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Saturn , February 2009

Hubble Space Telescope

Note that Saturn is visibly noncircular - it Is
rotationally flattened



A spinful digression on
The Huygens Probe




2.59m Pilot chute for
transonic stability
deployed by mortar
through break-out
patch.

Pulls off back cover
and deploys main
chute via lanyard.
8.3m main chute
needed for safe front
shield separation.

3.3m Stabilising
drogue to achieve
descent fast enough to
reach surface within
telecom & energy

wiind oy



Electrostatic dischargers (3x) Radar Altimeter Antenna (4x)

HASI Stud with
P and T sensors

Parachute container

HASI deployable
booms with
electrical sensors (2x)

Spin Vanes

GCMS inlet SSP inlet

ACP inlet
DISR-S: Sensor Head

Heat-shield and Back Cover Telemetry antennae (2x)
Separation mechanisms (3x)

Huygens Descent Configuration. Spin Vanes (as for Galileo, Pioneer
Venus) to cause slow rotation to pan DISR sensors. Spin vanes demand,

subject to dynamics, an approximately constant ‘corkscrew' rate revs/km.



DISR Imagers Approximate Fields-of-View

SLI ~45-t0-95 deg
MRI ~20-t0-45 deg
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Expectation that spin at start of descent is near release rate, changes only

slightly during low dynamic pressure main chute descent, then increases
at parachute changeover to new profile that slowly declines.
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A puzzle - (unsigned) spin rate telemetry non-monotonic.
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Probe Transmitter signal strength varies slightly with azimuth as well as
elevation : some fluctuations expected due to probe spin

Elacirostatic dischargers [3x) f
[

HASI Stud with
P and T sensors

Parachuts container

Heat-shleid and Back Cover

Telemetry antennae
Separation machanisms [3x)

spin vanes (36)

8 + sin ¢ [deg]

Probe Transmitter Antenna FM
RCF 2098 MHz

Antenna Pattern [dB]

8 + cos ¢ [deg]

8 = Elevation Angle [D°, 907]
¢ = Azimuth Angle [0°, 380°]



AGC (dB)

Periodic Spin modulation of AGC allows diagnosis
of spin rate and direction
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Mission did not follow expected profile
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Overall spin reversal suspected to be torque from attachment fittings
(unnoticed in 1996 balloon drop). Need wind tunnel test to verify.



SSP Tilt
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SSP X-tilt sensor mounted radially - should read +ve for both + and -
spin. Shows scatter about zero, as expected, during most of descent. But
suffers excursion at beginning of descent - boom not deployed ?




Huygens Fokationol Speed
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Some additional short-period accelerations in spin rate also point to a
time-variable complication . Did HASI boom move?




Autorotation
observed from
parachute/probe
Interaction
(wake?) In
Mercury vertical
wind tunnel tests



So, back to Titan.......




Large satellites
near their
primary will
become tidally-
locked - e.g.
our Moon

Spin pole~orbit
pole. Spin
rate~orbit rate.

Always faces
same side
towards Earth




Situation is a little more complicated for an elliptical orbit : satellite
rotates at constant rate, but angular rate around orbit varies (Kepler's 31

law) so there Is an apparent wobble or libration . Also tides....
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(Interesting but distracting story about tidal dissipation in oceans on
Titan omitted - ask me about it later...)



Over the long term (centuries)
Sun, Jupiter etc. slightly perturb
Titan's orbit.... Precesses

Cassini state - 1693

A relaxed system will have the
satellite spin pole (s) precess
around some fixed vector (k) at the
same rate as the orbit pole (n).
These three vectors will be
collinear, and the obliquity (angle
between spin pole and orbit pole)
will depend on the moment of
Inertia (internal structure) of the
satellite.




Precision measurements
of satellite spin usually
made with optical images
- accuracy Is enhanced
substantially if fiducial :
markers (e.g. known stars)
can be used for absolute
angular position T , o
reference. o
[Example saturnshine e
Image of lapetus]




Such images ('OPNAV's) are also used to
refine orbit estimates of satellites and
Cassini itself.

Planetary science trivia - the active
volcanos on lo (powered by tidal
dissipation) were discovered by a JPL
engineer (Linda Morabito) looking at an
OPNAV Image. To get a precise position
measurement of lo, she was fitting a circle
to lo's limb, but the fit was poor - when the
contrast was stretched she could see why -
there was a volcanic plume making lo
appear non-circular!

But Titan is a truly horrible object for
optical navigation - nonuniform haze,
atmospheric refraction & scattering.




It was realized pre-arrival (e.g. Bruno Bertotti, Radio Science Team)
that Radar measurements could determine spin pole and thereby infer
moment of inertia independently of gravity measurements (which
Radio Science team would perform). Requested that we get
overlapping SAR swaths to correlate features and determine pole
(probably to be ~0.5 degree off the orbit normal)

Radar team response "We'll get lots of overlaps anyway - they're

unavolidable (and good for stereo and other things)' SPIn solution
was on the 'to do' list, but only once a decent number of overlaps had

built up (~T30).




Wind-induced seasonal angular momentum exchange at Titan’s
surface and its influence on Titan’s length-of-day

Tetsuya Tokano and Fritz M. Neubauer
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Tokano and Neubauer noted that
winds change seasonally. Angular
momentum Is dominated by low-
latitude, low-altitude winds.
Seasonal reversal of these causes
total angular momentum of the
atmosphere to drop by about 80%
of 1ts mean value - transferred to
surface...

GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L24203, doi: 10,1029/ 2005 GLO24456, 2005



Exchange of angular momentum with surface will change
rotation rate of crust, depending on moment of inertia (js crust
decoupled from core by an internal ocean?)
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A striking prediction!



Radar Mapping

* 10-30 km observed feature mismatches due to pole location

» 2-3 km mismatches due spin rate and pole wobble
125 128
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DETERMINING TITAN'S SPIN STATE FROM CASSINI RADAR IMAGES*
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ABSTRACT

For some 19 areas of Titan’s surface, the Cassind RADAR instrument has obtained synthetic aperture radar (SAR)
images during two different flybys. The time interval between flybys varies from several weeks to two years. We
have used the apparent misregistration {by 10-30 km) of features between separate flybys to construct a refined
model of Titan’s spin state, estimating six parameters: north pole right ascension and declination, spin rate, and these
quantities” first time derivatives We determine a pole location with right ascension of 39.48 degrees and declination
of 83.43 degrees corresponding to a 0.3 degree obliquity. We determine the spin rate to be 22.5781 deg day~! or
0.001 deg day ! faster than the synchronous spin rate. Our estimated corrections to the pole and spinrate exceed their
comresponding standard errors by factors of 30 and 8, respectively. We also found that the rate of change in the pole
right ascension is —30 deg century ™', ten times faster than right ascension rate of change for the orbit normal. The
spin rate is increasing at a rate of 0.05 deg day ! per century. We observed no significant change in pole declination
over the period for which we have data. Applying our pole correction reduces the feature misregistration from tens
of km to 3 km. Applying the spin rate and derivative corrections further reduces the misregistration to 1.2 km.

Kev wonds: celestial mechanics — methods: numerical — planets and satellites: individual (Titan) — techniques:
image processing — techniques: radar astronomy




Inconstant Days

 Mars’ Length-of-Day (LoD, measured by
Pathfinder/Viking tracking) changes by about 1 ms
over the Martian year — change of planetary moment
?f _inedrtia by seasonal CO2 frost deposition at high
atitude

e Earth’s day (determined astronomically) changes in an
annual cycle by ~0.8ms — change of zonal winds
(hemispheric atmospheric angular momentum
changes by almost 100%)

 Earth has a secular LoD increase ~2ms/century due
to tidal despinning - Angular momentum exported to
the moon.. (astronomy, plus lunar laser ranging, plus
tidal rythmites in the geological record —e.g. 620 Myr
ago LoD =21.9hrs)



Titan's Rotation Reveals an Internal
Ocean and Changing Zonal Winds

Ralph D. Lorenz,™* Bryan W. Stiles, Randolph L. Kirk,® Michael D. Allison,* Paclo Persi del Mamo,’
Ludano I»:ass,5 Jonathan 1. Lurrinef‘ Steven ]. Gsim,z Scott H»:ansh?_fy.rZ

Cassini radar observations of Saturn’s moon Titan over several years show that its rotational period is
changing and is different from its orbital period. The present-day rotation period difference from
synchronous spin leads to a shift of ~0.36" per year in apparent longitude and is consistent with
seasonal exchange of angular momentum between the surface and Titan's dense superrotating
atmosphere, but only if Titan's crust is decoupled from the core by an internal water ocean like that

on Europa.

itan’s massive atmosphere modifies i

surface in many ways—notably by aeoli-

an transport forming sand dunes and by
fluvial erosion forming river channels—and it
has been predicted (/) that angular momentum
exchange between the surface and atmosphere
might lead to seasonal varations in Titan's spin
rate or length of day (LoD). Changes in wind
patterns lead to a seasonal change (2, 3) in Earth's
LoDy of ~1 ms, supedmposed on longer-term
vadations in LoD due to gravitational tidal torque
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Laboratory, California Institute of Technology, Pasadena, CA
91109, USA. 1.5, Geological Survey, Flagstaff, AZ 86001,
USA, “NASA Goddard Institute for Space Studies, New York, NY
10025, USA. “Universita La Sapienza, 00184 Rome, Italy.
“Lunar and Planetary Laboratory, Universityof Arizona, Tucson,
A7 85721, USA.

*To whom correspondence should be addressed. E-mail:
ralph.lorenzi@ijhuapledu

from the Moon. On Mars, a seasonal vadation in
LoD of ~1 ms measured by lander radio tracking
{4} occurs as a result of the redistrbution of mass
in the CO» frost cyele. Also, a gravitational 1
bration of Mercury revealing a liquid core was
recently observed by planetary radar (5). These
effects are quite subtle, but on Titan, a small body
with a massive atmosphere, the changes can be
substantial: Global Circulation Model (GCM) pre-
dictions of seasonal changes in LoD (/) are of
some tens to hundreds of seconds (Titan's side-
real LoD s nominally equal to the orbit period of
1,377,684 s, or ~15.945 solar Earth days). This
change leads to displacements of surface features
from their expected positons by tens o hundreds
of kilometers over time scales of a Titan season
{about one-fourth of the 29, 5-year Satrn orbital
period), easily detectable by radar mapping.

The high spatial resolution (<0.5 km) of
images from the Cassind radar instrument, coupled
with the geometric precision relative to an extemal

reference frame afforded by radar imaging, has
recently allowed Timn’s spin stte w be deter-
mined with great accuracy (f—8). In synthetic
aperture radar (SAR) imaging acquired by Cassini
between October 2004 and May 2007, there are
19 regions on Titan that are observed in more
than one swath. Two independent analyses—
ong () using 150 manually detenmined landmark
features, which are displaced by up to 30 kan
between swaths if the locations are computed
with the previously assumed pole position and a
synchronous rotation, and another (7) using nu-
merical correlation of four overlapping images—
both indicate a spin rate of 22.5781° per day, or
036" per year faster than synchronous spin.
These analyses also determine the pole position,
indicating an obliquity of Tiun's pole from its
orbital plane around Satum of (.37, This is small
enough to be meteorologically unimportant
relative to the Satum system obliquity that drves
Titan’s seasons (the dng plane, itself inclined by
~0.3% w Titan's orbital plane about Sawrn, is
inclined to Satum’s orbit around the Sun by some
26.7°, close to the present obliquities of Mars and
Earth of 25.2° and 23.5%, respectively). Although
the pole position (expected to precess on century-
to-milenniwmn time scales because of gravitation-
al torques in the satrndan system) may provide
constraints on Titan's intemal stoucture, notably if
Titan 1 in a dynamically relaxed spin-orbit equi-
librivm [a so-called “Cassini State,” e.g., (9-1)],
we focus here on the spin rate,

First, we note that Titan’s spin-down fme 1s
short (<10° years) relative to the age of the solar
systern, so in the absence of extemal torques it
should be in an asymptotc end state with syn-
chronous rottion (/2). Indeed, less accurate

www.sciencemag.org SCIENCE VOL 319 21 MARCH 2008




Nonsynchronous spin detected by RADAR difficult to reconcile
with solid Titan. Requires extreme angular momentum change
or an internal ocean overlain by crust (100-200km thick?).
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The Ocean within.....




Spin rate variation in same range as predicted by Tokano
model (but phase-lagged?)
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That's ok - we know the GCMs are far from perfect
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A surprise on Titan - Dunes |

Sometimes seen as positive ridges ~1-2km wide, 150m high. Sometimes
only visible as dark streaks against brighter substrate
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Linear dunes in the Namib Desert

Longitudinal dunes form in alternating wind regime (line up along the
vector mean of two dominant wind directions separated by ~120 deg)

e
= Shuttle handheld
~ digital came[aea s

E 2

" B

Now, Namibia, desert streaming into ocean,
waves of bright sand diving into dunes of dark water
-visible rhythms of blue and brown,
sea and sand dance upon my.strings.

Astronaut Story Musgrave
9 Jun 1999



Prof Jani Radebaugh of BYU
demonstrates that the
dune:wave analogy is not

perfect...

3

e

Dunes “flow’ around hills allowing tracing of global wind patterns -
'teardrop’ shapes allow resolution of 180 degree ambiguity. Jani has

mapped out some 16,000 dune segments in radar data



Lorenz and Radebaugh,
GRL, 2009




NEWS OF THE WEEK

PLANETARY SCIENCE

In Dune Map, Titan's Winds Seem to Blow Backward

Christopher Columbus rode the trade winds Initially, the modelers questioned the savs. And although the dunes seem to be
from Europe to America. But on Saturn’s  results, says Claire Newman, a planetary sci-  voung, he says, they may be cemented in
moon Titan, a wind-driven westward vovage  entist at the California Institute of Technology  place, remnants of an atmospheric past.

might not be possible. A new map of Titan’s  in Pasadena. *“Its almost like you go, well, did The heights of Titan's topographic features

dunes reveals that near-surface
winds at the equator blow the
wrong way: from west to east.
That’s the opposite of the predic-
tions made by models of Titan’s
atmosphere. Researchers say
there s no clear path to reconciling
those differences.

For the map, published in Geo-
phvsical Research Letters last
month, planetary scientists Ralph
Lorenz of Johns Hopkins Univer-
sity 1n Laurel, Maryland, and Jani
Radebaugh of Brigham Young
University in Provo, Utah, used
images from the Synthetic Aper-
ture Radar instrument on the

are still not well mapped, so
unknown hills and valleys could
still be the culprits, says Sebastien
Lebonnois, a planetary climatolo-
gist at the Laboratoire de
Metéorologie Dvnamique (CNRS,
University Paris 6) in Paris. Tet-
suya Tokano, a planetary meteor-
ologist at the University of
Cologne in Germany, has added
speculative topography to his
model, to no avail. Henow guesses
that the dunes themselves could be
diverting the winds, but the mod-
els don’t have a fine enough reso-
lution to study the dunes.

Mitchell plans to study the pos-

org on March 13, 2009




Theorem (1) : for any observation, a theorist can come up with

an explanation to fit it.....

Tue Astrorpysicar Journar, 692:168-173, 2009 Febmary 10
(€0 M09, The American Astronomical Society. ALl rights reserved. Printed in the 115 A
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COUPLING CONVECTIVELY DEIVEN ATMOSPHERIC CIRCULATTION TO SURFACE ROTATION: EVIDENCE
FOR ACTIVE METHANE WEATHER IN THE OBSERVED SPIN RATE DRIFT OF TITAN
JomaTHAN L. MITCHELL

Institute for Advanced Study, Princeton, WJ 08540, USA; mitchi@ias.edu
Received 2008 July 29; accepted 2008 October 28; pulilished 2009 February 13
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Theorem (2) : for any observation not fit by a theoretician, he
or she will come up with an explanation why the observation
must be wrong

GEOPHYSICAL RESEARCH LETTERS, VOL. 35, L16202, doi:10.1029/2008GLO34744, 2008

Click
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Article
Eftect of internal gravitational coupling on Titan’s non-synchronous
rotation
O. Karatekin,' T. Van Hoolst,' and T. Tokano”

Recerved 200 May 2008, revised ¥ July 20608; accepted 16 July 2008, published 27 August 2008,

-'FDBD 1888 1992 19898 2004 2010

Nonspherical core, and'nonspherical shell, would be gravitationally-
coupled, so nonsynchronous rotation shouldn’t happen....
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Net Effect of Spin & Precession

Titan Longitude Drift Including Precession
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Cassini Solstice Mission (not yet approved) should see
mayjor divergence from present state



But Bills & Nimmo have pointed out (AGUOS8, LPSCQ09) that
other terms vary in the Titan orbit - e.g. Titan's orbit not only
precesses about Saturn's equator (~700 years) but Saturn's
equator itself precesses with a period of ~1.7 million years

- multi-frequency Cassini state
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polar moment from multi—frequency obliquity
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thin shell

T

homogeneous body !

'- obzerved value

0.4

. . . - 2
dimensionless polar moment (c = C/MR")

Polar moment of inertia from obliquity doesn’t appear to be of same
value as that inferred from the gravity field (not yet published). Rigid
body theory not applicable?

Pretty universal agreement that rotation state is weird enough to require
Internal ocean (so my Science paper isnt yet wrong) but details really
need to be worked out and more measurements obtained



Just to make things interesting, CIRS data suggests that atmosphere
doesn’t rotate around the geographical north pole...

Observation of a tilt of Titan's middle-atmospheric superrotation

Richard K. Achterberg®-*, Barney |. Conrath”, Peter ]. Gierasch", F. Michael Flasar ¢, Conor A. Nixon®

Morth

lcarus 197 (2008) 549-555
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But maybe that isnt so strange
- terrestrial stratospheric
features can be displaced
too....

(note that there are some other
similarities between Titan's
polar hood and the Earth's
ozone hole. Both are
dynamically-confined areas of
downwelling during polar
winter, with distinct gas
chemistry and aerosols (polar
stratospheric clouds on Earth).

ozone hole

Total Ozone (Dobson Units)
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Croll-Milankovitch cycles on Titan ?

Cassini 2-year

extended mission

Vernal equinox
(Mar 1980;

Voyager 1 Aug 2009
(12 Nov 1980) Ug.<002)

End of Cassini nhominal mission
(Jun 2008)

Huygens

Perihelion
- 14 Jan 2005
18%1*}?@“ tays (14Jan 2005) 1 2003: Dec 2032)

Summer _ "

solstice T Winter

(Dec 1987, s T A r=9.03 AU | =9270° solstice

May 2017) s Sy\ (Oct 2002; Apr 2032)

L. =90°

ba “" " r=10.04 AU
_J Autumn

159 Titan days
End of Flagship

Obliquity 26.7° mission 2032
Summer

182 Titan days s L, =180°

Aphelion Autumnal equinox

(Sep 1988; Mar 2018) (Nov 1995: May 2025)
Flagship Launch 2018

Flagship arrival 2028

Orbital motion of Titan and Saturn around the Sun during one Saturn year. L_denotes the Kronocentric
(Saturnicentric) orbital longitude of the Sun that characterizes the season. 07-01121-04

At present, Southern summer is shorter and more intense than northern
sumMmer. Rt i , ears that will change




Titan's north and south polar regions appear different - many more lakes
and seas in the north than the south. Are we confronting a puzzle similar
to that on Mars? What are the relative roles of topography and
orbital/radiative forcing on the transport and accumulation of volatiles ?

If orbital/radiative forcing is dominant, will the lakes move to the south
In 100,000 years?



A future Titan orbiter, or better yet a long-lived Titan Lander (as proposed in the 2007
APL/JPL Titan Explorer study for NASA) would provide unprecedented accuracy for
measuring Titan's spin state (as was done for Mars Pathfinder...)




Conclusions

Nothing is ever simp

Huygens probe spin s
than one unanticipate

Titan spin is still a de
expect further theoret
observational surpris
on Titan's interior, Its
and on mapping the
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