lati-
tudes, whereas fewer aerosols at the south pole
could lead to less solar heating there (27).
The colder south pole may also be a man-
ifestation of a lagged stratospheric cross-
equatorial circulation (8). Although the radiative
relaxation time is short compared with season-
al time scales, temperatures and zonal winds
are coupled because of the thermal wind equa-
tion. The need to transport axial angular
momentum from the hemisphere going into
summer, where meridional temperature gradi-
ents are weakening, to that going into winter,
where the gradients are strengthening, adds
an inertia to the system that causes a phase
lag of about one full season. It may be that the
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Fig. 2. Meridional distribution of several hydro-
carbons and nitriles, retrieved from the spectral
regions displayed in fig. S3, but at a resolution
of 3 ecm™" (76). The vertical distribution of the
gases was assumed to be uniform above the
condensation level in the lower stratosphere.
The temperature profile in Fig. 1A was used as
an initial estimate, and the stratospheric tem-
peratures were retrieved at different latitudes
from radiances in the v, band of CH,. The er-
rors indicated include those from noise in the
spectral region containing the emission lines of
the individual molecules, as well as from noise
in the retrieved stratospheric temperatures.
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circulation is transporting angular momentum
northward in early southern summer, with an
attendant upwelling at high southern latitudes
and adiabatic cooling. The vertical velocities
required are small, about 0.05 cm s~! (76).
Two-dimensional coupled radiative-dynamical
models with parameterized eddy mixing, which
simulate the transport of radiatively active gas-
eous constituents and aerosols, have been de-
veloped to predict Titan’s seasonal behavior.
Although these models have been tuned to re-
produce the stratospheric temperatures observed
by Voyager reasonably well, they fail to ac-
count for the cooler south-polar temperatures
observed now, instead predicting temperatures
~10 K warmer than at the equator (22).

Titan’s atmosphere is rich in organics:
hydrocarbons and nitriles (figs. S1 to S3).
Hydrocarbons form from the photolytic and
catalytic dissociation of CH,. Nitriles are
created by dissociation of N, from ultraviolet
sunlight and impacts by energetic electrons
from photoionization and the magnetosphere,
followed by reactions with hydrocarbon radi-
cals (4-6). Voyager 1 infrared data (9), which
were obtained during Titan’s early northern
spring, showed that the concentrations of ni-
triles (HCN, HC,N, and C,N,) and the more
photochemically active hydrocarbons (C,H,,
C,H, and C,H,) were enhanced at high north-
ern latitudes by factors of 10 to 100, compared
with the concentrations at low latitudes. The
CIRS observations in early northern winter
show an enhancement of several of the same
constituents at northern latitudes (Fig. 2), but
by a smaller amount. Indeed, C,H, now shows
not an enhancement, but a twofold depletion
at high northern latitudes. If the Voyager re-
sults are typical, then one can expect a build-up
of the relative concentrations of these organ-
ic compounds through the winter into early
spring. Numerical simulations suggest that the
enhancement of these species is associated
with an axisymmetric meridional circulation
that subsides in the polar region during win-
ter and early spring (22, 23). Most of the en-
hanced species have larger mixing ratios at
higher altitudes, where they are photochemi-
cally formed. Subsidence brings these enriched
parcels of atmosphere down to the levels of
the observed emission, ~1 to 10 mbar (9).
Subsidence also brings the species into winter
shadow, where they are shielded from further
photodissociation (24). For the enhancements
to persist at high northern latitudes, lateral mix-
ing with the atmosphere at other latitudes must
be inhibited, compared with the transport by
the meridional circulation.

Titan’s strong circumpolar winds (Fig. 1D)
may facilitate this isolation, which is also a
critical ingredient of the terrestrial Antarctic
polar vortex during winter (25). There, the
concentrations of species such as CH, and HF
imply strong descent from the mesosphere
well into the stratosphere, and these gases

have sharp gradients across the polar vortex
(26). Indeed, the whole process leading to the
ozone hole within the vortex—the cold polar
temperatures leading to the formation of strato-
spheric clouds, which denitrify the polar atmo-
sphere by heterogeneous chemistry, liberating
gaseous CL,; its photodissociation in the spring
into Cl, which in turn irreversibly destroys O,—
requires the polar air to be isolated from the
warmer, lower-latitude air that contains reac-
tive nitrogen compounds (25). Planetary waves,
which normally efficiently mix air masses, are
unable to penetrate the polar vortex until later
in spring, when polar temperatures rise and
the circumpolar winds weaken. Planetary-scale
waves on Titan have not been well character-
ized yet. The CIRS observations indicate that
any thermal contrasts associated with waves
are small at present. The maximum zonal vari-
ation in temperature observed in the available
coverage shown in Fig. 1B is <1 to 1.5 K.
In the southern hemisphere, where it was
summer, the hydrocarbons and nitriles were
more uniformly distributed with latitude (Fig. 2).
The numerical simulations (23) attribute such
flat structure to rising motions in the summer
hemisphere, bringing material impoverished in
the trace organics from altitudes below their
condensation level in the lower stratosphere.
An interesting result pertains to C,H,. Recent
analysis of Keck broad-band filter observations
acquired from 1999 to 2002 suggests that C,H,
was 12 to 20 times as abundant in the south-
polar region as at the equator (27). The CIRS
data show little enhancement at the south pole.
The relevant C,H, photolysis rate [from (28),
adapted for full illumination and A > 160 nm]
is2 x 1077 571, or a 60-day lifetime for an
individual molecule. Although a 12- to 20-fold
enhancement in C,H, could be removed in 150
to 180 days photochemically, it is not clear
what caused the enhancement reported from
the Keck data, because the period of ob-
servation was already middle to late spring in
the southern hemisphere, a period when rising
motions are predicted (23), and the diurnally
averaged solar illumination changes slowly.
CH, is a condensable gas in Titan’s tropo-
sphere. Analysis of Voyager’s far-infrared and
radio-occultation data indicate that its mole
fraction near the surface ranges from 0.06 at
low latitudes to 0.02 at high latitudes (3). The
lifetime of CH, in Titan’s atmosphere is only
4 x 107 years (29), and it requires a surface or
interior source if the current inventory is typi-
cal of Titan’s long-term history. The distribu-
tion of stratospheric CH, is probably uniform
(17). Analyses of Voyager’s infrared observa-
tions (in the v, band of CH, near 1300 cm ™)
and radio-occultation soundings led to esti-
mates of the CH,, stratospheric mole fraction
in the range 0.005 to 0.045 (table S1). Part
of this uncertainty resulted because the CH,
v,-band line-formation region is near 1 mbar,
where Voyager radio-occultation data have large
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errors. Uncertainties in the argon abundance
and the cold-trapping constraint applied in the
tropopause region also contributed to the errors
in the estimated CH, mole fraction. The use
of the pure rotational lines of CH, in the far-
infrared (fig. S2B) eliminates many of these
ambiguities. The line-formation region is in
the stratosphere between 3 and 20 mbar (140 to
80 km altitude), which mostly lies between the
two regions accessible to direct-temperature
sounding, the upper troposphere and tropopause
region between 500 and 50 mbar (20 to 60 km),
and the upper stratosphere between 5 and
0.5 mbar (130 to 230 km). Nevertheless, in-
terpolation between the two altitude ranges
constrains the temperatures sufficiently to make
an improved determination of the stratospheric
CH, abundance. The optically thick v, band is
not too sensitive to the CH, abundance, but is
more sensitive to the stratospheric temper-
atures, because it is on the Wien tail of the
Planck function. The rotational lines are almost
optically thin, and therefore they are more sen-
sitive to the stratospheric CH, abundance but
less sensitive to temperature, because they lie
at wave numbers below those at the peak emis-
sion (fig. S1) (30). Figure S4 illustrates fits for
synthetic spectra with different CH, mole frac-
tions. The best fit in a least-squares sense to
all the rotational lines corresponds to a mole
fraction of (1.6 £ 0.5) x 1072, This is compa-
rable to the mole fraction determined at 1000-
to 1200-km altitude from remote-sensing and
in situ measurements (table S1), indicating that
CH, is fairly well mixed up to these altitudes.

In addition to containing CH,, the far-
infrared contains rotational lines of stratospher-
ic emission from CO and HCN (fig. S2A).
The rotational line-formation region of CO is
similar to that of CH,. We find from a least-
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squares fit of all the lines observed in indepen-
dent selections of spectra from the TO and TB
flybys that the CO mole fraction is (4.5 = 1.5) x
1073, assuming that it is uniform with altitude
(31). This is consistent with the determination
[(5.0 £ 1.0) x 10~3] by Gurwell and Muhleman
(32), and marginally consistent with what
Hidayat et al. (33) inferred below the 1-mbar
level from disk-averaged heterodyne millime-
ter observations [(2.5 £ 0.5) x 1073]. Within
the errors, it is also consistent with the tropo-
spheric value [(3.2 + 1.0) x 10~3] derived from
S-um spectra (34), although one cannot rule out
that the stratosphere has a higher concentration.
One might expect the mole fractions of CO in
the stratosphere and troposphere to be more or
less equal, because CO does not condense at
the temperatures and abundances observed, and
the time constant for photochemical adjustment
under current conditions is ~10° years (4).
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The Cassini UVIS Stellar Probe of the

Titan Atmosphere

Donald E. Shemansky,1* A. lan F. Stewart,? Robert A. West,> Larry W. Esposito,z Janet T. Hallett,’ Xianming Liu'

The Cassini Ultraviolet Imaging Spectrometer (UVIS) observed the extinction of
photons from two stars by the atmosphere of Titan during the Titan flyby. Six
species were identified and measured: methane, acetylene, ethylene, ethane,
diacetylene, and hydrogen cyanide. The observations cover altitudes from 450 to
1600 kilometers above the surface. A mesopause is inferred from extraction of the
temperature structure of methane, located at 615 km with a temperature minimum
of 114 kelvin. The asymptotic kinetic temperature at the top of the atmosphere
determined from this experiment is 151 kelvin. The higher order hydrocarbons and
hydrogen cyanide peak sharply in abundance and are undetectable below altitudes
ranging from 750 to 600 km, leaving methane as the only identifiable carbonaceous

molecule in this experiment below 600 km.

On 13 December 2004, the Cassini UVIS
observed the occultation of two stars, Shaula
(A Sco) and Spica (o Vir) near the end of the

second Titan flyby (labeled T). Both mea-
surements of atmospheric transmission were
obtained in egress: Spica was in the northern

hemisphere over a range of latitudes and
Shaula at a southern latitude, —36° (fig. S1).
Observations were made with the extreme
ultraviolet (EUV) and the far ultraviolet
(FUV) UVIS channels (/). Data from Spica
were compromised by spacecraft pointing drift
but provide useful comparative atmospheric
structural information at lower altitudes (2).
The spectral range of the FUV observations
(110 nm to 190 nm) is effective for the
identification and determination of the hydro-
carbon species abundances. These complement
and extend solar occultation results from
Voyager 1 and 2 in 1980 to 1981 (3, 4) into
the range 900 to 1200 km for CH,. Our data
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