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•  Titan’s(Surface(Liquids(and(Hydrologic(Cycle!(

•  Transient(Features(in(Titan’s(Seas!(
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•  Waves,(floaOng/suspended(solids,(or(bubbles!(
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Atmosphere(
•  Titan(is(the(only(moon(in(the(Solar(System(to(
have(a(significant(atmosphere(

•  Pressure:(~(1.5(Omes(Earth’s(
•  Temperature:(~(W300O(F(
•  ComposiOon:(~95%(nitrogen,(~5%(methane(
•  Methane(and(ethane(are(stable(liquids(at(
Titan’s(surface!(

•  Titan’s(surface,(however,(is(veiled(by(hazes(
4(
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CassiniWHuygens(Unveils(Titan’s(Surface(
½(scale(model(of(Cassini(spacecra`!•  Titan’s(surface(can(be(

observed(in(infrared(and(
microwave(“atmospheric(
windows”!

Earth’s(atmospheric(windows!



Huygens(Landing(–(Evidence(of(Liquids(
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Huygens(Landing(at(300(m(ResoluOon(
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Lakes(

Ontario(Lacus(

•  Only(instance(of(
current,(stable,(
surface(liquids(in(
the(Solar(System(
aside(from(water(
on(Earth(
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Lakes(

Ontario(Lacus(

•  Only(instance(of(
current,(stable,(
surface(liquids(in(
the(Solar(System(
aside(from(water(
on(Earth(
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Seas(
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Cayuga(Lacus(

•  Similar(in(size(to(the(Great(Lakes(on(Earth(



DistribuOon(of(Lakes(and(Seas(
•  All(of(the(lakes(and(seas(are(poleward(of(55O(

•  More(than(99%(of(the(liquid(is(in(the(north(
Credit:(A.(Hayes(
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Depth(and(ComposiOon(
•  Ligeia(Mare(is(600(
feet(deep(and(
mostly(methane(

•  A(single(sea(has(
more(
hydrocarbons(
than(all(of(the(
proven(fossil(fuel(
reserves(on(Earth(

The seafloor complex morphology observed at the shorelines from images, together with multiple bounces
at the interfaces of the shallower depths causes multiple peaks in the radar echoes and makes it a challenge
to distinguish the first surface reflection from the second one. Thus, the first six echoes and the last one were
extracted and processed with the optimal Burg extrapolation and Kaiser-Bessel beta parameter which allows
for the best separation of the echoes from the seafloor and the surface. This processing allowed tracking the
position of partially merged surface-subsurface peaks ranging up to 15–20 m from each other. In this region
the surface and subsurface echoes were merged when standard processing was applied (Figures 2a and 2b).

The tracking algorithm localizes the position of the two maxima signals amplitudes (surface and subsurface)
and verifies that the second peak (subsurface) is not preceded by other peaks (i.e., peaks at least!1 dB below

Figure 2. MEMmethod via Burg algorithm for superresolution techniques applied to Cassini T91 altimeter data. The super-
resolution allows to distinguish surface-subsurface peaks under the nominal radar range resolution (c, d) and improve the
time distance measurements of surface-subsurface peaks (a, b).

Figure 3. The upper image shows the T29 SAR image of Ligeia Mare with the superimposed altimetry T91 track. Red circles
indicate start and stop altimetry track. The image in the bottom shows the radargram obtained by processing T91 data.

Geophysical Research Letters 10.1002/2013GL058618
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Mastrogiuseppe(et(al.,(2014(



•  Seasons(are(due(to(obliquity(not(eccentricity!(

Seasons(on(Titan(

Saturn/Titan(orbital(period(around(
the(Sun(is(29.5(Earth(years(

Sun(

Credit:(R.(Lorenz(



Seasonal(Hydrologic(Cycle(

Barnes et al. Planetary Science 2013, 2:1 Page 13 of 22
http://www.planetary-science.com/content/2/1/1
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Figure 15 Concordia Regio and Adiri change sequence. Here we document the changed areas in Concordia Regio (left column) and Adiri (right
column) that occurred over the course of late 2010 through 2011 August as seen by both VIMS and ISS, with VIMS T31, T70, and T72 combined with
RADAR from T21 where available for comparison and context. Changes are identified relative to the pre-cloud-outburst state. We have taken care to
identify potentially changed areas conservatively – hence the actual changes may extend beyond those areas that we identify here.

The relative I/F of each of the brightened areas within
the spectral windows is also inconsistent with clouds.
Figure 21 shows the integrated I/F for the Yalaing
Terra brightened pixels from T76 compared against Equa-
torial Bright terrain, dark brown terrain (dunes), and
clouds, all with the same viewing geometry. The T76
brightenings plot outside the bounds of normal Equatorial

Bright terrain, but also fall well outside the region asso-
ciated with clouds. Because this in-window test depends
more highly on the target’s spectrum and less on its alti-
tude, it allows us to rule out near-surface ground fogs
as well as high clouds. The longevity and temporal con-
sistency of the changed features is likewise inconsistent
with fog.

Vernal!Equinox:!
Equatorial(precipitaOon(
Turtle(et(al.,(2011(

Southern!Summer:!
Retreat(of(southern(lakes(
due(to(evaporaOon(and/
or(infiltraOon(
Hayes(et(al.,&2011(

Sep(27,(2010;(Large(Cloud(to(the(West(
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Figure 1 Cube CM_1721848119_1. Cassini Visual and Infrared Mapping Spectrometer (VIMS) cube
CM_1721848119_1 from the T85 Titan flyby on 2012 July 24. This cube shows a bright specular reflection
(sunglint) off Kivu Lacus. This interpolated color version uses 2.0 µm as blue, 2.8 µm as green, and 5.0 µm as
red. The complex structure surrounding the central glint is described in Barnes et al. ([20]).

terrain. This contrast inversion occurs because VIMS is seeing a specular reflection of
the (somewhat) bright sky from the lake and sea surfaces [6,17]. We show a practical
demonstration of this effect in Figure 5.

The bright lakes and seas do not all show the same measured I/F . There are three
reasons for this. The first is that at 5 µm Titan’s atmosphere is optically thin. So if you
were standing on the surface in a boat on one of these lakes you would see that the sky

I/F=0.0

I/F=0.44

= saturated

(29,24)
(27,21)

(26,20)
(24,14)

Figure 2 5-µm image. Here we show the 5-µm window of cube CM_1721848119_1, scaled from
I/F = 0.0 to I/F = 0.44. Red indicates the saturation of pixels, which occurs at the primary specular reflection
off Kivu Lacus. The arrows indicate the areas of interest for this paper, which show specular reflections on
Punga Mare away from the specular point that may represent wave activity.

HighWphase(specular(
reflecOons(are(
isolated(patches(of(
Punga(Mare:(
mudflats!or!waves!

Northern(Spring(

Barnes(et(al.,(2014!



18(

0 10 20 30
km

m

0 25 50 75 100
km

Ü

m
m

m mm

04/26/07 
Θinc = 19O 

07/10/13 
Θinc = 6O 

10/14/13 
Θinc = 27O 
? 

08/21/14 
Θinc = 11O 

01/11/15 
Θinc = 8O 



19(

0 10 20 30
km

m

0 25 50 75 100
km

Ü

m
m

m mm

04/26/07 
Θinc = 19O 

07/10/13 
Θinc = 6O 

10/14/13 
Θinc = 27O 
? 

08/21/14 
Θinc = 11O 

01/11/15 
Θinc = 8O 

Titan’s Magic Island 



20(

0 10 20 30
km

m

0 25 50 75 100
km

Ü

m
m

m mm

04/26/07 
Θinc = 19O 

07/10/13 
Θinc = 6O 

10/14/13 
Θinc = 27O 
? 

08/21/14 
Θinc = 11O 

01/11/15 
Θinc = 8O 

Titan’s “Magic Island” 

Θinc 

•  Not(an(arOfact(
•  Not(a(permanent(geophysical(
structure(

•  A(transient(feature(



Transient(Hypotheses(
•  A(new(island(is(unlikely(

–  Change(in(morphology(
–  Not(observed(in(most(recent(observaOon(

(
•  Sea(level(change(that(reduces(absorpOon(is(unlikely(

–  Ligeia(Mare(is(nearly(transparent(to(the(radar;(Mastrogiuseppe(
et(al.,(2014(

–  Requires(changes(of(>(60(m(

•  Sea(level(change(that(causes(surface(exposure(is(unlikely(
–  Requires(exposure(of(>(60%(of(the(area(

•  Seafloor(change(is(unlikely(
–  Requires(εseafloor(>(2.7(and(then(reversion(to(∼2((

21(



Tides(do(not(explain(the(Transient(Features(

Observa:on! True!Anomaly! Transient?!

02/22/2007( 16( ✗(

04/26/2007( 15( ✗(

12/27/2009( 71( ✗(

05/23/2013( 68( ✗(

07/10/2013( 68( ✓(

10/14/2013( 68( ✗(

08/21/2014( 246( ✓(

01/11/2015( 245( ✗(

Saturn(

Titan(

True(Anomaly(
0o(180o(

Tides(on(Titan(are(due(to(its(
eccentric(orbit(around(Saturn(

Tides(should(cause(consistent(
presence/absence(with(true(
anomaly(



Bubbles(are(a(Plausible(Hypothesis(
•  Terrestrial(Analog:(La(Brea(Tar(Pits(

23(

~(inch(sized(methane(bubbles(in(tar(
Credit:(tarpits.org(

~10(inch(sized(methane(bubble(plume(in(water(
Credit:(Feldfrei(Blog(



Credit:(Randy(Kirk(

FloaOng(or(Suspended(Solids((
are(Plausible(Hypotheses(



FloaOng(or(Suspended(Solids((
are(Plausible(Hypotheses(
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Terrestrial(Analog(
ERSW1(radar(image(of(Lake(Ladoga,(Russia(
70(by(50(km(
Ivanov(et(al.,(1997!

Isolated 
Bright Patches

Island

Waves(are(the(Preferred(Hypothesis(

IllustraOon(of(Waves(on(Titan(
(Credit:(NASA(



“Magic&Island”(#2(
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TFL2 TFL1
•  Similar(to(“Magic&

Island”(#1(on(08/21/14(
•  Also(a(transient(feature(

that(is(most(consistent(
with(waves,(floaOng(or(
suspended(solids,(and(
bubbles(

08/21/14(07/10/13(



Future(ObservaOons((
and(ExploraOon(



Conclusions(
•  Titan’s(Surface(Liquids(and(Hydrologic(Cycle!(

•  Transient(features(discovered(and(confirmed(
in(Titan’s(hydrocarbon(sea,(Ligeia(Mare!((
– Most(consistent(with(waves,(floaOng(or(
suspended(solids,(and(bubbles(

•  Waves(are(favored(as(the(most(probable(
explanaOon(because(of(their(higher(frequency(
in(analogous(terrestrial(environments(
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