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• One	  of	  four	  worlds	  with	  atmospheres	  	  
and	  active	  volatile	  cycles	  on	  solid	  
surfaces	  

• Only	  Titan	  and	  Earth	  have	  open	  
bodies	  of	  liquid	  on	  their	  surfaces:	  
connects	  to	  theme	  of	  global	  	  	  	  
change	  

• Titan	  may	  be	  the	  solar	  system’s	  
example	  of	  an	  extremely	  common	  
type	  of	  planet	  in	  the	  cosmos—its	  
environment	  may	  be	  similar	  to	  that	  
of	  planets	  at	  1	  AU	  from	  M	  dwarfs:	  
connects	  to	  exoplanet	  theme	  



Titan	  

Titan	  in	  the	  solar	  system	  

2nd	  largest	  moon	  in	  the	  sol	  sys	  

Density	  1.88	  g/cm3	  -‐-‐>	  60%	  rock	  

Voyager	  flybys	  in	  1980,	  1981;	  
Cassini-‐Huygens	  2004-‐	  	  
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Historic	  highlights	  of	  exploration	  	  

1655	   	   	  C.	  Huygens	  Discovers	  “Luna	  Saturni”	  
1847	   	   	  John	  Herschel	  names	  it	  Titan	  
1908 	   	  Comas	  Solà	  infers	  an	  atmosphere	  
1943	   	   	  G.	  Kuiper	  discovers	  methane	  on	  Titan	  
1980 	   	  Voyager	  1	  probes	  atmosphere/determines	  size	  
2005	   	   	  Huygens	  probe	  lands	  on	  surface/finds	  methane	  
2004-‐2017 	  Cassini	  Orbiter	  maps	  Titan	  surface/atmosphere	  





Energy	  Sources	  



INMS	  shows	  complex	  chemistry	  in	  the	  region	  above	  900	  km	  (probably	  below,	  too).	  
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Cassini-Huygens: 

A US-European collaboration 
with three official partners: 
NASA/ESA/ASI 
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Titan’s	  surface:	  jetliner	  view	  



Titan   Earth (Desert bajada, Tucson) 

 Venus 

Mars 

Landing	  site	  most	  resembles	  a	  desert	  bajada	  
on	  Earth	  



Methane	  and	  
ethane	  are	  
evaporating	  from	  
the	  surface,	  based	  
on	  GCMS	  
measurements	  from	  
Huygens	  

Lorenz	  et	  al	  2006	  

Niemann	  et	  al	  	  2005	  
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Figure 2. Distribution of lake features above 60!N: (a) Mosaic of Cassini SAR swaths through May 2007. (b) Distribution
of mapping units. Dark lakes are blue, granular lakes are cyan, and bright lakes are red. Background color represents
incidence angle during acquisition. Note outline of Lake Michigan for relative scale.
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Hayes	  et	  al.,	  2007	  
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Lorenz	  et	  al.	  2010	  



Cassini RADAR on Titan 419

(b)

(c)

Fig. 2. (continued)

(Lorenz et al., 2006). But what is unclear is the geological ori-
gin of the crustal structures that are partly buried by the dunes.
The circular features east of the main dune field have a vari-
ety of morphologies, some seemingly associated with the hilly
topography, others not. Some appear to be partly buried. The

largest, which is well to the east of the ridges, possessing a
diameter of roughly 60 km, is not much smaller than the im-
pact crater Sinlap (Elachi et al., 2006), and yet exhibits none
of the crisp topography and contrast that the latter possesses.
Specific morphological differences between these circular fea-
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Lazio	  at	  20	  meter	  resolution	  



10 km 



Paganelli	  et	  al,	  2006	  

Microwave	  radiometry	  -‐-‐>	  dunes	  are	  not	  silica	  sand	  or	  clean	  ice;	  best	  fit	  
organics.	   2.1	  cm	  wavelength	  



Beghin	  et	  al:	  Electric	  field	  data	  from	  Huygens	  	  subsurface	  water	  ocean	  
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Cassini	  ISS	  image	  of	  the	  South	  Polar	  region	  of	  Titan	  



Cassini	  arrived	  at	  Saturn	  during	  southern	  hemisphere	  summer	  



2005	  2005	  

Ontario 
 Lacus 



2005	  2009	  

Ontario 
 Lacus 



Hayes	  et	  al,	  2009	  

Loss	  of	  liquid	  of	  ~	  86	  
km3	  ,	  av.	  depth	  5	  
meters	  	  	  5	  m	  layer	  
lost	  over	  5	  years	  



Cassini	  VIMS	  (Brown	  et	  al.	  2008):	  Spectral	  evidence	  for	  ethane	  
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Earth’s atmosphere, which can propagate in the zonal andmeridional
directions. They can instigate cloud activity by modifying the tem-
perature structure of the atmosphere and by inducing convergent flow
near the surface. For a wave generated in the tropics to reach 72u S
latitude in 3–7 days, it needs to travel with a meridional velocity of
3–8m s21. Deep (barotropic) Rossby waves with wavenumbers of,2

have zonal and meridional group velocities consistent with the
observed propagation velocities (see Supplementary Information).
Such long waves are probably the only ones able to propagate out of
low-latitude generation regions (see Supplementary Information).

In addition to cloud activity near the south pole, on 18–20 April we
also observed cloud activity from 20–12u S latitude, which are the
closest latitudes to the equator we have ever observed cloud activity
from the ground. Given the near lack of cloud activity at these low
latitudes in all other observations (even from Cassini27,28), it is likely
that these clouds were also triggered by the initial outburst. The near-
equatorial clouds persisted for several days and had extended streak-
like morphologies, similar to the mid-latitude clouds observed from
2003 to 2006 (refs 14, 15).

On 24 and 25 April 2008, the initial cloud rotated back onto the
observable limb, decreased in brightness from that of the initial out-
burst but still moving with the same velocity of ,3m s21 as in the
initial three days of observations (Figs 2 and 3). South polar cloud
activity was nearly non-existent. However, the image from 28 April
shows that the same cloud system had grown significantly brighter,
perhaps caused by the initial wave re-instigating cloud activity down-
stream. This new pulse of cloud activity, comparable in brightness to
the original pulse from 14 April, displayed a similar morphology to
the clouds seen on 15 and 16 April. Similarly, days later, clouds were
also observed near the south pole and at near-equatorial latitudes.
These observations demonstrate that a convective pulse at one
latitude can trigger cloud activity at other latitudes thought to be
incapable of supporting convective cloud activity. The cloud activity
observed near the south pole indicates that for this short time period,
convection was remarkably vigorous. Clouds appeared and re-
appeared over different longitudes only days apart, indicating the
likely formation and reformation of these cloud systems (similar to
what was observed in October 2004). The precise locations where
clouds formed were probably related to local surface conditions and
methane abundances. An extremely dry location on Titan might not
form clouds even if wave activity favoured it—whereas a methane
lakemight need only a small trigger to generate cloud activity above it
(note that all of the south polar clouds that formed during this event
were centred near 72u S, the latitude of Ontario Lacus).

Subsequent frequent observations frombothGemini and IRTF (30
distinct nights) revealed little to no cloud activity from 15May to the
end of the observable Titan season from the ground (7 July), indi-
cating that the total duration of the increased cloud activity was less
than one month. The duration of this period of increased cloud
activity matched that of the last such outburst, which occurred in

14 April 2008 (251º) 16 April 2008 (296º)15 April 2008 (273º)

18 April 2008 (341º) 25 April 2008 (140º)20 April 2008 (27º)

28 April 2008 (210º) 1 May 2008 (275º)

Figure 2 | Gemini adaptive optics images of Titan. Titan sub-Earth
longitude and Universal Time date are noted for each observation. Images
were taken through the H2(1-0) (2.1 mm) filter that probes to Titan’s
troposphere. Clouds were first detected on 13 April 2008 by our whole-disk
spectroscopic monitoring programme with IRTF (Fig. 1). Clouds were
subsequently detected in tropical, polar, and temperate latitudes using the
Gemini adaptive optics system. Images from 28 April 2008 and 1 June 2008
show a faint cloud persisting over the same location as the northwesternmost
extent of the initial large cloud from 14 April 2008 (15u S, 250uW; green
box), perhaps indicating that the initial cloud outburst may have been
localized here (see also Fig. 3).

14 April 2008 15 April 2008 16 April 2008 17 April 2008 18 April 2008 20 April 2008
21 April 2008 22 April 2008 23 April 2008 24 April 2008 25 April 2008 28 April 2008

1 May 2008 2 May 2008 8 May 2008 

330º 300º 270º 210º 180º W 150º 120º 90º 60º 30º240º

180º W

0º

30º

60º

–30º

–60º

Figure 3 | Titan cloud locations. Cassini ISS surface maps (from
http://ciclops.org) with locations of clouds from 14 April to 8 May 2008. No
clouds were observed on 23 April 2008. Clouds that are located poleward of
55u S latitude are shown on the pole-projected surfacemap. Bothmaps show

latitude lines in 30u increments. The northwesternmost latitudes
encompassed by the initial pulse of cloud activity on 14 April show the
continued presence of a small cloud for at least 19 days after the initial event,
indicating a potential tie to the surface.
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Storms in the tropics of Titan
E. L. Schaller1, H. G. Roe2, T. Schneider3,4 & M. E. Brown3

Methane clouds, lakes and most fluvial features on Saturn’s moon
Titan have been observed in the moist high latitudes1–6, while the
tropics have been nearly devoid of convective clouds and have
shown an abundance of wind-carved surface features like dunes7,8.
The presence of small-scale channels and dry riverbeds near the
equator observed by the Huygens probe9 at latitudes thought
incapable of supporting convection10–12 (and thus strong rain)
has been suggested to be due to geological seepage or other
mechanisms not related to precipitation13. Here we report the
presence of bright, transient, tropospheric clouds in tropical
latitudes. We find that the initial pulse of cloud activity generated
planetary waves that instigated cloud activity at other latitudes
across Titan that had been cloud-free for at least several years.
These observations show that convective pulses at one latitude
can trigger short-term convection at other latitudes, even those
not generally considered capable of supporting convection, and
may also explain the presence of methane-carved rivers and
channels near the Huygens landing site.

Insolation on Titan varies seasonally during Saturn’s 29.5-year orbit
because of its 27u obliquity. The frequent presence of tropospheric
clouds near the south pole at the southern summer solstice1,2 led to
the hypothesis that seasonally varying insolation controlled Titan’s
cloud locations1. Recent observations have shown that Titan’s clouds
display more complicated behaviour, including clouds at southern
mid-latitudes14,15 and clouds associatedwith lakes near the north pole6.
Titan general circulation models have predicted that the majority of
convective cloud activity should occur near the summer poles, with
some cloud activity occurring at mid-latitudes, and very little in the
tropics10–12,16. Although there are differences in the precise locations
and frequencies of clouds in these models, they all predict that the
equatorial regions should generally be the driest locations on themoon
throughout most of Titan’s year. In contrast with these predictions,
images taken during the descent of theHuygens probe through Titan’s
atmosphere in January 2005 revealed small-scale channels and streams
that appeared to have been carved by fluids (presumably methane) at
equatorial (10u S) latitudes17. The morphologies of these channels also
suggested that a high precipitation rate was needed to form them18.

Unlike the Earth, which is approximately 65% cloud covered
throughout the year19, observations of Titan since 1990 have generally
revealed a small amount of tropospheric cloud activity, covering only
a small fraction (less than 1%) of Titan’s disk7,20,21. However, on two
occasions (September 1995 and October 2004; refs 22 and 23) clouds
were observed to brighten dramatically, covering 5–7% of the surface,
and, in the case of the October 2004 event, were found to last for at
least amonth. To determine the frequencies and causes of these short-
lived cloud brightenings, which are thought to be associated with
significant amounts of methane precipitation24, we developed a
long-term observing programme with the National Aeronautics and
Space Administration (NASA) Infrared Telescope Facility (IRTF) to
determine the percentage of tropospheric cloud coverage of Titan’s
disk on a frequent (nearly nightly) basis25.

Although 138 nights of observations spread over 2.2 years revealed
extremely low levels of cloud activity (0.3% coverage)25, on 13 April
2008 we observed an increase in flux at surface- or troposphere-
probing wavelengths of brightness comparable to that of the events
from 1995 and 2004 (Fig. 1). The following night we triggered adap-
tive optics observations with the Near Infrared Imager (NIRI) on the
Gemini North telescope. These infrared images revealed a large cloud
system in Titan’s troposphere centred at 29u S, 247uW and with a
latitudinal extent of615u. In observations over the next three nights,
the brightness centroid of this cloud system moved with an apparent
eastward velocity of 36 1m s21. The system also spread out in a
southeastward direction, and finally rotated completely off the limb
on 17 April. On 16–17 and 20–23 April, clouds also appeared near the
south pole (81–60u S), with brightnesses not seen in the previous
three years7 (Figs 2 and 3).

The south pole was not predicted to be capable of supporting con-
vective clouds during the season these clouds were observed (one year
before vernal equinox)10,12,26, and clouds of this brightness had not
been observed since November 2004 despite frequent imaging7 and
IRTF spectral monitoring25. Thus the appearance of relatively bright
south polar clouds 3–7 days after the largest increase in Titan cloud
activity observed in over three years points to a causal relationship.
The south polar clouds were probably instigated by an atmospheric
teleconnectionmediated by planetary Rossby waves, formed from the
initial pulse of cloud activity that occurred between 9 and 13 April.
Rossby waves are large-scale atmospheric waves familiar from the

1Institute for Astronomy, University of Hawaii, Honolulu, Hawaii 96822, USA. 2Lowell Observatory, Flagstaff, Arizona 86001, USA. 3Geological and Planetary Sciences, 4Environmental
Science and Engineering, California Institute of Technology, Pasadena, California 91125, USA.
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Figure 1 | Titan IRTF spectra. Near-infrared spectra of Titan from 28March
and 13 April 2008. Both spectra have approximately the same central
longitude (227uW), but the spectrum from 13 April (red) shows increased
flux in the transparent regions of Titan’s atmosphere (0.8, 0.95, 1.2, 1.6 and
2.0 mm) while staying the same brightness in the high-opacity regions.
Gemini images from the following night show the presence of a large
extended cloud centred at 29u S, 247uW. Large cloud outbursts such as these
(where Titan’s clouds are seen to increase by over a factor of ten over typical
levels) have been observed on only two other occasions22,23. The methane
rainout from these large storms is thought to be responsible for carving
Titan’s streams and valley networks18,24.
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Titan have been observed in the moist high latitudes1–6, while the
tropics have been nearly devoid of convective clouds and have
shown an abundance of wind-carved surface features like dunes7,8.
The presence of small-scale channels and dry riverbeds near the
equator observed by the Huygens probe9 at latitudes thought
incapable of supporting convection10–12 (and thus strong rain)
has been suggested to be due to geological seepage or other
mechanisms not related to precipitation13. Here we report the
presence of bright, transient, tropospheric clouds in tropical
latitudes. We find that the initial pulse of cloud activity generated
planetary waves that instigated cloud activity at other latitudes
across Titan that had been cloud-free for at least several years.
These observations show that convective pulses at one latitude
can trigger short-term convection at other latitudes, even those
not generally considered capable of supporting convection, and
may also explain the presence of methane-carved rivers and
channels near the Huygens landing site.

Insolation on Titan varies seasonally during Saturn’s 29.5-year orbit
because of its 27u obliquity. The frequent presence of tropospheric
clouds near the south pole at the southern summer solstice1,2 led to
the hypothesis that seasonally varying insolation controlled Titan’s
cloud locations1. Recent observations have shown that Titan’s clouds
display more complicated behaviour, including clouds at southern
mid-latitudes14,15 and clouds associatedwith lakes near the north pole6.
Titan general circulation models have predicted that the majority of
convective cloud activity should occur near the summer poles, with
some cloud activity occurring at mid-latitudes, and very little in the
tropics10–12,16. Although there are differences in the precise locations
and frequencies of clouds in these models, they all predict that the
equatorial regions should generally be the driest locations on themoon
throughout most of Titan’s year. In contrast with these predictions,
images taken during the descent of theHuygens probe through Titan’s
atmosphere in January 2005 revealed small-scale channels and streams
that appeared to have been carved by fluids (presumably methane) at
equatorial (10u S) latitudes17. The morphologies of these channels also
suggested that a high precipitation rate was needed to form them18.

Unlike the Earth, which is approximately 65% cloud covered
throughout the year19, observations of Titan since 1990 have generally
revealed a small amount of tropospheric cloud activity, covering only
a small fraction (less than 1%) of Titan’s disk7,20,21. However, on two
occasions (September 1995 and October 2004; refs 22 and 23) clouds
were observed to brighten dramatically, covering 5–7% of the surface,
and, in the case of the October 2004 event, were found to last for at
least amonth. To determine the frequencies and causes of these short-
lived cloud brightenings, which are thought to be associated with
significant amounts of methane precipitation24, we developed a
long-term observing programme with the National Aeronautics and
Space Administration (NASA) Infrared Telescope Facility (IRTF) to
determine the percentage of tropospheric cloud coverage of Titan’s
disk on a frequent (nearly nightly) basis25.

Although 138 nights of observations spread over 2.2 years revealed
extremely low levels of cloud activity (0.3% coverage)25, on 13 April
2008 we observed an increase in flux at surface- or troposphere-
probing wavelengths of brightness comparable to that of the events
from 1995 and 2004 (Fig. 1). The following night we triggered adap-
tive optics observations with the Near Infrared Imager (NIRI) on the
Gemini North telescope. These infrared images revealed a large cloud
system in Titan’s troposphere centred at 29u S, 247uW and with a
latitudinal extent of615u. In observations over the next three nights,
the brightness centroid of this cloud system moved with an apparent
eastward velocity of 36 1m s21. The system also spread out in a
southeastward direction, and finally rotated completely off the limb
on 17 April. On 16–17 and 20–23 April, clouds also appeared near the
south pole (81–60u S), with brightnesses not seen in the previous
three years7 (Figs 2 and 3).

The south pole was not predicted to be capable of supporting con-
vective clouds during the season these clouds were observed (one year
before vernal equinox)10,12,26, and clouds of this brightness had not
been observed since November 2004 despite frequent imaging7 and
IRTF spectral monitoring25. Thus the appearance of relatively bright
south polar clouds 3–7 days after the largest increase in Titan cloud
activity observed in over three years points to a causal relationship.
The south polar clouds were probably instigated by an atmospheric
teleconnectionmediated by planetary Rossby waves, formed from the
initial pulse of cloud activity that occurred between 9 and 13 April.
Rossby waves are large-scale atmospheric waves familiar from the

1Institute for Astronomy, University of Hawaii, Honolulu, Hawaii 96822, USA. 2Lowell Observatory, Flagstaff, Arizona 86001, USA. 3Geological and Planetary Sciences, 4Environmental
Science and Engineering, California Institute of Technology, Pasadena, California 91125, USA.
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Figure 1 | Titan IRTF spectra. Near-infrared spectra of Titan from 28March
and 13 April 2008. Both spectra have approximately the same central
longitude (227uW), but the spectrum from 13 April (red) shows increased
flux in the transparent regions of Titan’s atmosphere (0.8, 0.95, 1.2, 1.6 and
2.0 mm) while staying the same brightness in the high-opacity regions.
Gemini images from the following night show the presence of a large
extended cloud centred at 29u S, 247uW. Large cloud outbursts such as these
(where Titan’s clouds are seen to increase by over a factor of ten over typical
levels) have been observed on only two other occasions22,23. The methane
rainout from these large storms is thought to be responsible for carving
Titan’s streams and valley networks18,24.
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Asymmetry	  is	  not	  an	  observational	  effect	  

.	  (Cassini	  RADAR	  data)	  



Titan’s	  Milankovitch	  cycles:	  precession	  of	  Saturn’s	  eccentric	  orbit	  
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C2H6	  

CH4	  

Stable	  against	  seasonal	  
evaporation	  

C3H8	   C2H2	   C4H10	  

HCN	  

Stable	  against	  evaporation	  
over	  a	  Croll-‐Milankovitch	  cycle	  

Evaporation	  timescales	  

Note	  that	  presence	  of	  propane	  increases	  viscosity,	  damps	  waves	  (Lorenz	  et	  al	  2010)	  



•  Insolation	  difference	  is	  1.5	  W/sq.	  meter	  at	  top	  of	  atmosphere	  
•  Difference	  in	  peak	  evaporative	  flux	  N	  vs	  S	  is	  ~	  ½	  W/sq.	  meter	  

based	  on	  circulation	  models	  (e.g.	  Mitchell,	  2008).	  
•  Net	  difference,	  if	  averaged	  over	  a	  summer	  would	  remove	  

hundreds	  of	  meters	  worth	  of	  ethane	  
•  However,	  more	  intense	  southern	  summer	  is	  shorter:	  

integrated	  annual	  insolation	  is	  the	  same.	  Therefore,	  indirect	  
effects	  of	  more	  intense	  sunlight	  over	  a	  briefer	  period	  must	  
be	  considered.	  This	  requires	  detailed	  modeling.	  

What	  effect	  might	  this	  seasonal	  asymmetry	  have	  on	  methane/ethane?	  	  



Compositional	  Cycling	  of	  lakes/seas	  	  

Seasonal	  
30	  years	  	  

Methane-‐rich	  

Ethane/propane-‐rich	  

Croll-‐Milankovitch	  
50,000	  years	  

Ethane/propane-‐rich	  

Precipitates	  (C2H2,	  HCN…)	  

Lower	  viscosity	  	  
waves	  

Higher	  viscosity	  	  
smooth	  

“Hydration/
dehydration”	  
cycling	  

viscosity	  scale	  (Lorenz	  et	  al	  2010):	  	  
methane	  < 	  water	  < 	  ethane/propane	  

Short	   Long	  
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IR	  opacity	  sources	  in	  Titan’s	  lower	  atmosphere	  



T=94	  K.	  



T=84	  K.	  
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Titan	  during	  an	  ancient	  era	  of	  no	  atmospheric	  methane	  	  

C.	  Bonestell	  
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About	  70	  possible	  
impact	  craters	  on	  
Titan….	  

(Chuck	  Wood,	  PSI	  
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Ghost	  rings	  on	  swath	  T16;	  image	  175	  km	  wide.	  

(Chuck	  Wood,	  PSI	  

Many	  craters	  may	  be	  buried	  in	  organic	  sediments….	  



Age	  of	  the	  surface	  based	  on	  impact	  craters	  ~	  0.2-‐1-‐	  GYR	  



Tobie,	  Lunine,	  Sotin.	  	  Nature,	  2006	  

	  	  	  	  	  	  	  	  	  4	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  	  	  	  	  	   	   	  2 	  	  	  	  	  	  	  	  	  	  1 	   	  	  	  	  	  	  	  	  	  0	  

Billions	  of	  years	  ago	  



Area	  under	  this	  curve	  is	  equivalent	  to	  
enough	  methane	  to	  sustain	  photolysis	  
for	  ~	  1	  billion	  years	  

Surface	  methane	  expires	  
here	  and	  Titan	  becomes	  
“dry”	  

Renewed	  outgassing	  of	  
methane	  begins	  



Fifth	  order	  shape	  of	  Titan	  from	  radar	  data	  (Zebker	  et	  al.,	  2009)	  



Gravity Field, Shape, and Moment of
Inertia of Titan
Luciano Iess,1* Nicole J. Rappaport,2 Robert A. Jacobson,2 Paolo Racioppa,1 David J. Stevenson,3
Paolo Tortora,4 John W. Armstrong,2 Sami W. Asmar2

Precise radio tracking of the spacecraft Cassini has provided a determination of Titan’s mass and
gravity harmonics to degree 3. The quadrupole field is consistent with a hydrostatically relaxed
body shaped by tidal and rotational effects. The inferred moment of inertia factor is about
0.34, implying incomplete differentiation, either in the sense of imperfect separation of rock from
ice or a core in which a large amount of water remains chemically bound in silicates. The
equilibrium figure is a triaxial ellipsoid whose semi-axes a, b, and c differ by 410 meters (a – c)
and 103 meters (b – c). The nonhydrostatic geoid height variations (up to 19 meters) are small
compared to the observed topographic anomalies of hundreds of meters, suggesting a high degree
of compensation appropriate to a body that has warm ice at depth.

Titan is Saturn’s largest moon and is second
in size only to Ganymede in the solar sys-
tem. After being gravitationally captured

by Saturn on 1 July 2004, the spacecraft Cassini
has encountered Titan more than 50 times, car-
rying out science observations and using the
moon’s gravity field to change its orbit. Cassini’s
observations have unveiled a variety of features
and phenomena not found on any other solar
system satellite, such as hydrocarbon lakes, river
channels, and dune fields (1). Although exogenic
processes driven by the dense hydrocarbon-rich
atmosphere play a crucial role in shaping the
complex topography observed by Cassini’s radar,
contributions from endogenic processes are far
less clear. Assessing the presence of active endo-
genic processes and understanding the origin of
Titan’s complex topography require knowledge
of the moon’s interior structure, which can be
indirectly inferred from gravity and rotation data.
Here we present results about Titan’s gravity,
shape, and moment of inertia (MoI) that con-
strain models of the deep interior structure and
provide the appropriate reference to the large-
scale topography.

Of the more than 50 Titan flybys completed
so far by the Cassini spacecraft, only 4 were
devoted to the determination of the gravity field.
Titan’s gravity field is estimated from the space-
craft’s range rate, measured to an accuracy up
to 7.5 × 10−5 m/s at 60-s integration times from
the Doppler shift of the microwave carrier used
in the radio link to the ground. A detailed de-
scription of the flyby characteristics, the observ-
able quantities, and the estimation methods is
given in the supporting online material (SOM).
We processed the data using two different ap-

proaches. In the first one, radio tracking data
acquired during each flyby were individually
fitted for the spacecraft state vector (position and
velocity) at a reference epoch, and for the degree
2 and 3 gravity coefficients. The four gravity field
solutions and the associated covariances were
then combined in a single multiarc solution
(SOL1). In a second, more general approach
(SOL2), all available radiometric tracking and
optical navigation imaging data from the Cassini
mission, as well as data from the Pioneer and
Voyager Saturn encounters and astronomical
observations of Saturn and its satellites, were
combined in a global solution for the planet
and satellite ephemerides and the gravitational
parameters of the bodies in the Saturnian sys-
tem (2).

In spite of the different approaches, the
discrepancy between the two solutions is statis-
tically insignificant (Table 1). Although neither
solution was constrained a priori to the hydro-
static ratio J2/C22 = 10/3 between the degree 2
harmonic coefficients the gravity field appears to
be dominated by a nearly hydrostatic quadrupole.

The remaining degree 2 and 3 coefficients are at
least one order of magnitude smaller than J2, an
indication that nonhydrostatic features, although
significant, do not play a major role in shaping
the gravity body. The orientation of the principal
axes of inertia, determined by diagonalizing the
quadrupole tensor, is consistent (to a 2s level)
with the assumed rotation model (with the spin
pole oriented along the normal to the orbital
plane, synchronous rotation, and the prime
meridian toward Saturn at pericenter). The formal
accuracy in the principal axes orientation is about
0.5° for the long axis (pointing to Saturn) and
0.8° for the polar (short) axis.

The ratio J2/C22 is 3.186 T 0.042 for SOL1
and 3.339 T 0.067 for SOL2, which are therefore
indistinguishable from each other (to a 2s level)
and consistent with the value of 10/3 that is

1Dipartimento di Ingegneria Aerospaziale ed Astronautica,
Università La Sapienza, via Eudossiana 18, 00184 Rome, Italy.
2Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena,
CA 91109, USA. 3California Institute of Technology, 150-21
Pasadena, CA 91125, USA. 4DIEM-II Facolta' di Ingegneria,
Universita' di Bologna, I-47100 Forli, Italy.

*To whom correspondence should be addressed. E-mail:
luciano.iess@uniroma1.it

Fig. 1. Titan’s geoid with respect to the reference ellipsoid, in meters. The lines represent the
subspacecraft trajectory for T2 hours for Cassini’s flybys of Titan (T) T11 (green), T22 (magenta), T33
(blue), and T45 (red). The large solid circles represent the points at closest approach.

Table 1. The 3 × 3 gravity field of Titan, esti-
mated from combined solutions using different
approaches (for unnormalized spherical harmon-
ics, reference radius 2575 km). The value of Titan
GM [estimated only in SOL2 and reported in SOM
ref. (S4)] is 8978.1394 km3/s2, corresponding to
a density of 1881 kg/m3.

Multi-arc (SOL1)
[value T 1s (×10+06)]

Global (SOL2)
[value T 1s (×10+06)]

J2 31.808 T 0.404 33.462 T 0.632
C21 0.338 T 0.350 0.048 T 0.115
S21 –0.352 T 0.438 –0.620 T 0.496
C22 9.983 T 0.039 10.022 T 0.071
S22 0.217 T 0.041 0.256 T 0.072
J3 –1.879 T 1.019 –0.074 T 1.051
C31 1.058 T 0.260 1.805 T 0.297
S31 0.509 T 0.202 0.283 T 0.354
C32 0.364 T 0.113 0.136 T 0.158
S32 0.347 T 0.080 0.159 T 0.105
C33 –0.199 T 0.009 –0.185 T 0.012
S33 –0.171 T 0.015 –0.149 T 0.016
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appropriate for a body responding only to the
time-averaged tide raised by Saturn and synchro-
nous rotation, assuming that the material proper-
ties have no substantial deviation from spherical
symmetry (3). This is consistent with hydro-
static equilibrium but does not by itself require
hydrostatic equilibrium. For that additional step,
we consider the smallness of the other harmonics
and the billion-year time scales in which the tidal
and rotational bulges have had time to adjust. If
Titan is in hydrostatic equilibrium (an assump-
tion well supported from the orbital solutions),
the static part of the gravity field depends on a
single parameter, the fluid Love number kf. The
value of C22 obtained from SOL1 and SOL2
implies kf = 1.0097 T 0.0039 and 1.0136 T
0.0072, respectively (4); kf would be equal to 1.5
for a fluid body of uniform density.

Traditionally, there are two ways to repre-
sent the gravity field: by the geoid and by the
gravity disturbances. Both require defining a
reference ellipsoid. We define the reference
ellipsoid as the equipotential surface around the
sphere of radius equal to the mean radius of
Titan, whose potential is composed of the sum
of (i) the gravitational potential produced by the
monopole potential, JH2 ¼ ð10=3Þ C22, and C22;
(ii) the tidal potential due to Saturn; and (iii) the
rotational potential (4). Analytically, we derived
the equations for the semi-axes of the reference
ellipsoid from SOL1 as (5)

a ¼ Rt 1þ 14
3 C22 þ 7

6 qr
! "

¼ 2575:239 km,

b ¼ Rt 1 − 4
3C22 − 1

3 qr
! "

¼ 2574:932 km,

c ¼ Rt 1 − 10
3 C22 − 5

6 qr
! "

¼ 2574:829 km

for a reference radius Rt = 2575 km. The formal
errors are less than 1 m. These values change by
about the same amount if SOL2 is adopted. A
nonhydrostatic reference ellipsoid, constructed
from the measured values of J2 and C22, would
differ from the hydrostatic one by at most –9 m
for SOL1 and only +0.2 m for SOL2. In both
solutions, ða − cÞ=ðb − cÞ ≃ 4, as expected for a
synchronously rotating satellite in hydrostatic
equilibrium subjected to the rotational and tidal
deformation (6).

The axes of the reference ellipsoid are larger
than the radii found from radar altimetry (7) (a =
2575.15 T 0.02 km, b = 2574.78 T 0.06 km, c =
2574.47 T 0.06 km). In (7), the mean planetary
radius (2574.73 T 0.09 km), is smaller by 3s than
the value of 2575 km adopted here. If this smaller
value is used, the axes of the reference ellipsoid
become 2574.969, 2574.662, and 2574.559 km
(the rescaling of the gravity coefficients, being a
second-order effect, can be neglected). These
values differ respectively by –181, –118, and +89
m from those determined from radar altimetry, a
statistically significant difference for the long
axis (a).

We computed Titan’s geoid heights and
gravity disturbances following (8) (Fig. 1 and
2). The geoid heights vary from –19 to 14 m

(root mean square value, 6.9 m), well below the
hundreds of meters of large-scale topography
(7). The gravity disturbances vary from –3.73 to
3.05 mGal (10–3 galileo). A negative disturbance
of –0.2 to –0.1 mGal appears under Xanadu.
For this prominent feature, the geoid height var-
iations and gravity disturbances correlate well
with the altimetric data (7); such a correlation
does not exist for the reference ellipsoid defined
by gravity and the ellipsoid fitted to altimetric
data.

Using the Radau-Darwin equation (6), the
average normalized MoI is C̃ ¼ 0:3414 T 0:0005
(C̃ ¼ 0:3419 T 0:0010 for SOL2) (9). The MoI
factor C̃ is a crucial parameter to study a sat-
ellite interior. Titan’s MoI factor is clearly dif-
ferent from and intermediate to those inferred
for Ganymede (about 0.31) and Callisto (about
0.36) (10,11). The value for Ganymede admits a
simple interpretation: a fully differentiated struc-
ture, consistent with the presence of an iron core
(needed to explain the existence of a dynamo).
The difference between Ganymede and Titan
cannot be explained merely by assuming that
Titan lacks an iron core. Like Callisto, the larger
value of 0.34 can be accomplished by a range of
models (12). If we assume that Titan consists of
two layers, an outermost pure water-ice shell
(allowing for the different densities of the various
ice phases) and an inner constant-density core,
then the mean density and MoI determine the
radius of the core to be 2050 to 2100 km and the
density of the core to be 2550 to 2600 kg/m3.
Because this core is necessarily rock-rich and
therefore less compressible than ice, it is a
reasonable approximation to treat it as having
uniform density. The uncertainty in core size and

mean density arises from the small thermal
contributions to the density of ice and the location
of the phase boundaries, and also encompasses
the small changes that come from assuming an
ocean (with or without dissolved ammonia). The
core in this two-layer model would most
reasonably be interpreted as a mixture of ice
and rock. In many accretional models, the
outermost regions are heated most severely and
therefore are most susceptible to melting of the
ice component. The rock would then settle to
mix with the deeper regions, assuming it is in
the form of particles that are sufficiently small
that they cannot settle of their own accord by
Stokes flow through the viscous ice. However,
models that have three or more layers cannot
be excluded; for example, a pure rock core
surrounded by a mixture of ice and rock, sur-
rounded in turn by pure ice. The extent of
separation of ice from rock is most likely a
consequence of the details of the timing and
duration of Titan’s accretion process (13). It
may also be affected by later radiogenic heat-
ing and partial melting of the ice-rock mixture.
The MoI factor might also be accomplished by
fully separating ice from rock but demanding a
low rock density appropriate to hydrated sili-
cates (14, 15). A problem with these models is
the low core density required and the likelihood
that radiogenic heating would cause partial de-
hydration. There is no straightforward way of
resolving this issue observationally, but through
detailed modeling it is possible to assess which
models are most plausible.

Zebker et al. (7) suggested that the shape
and therefore by implication much of the
gravity of Titan are those of a body that froze
during a previous spin and tidal state correspond-
ing to a smaller distance from Saturn. This
hypothesis cannot be assessed by looking at
degree 2 gravity and topography alone, because
there is no way to separate hydrostatic and
nonhydrostatic parts, and their hypothesis would
also satisfy J2/C22 = 10/3. However, the small-
ness of the degree 3 terms is not consistent with
this interpretation. It is unreasonable to suppose
that a body is able to maintain hundreds of
meters of frozen topography when its gravity is
close to that expected for a fluid body (SOM).
To quantify this, we considered the geoid anom-
alies expected for a given topography anomaly.
For completely uncompensated topography, the
geoid-to-topography ratio (GTR) is given by

(16) GTR ¼ 3rc
rð2l þ 1Þ

, where rc is the near-

surface (“crustal”) material (~1 × 103 kg/m3), r is
the mean density of the body (~1.9 × 103 kg/m3),
and l is the harmonic degree. For l = 2, this is
about 0.3, implying that a topographic feature
of 300 m would be expected to give a geoid
anomaly of 100 m, but with a large uncertainty.
The observed geoid anomalies are at least one
order of magnitude smaller. The orientation of
the shape with that of the current tidal and
rotational effects is therefore best interpreted as

Fig. 2. Titan’s gravity disturbances with respect
to the reference ellipsoid, in mGal, plotted over
Titan’s albedo. The region delimited by the red
dashed line is Xanadu. South of Xanadu is an area
of negative gravity anomaly. The coordinate axes,
the equator, and the prime meridian are shown
in black.
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Steve	  Benner	  and	  colleagues	  



C,H,O,N,P... 

Amino acids 

Nucleotides 

Proteins 

DNA, RNA 

Elements Monomers Polymers 

Carbon	  is	  the	  scaffolding	  and	  water	  is	  the	  liquid	  medium.	  

LIFE	  AS	  WE	  KNOW	  IT......	  



C,H,O,N,P... 

 C-N 

 C-N 

Structure/catalyst C-N polymers 

Information carriers 
C-H-O polymers 

Elements Monomers Polymers 

Carbon	  is	  the	  scaffolding	  and	  ethane-‐methane	  the	  liquid	  medium.	  

LIFE	  AS	  WE	  DON’T	  KNOW	  IT......	  
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2CH4	  C2H2+3H2	  

Acetylene	  transports	  solar	  UV	  and	  
magnetospheric	  energy	  to	  the	  
surface	  

C2H2ice	  (to	  surface)	  
saturated	  hydrocarbons	  (ethane)	  
then	  aerosols	  to	  surface	  

+2	  hν	  	  	  	  (UV)	  

stored	  chemical	  energy	  
(~100’s	  kjoules/mole)	  

tholins	  (C/H	  >>	  1)	  
then	  aerosols	  to	  surface	  

Focus	  on	  the	  chemistry	  of	  acetylene,	  which	  should	  be	  
fairly	  abundant	  (1%)	  in	  the	  lakes	  	  

This is a unique situation in the solar system thanks to Titan’s dense atmosphere 



C2H2+3H22CH4	  

3C2H2C6H6	  

However,	  a	  source	  of	  hydrogen	  may	  change	  everything…	  

+	  334	  kJoules/mole	  	  
	  	  (McKay	  and	  Smith,	  2005)	  

570	  kJ/mole	  



And	  with	  a	  source	  of	  oxygen	  (water)…	  (Benner	  and	  Kim,	  Abscicon	  2010	  April,	  Houston):	  
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Elution	  time	  or	  m/q	  
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Lsun	  -‐-‐>1.1-‐1.5	  Lsun(today)	  
?	  

?	  

(analog)	  
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Kasting,	  1992	  



0.1	  AU	   	   	  	  	  	  	  	   	   	   	  	  1	  AU 	   	   	   	   	  	  	  	  	  	  	  10	  AU	  

M	  V	  

G	  V	   Teff	   	  258K 	   	   	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  85K	  

Teff	   	  258K 	   	   	  	  	  	  	  	   	   	   	  	  85K	  

A	  Titan-‐like	  planet	  at	  1	  AU	  from	  an	  M-‐dwarf	  	  





82	  



10	  Blue	  =	  orbiter	  or	  close	  flyby	  spacecraft;	  red	  =	  mobile	  aerial	  platform;	  green=surface	  lander	  



Blue	  =	  orbiter	  or	  close	  flyby	  spacecraft;	  red	  =	  mobile	  aerial	  platform;	  green=surface	  lander	  



Blue	  =	  orbiter	  or	  close	  flyby	  spacecraft;	  red	  =	  mobile	  aerial	  platform;	  green=surface	  lander	  
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A land that is lonelier than ruin    
A sea that is stranger than death 
Far fields that a rose never blew in,    
Wan waste where the winds lack 

breath 

By	  the	  North	  Sea	  (A.C.	  Swinburne)	  


