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Earth and Titan are unique in the Solar System as the only planetary bodies with

active hydrologic cycles that include reservoirs of stable, surface liquid. Titan’s

lakes and seas are primarily composed of methane, ethane, and nitrogen. The

buoyancy of frozen solids in these ternary systems is studied. Assuming ther-

modynamic equilibrium, it is found that frozen solids will float in methane-rich

systems for all temperatures below the freezing point. Frozen solids in ethane-

rich systems will float if the solid has an air porosity of greater than 10% by

volume. For smaller porosities, the buoyancy of the solid in ethane-rich sys-

tems changes with temperature and this temperature dependence may result in

seasonal oscillations that are unique to Titan. These results have implications

for the climatology, geology, and habitability of Titan. Titan’s methane hydro-

logic cycle has been observed to include exchange between the surface and at-

mospheric reservoirs that is driven by seasonal variation in the distribution of

solar energy. Recently, as the summer season approaches in the northern hemi-

sphere, where greater than 99% of Titan’s liquids are located, the Cassini orbiter

has detected anomalously bright features in the seas. These features are un-

likely to be SAR image artifacts or permanent geophysical structures and thus

their appearance is the result of an ephemeral phenomenon on Titan. They are

found to be more consistent with floating and/or suspended solids, bubbles,

and waves than tides, sea level change, and seafloor change and based on the

frequency of these phenomena in terrestrial settings, waves is considered to be



the most probable hypothesis. Titan’s northern seas are therefore not stagnant

liquid bodies but environments where dynamic processes occur. The timing of

their appearance suggests that these transients are an expression of the chang-

ing seasons.
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CHAPTER 1

INTRODUCTION

The existence of hydrocarbon lakes and seas at the surface of Saturn’s largest

moon, Titan, has been well established by the Cassini-Huygens mission. The

Cassini Titan RADAR Mapper has discovered hundreds of dark features in both

the north and south polar regions that are interpreted as liquid-filled basins

based on their near-zero radar reflectivities, location in topographic depres-

sions, and morphologic similarities to terrestrial marine environments includ-

ing associated channels (Stofan et al., 2007; Hayes et al., 2008). Figure 1.1 is

a false color mosaic of Cassini RADAR observations of Titan’s north polar re-

gion and includes the majority of its liquid hydrocarbon bodies. These lakes

and seas are also dark in Cassini Imaging Science Subsystem (ISS) and Visual

Infrared and Mapping Spectrometer (VIMS) images and liquid ethane has been

spectroscopically identified in the south polar lake, Ontario Lacus (Brown et al.,

2008). Specular reflections from Ontario Lacus and the north polar lake and sea,

Jingpo Lacus and Ligeia Mare, constrain their surfaces to be extremely smooth

with slopes of less than 0.05◦ and vertical deviations of only a few mm, signifi-

cantly smoother than expected for solid surfaces (Wye et al., 2009; Stephan et al.,

2010; Barnes et al., 2011; Zebker et al., 2014). Ligeia Mare, was also discovered

to have a reflective interface beneath its surface, interpreted as the seafloor, and

the effective radar absorption of the sea was measured to be very small, con-

sistent with liquid hydrocarbons with little to no impurities (Mastrogiuseppe

et al., 2014). Thus Titan is unique in the Solar System as the only extraterrestrial

world known to presently host stable, surface liquids.

Titan’s lakes and seas interact with and cycle between its atmosphere and
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Figure 1.1: Mosaic of Cassini Titan RADAR Mapper observations of Titan’s
north polar region. The Cassini RADAR observations in this mosaic were ob-
tained in multiple operating modes with resolutions of 0.3-200 km. False color-
ing is used to distinguish liquid hydrocarbon bodies (black-blue) from solid sur-
faces (yellow-brown). Kraken Mare is Titan’s largest sea and appears to include
three basins extending from approximately 45 − 80◦N and 280 − 330◦W. Ligeia
Mare, centered at approximately 80◦N, 250◦W, is Titan’s second largest and most
observed sea. Figure 1.2 is a higher zoom image of Ligeia Mare. Punga Mare
is the smallest and located most northerly of Titan’s three seas. All other sur-
face liquid bodies are smaller than the seas and classified as lakes. Image credit:
NASA/JPL-Caltech/ASI/USGS.

solid surface on multiple time scales. Photolysis in Titan’s upper atmosphere is

gradually depleting its methane via hydrogen escape and the present surface-
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atmosphere reservoir will be depleted in 107−108 years. Widespread organic de-

posits on Titan’s surface that are presumed to be methane photolysis products,

especially large equatorial dune fields, constitute a larger inventory of hydrocar-

bons than the surface-atmosphere methane. This suggests that the atmospheric

methane has existed for longer than 108 years (Lorenz et al., 2008). Outgassing

of the interior is a possible source for the methane and could periodically re-

plenish the atmosphere (ex. Tobie et al. (2006)). Atmospheric argon isotope

abundance ratios indicate outgassing has occurred (Niemann et al., 2010). On

Croll-Milankovitch type orbital-evolution timescales, Titan’s hydrocarbon liq-

uids are predicted to oscillate between the north and south polar regions (Lora

et al., 2014). The present hemispheric asymmetry in the liquid distribution along

with the flooded morphology of seas in the north and dry basins interpreted

as sites of paleoseas in the south are regarded as evidence for this oscillation

(Aharonson et al., 2009). Over the approximately 30 year seasonal timescale

of the Saturn/Titan solar orbit, the changing distribution of solar insolation is

predicted to result in hydrologic cycling through evaporation and precipitation.

The Cassini spacecraft has gradually observed Titan’s seasonal hydrologic cy-

cle during its more than 11 years in the Saturn system. Surface darkening, most

likely due to precipitation, the disappearance of small lakes and shoreline reces-

sion of Ontario Lacus, most likely due to evaporation and/or infiltration were

all observed in the south polar region during the southern summer (Turtle et al.,

2011b; Hayes et al., 2011). After the vernal equinox, surface darkening followed

by brightening beyond the initial albedo and subsequent reversion back to the

initial state, most likely due to precipitation followed by evaporative freezing

and subsequent sublimation, was observed over an expansive southern tropical

region (Turtle et al., 2011a; Barnes et al., 2013). Numerous additional dynamic
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phenomena and liquid-atmosphere, liquid-surface interactions such as currents

(Tokano et al., 2014; Tokano and Lorenz, 2015), waves (Hayes et al., 2013), and

fluvial sediment transport (Burr et al., 2006) are also predicted to occur and to

have a seasonal dependence. Observations of these dynamic phenomena as

they are occurring however, have thus far been sparse. In late northern winter,

the north polar sea, Kraken Mare, exhibited rapid changes in its specular flux

that were not consistent with a static model (Barnes et al., 2011) and one of its

estuaries exhibited backscatter variations that were unlikely to be from process-

ing artifacts, geometric effects, and varying liquid depth (Hayes et al., 2011). In

northern spring, isolated rough patches from waves or mudflats were observed

in the northern sea, Punga Mare (Barnes et al., 2014). Theory and observation

are employed in this dissertation to further elucidate dynamic phenomena in

the lakes and seas of Titan.

In chapter 2 Titan’s lakes and seas are modeled as methane-ethane-nitrogen

systems and the buoyancy of frozen solids in these ternary systems is studied.

Assuming thermodynamic equilibrium, frozen solids will float in methane-rich

systems for all temperatures below the freezing point. For ethane-rich systems,

frozen solids with an air porosity of greater than 10% by volume will float. For

smaller porosities, the buoyancy of ethane-rich frozen solids is temperature de-

pendent.

In chapter 3 the discovery of anomalously bright features in a Cassini

RADAR observation of Ligeia Mare is presented. Figure 1.2 shows a Cassini

RADAR mosaic of Ligeia Mare and five observations of the region where the

anomalously bright features were discovered. Analysis of these anomalous fea-

tures shows that they are unlikely to be radar image artifacts or permanent geo-

4



physical structures and thus are an expression of an ephemeral phenomenon in

a hydrocarbon sea on Titan. The features are most consistent with waves, bub-

bles, and floating/suspended solids. The timing of their appearance, halfway

between the vernal equinox and summer solstice, suggests that these features,

the first transients detected in the sea, are an expression of the changing seasons.

As a result of the discovery presented in chapter 3, two additional Cassini

RADAR observations targeted the region of the transient features, referred to as

TFL1 for Transient Features Ligeia 1, and are analyzed in chapter 4. These two

observations are shown in the bottom two panels on the left side of figure 1.2.

The region of TFL1 was again anomalously bright in the first of the new ob-

servations but not the second. Another transient bright feature in Ligeia Mare,

TFL2, was also discovered in the first of the two new observations. These ob-

servations strongly affirm the conclusion in chapter 3 that TFL1 is neither an

image artifact nor a permanent geophysical structure but an expression of an

ephemeral phenomenon on Titan. The new observations and all of the previ-

ous high-resolution observations of the region of TFL1 are used to better con-

strain the ephemeral phenomenon that is responsible for its appearance. TFL1

is found to be more consistent with floating and/or suspended solids, bubbles,

and waves than tides, sea level change, and seafloor change. Based on the fre-

quency of these phenomena in terrestrial settings, waves is considered to be the

most probable hypothesis.

In summary, Titan is unique in the Solar System as the only extraterrestrial

world known to host an active hydrologic cycle that includes reservoirs of sta-

ble surface liquid. Titan’s hydrologic cycle includes a rich variety of dynamic
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Figure 1.2: Titan’s Ligeia Mare and transient bright features. Ligeia Mare is Ti-
tan’s second largest sea and is located in the north polar region (figure 1.1). Five
observations of the region where anomalously bright features were discovered
are shown in the panels on the left side of the figure. Anomalously bright fea-
tures (TFL1) are present in two of the panels (July 10, 2013 and August 21, 2014)
but not the other three panels. These transient features are the expression of an
ephemeral phenomenon on Titan. The July 10, 2013 observation is overlaid on
the April 26, 2007 observation to fill a gap at the top left.

phenomena and marine environments that have created strikingly similar land-

scapes to those found on Earth. On Titan however, it is methane and ethane, not

water that exists as a stable liquid at the surface. This and other differences are

6



expected to enrich the physics of its hydrologic cycle. An example is the possi-

bility for temperature dependence of the buoyancy of frozen solids, which may

result in seasonal oscillations that are unique to Titan’s lakes and seas. The dis-

covery and confirmation of transient features in one of Titan’s hydrocarbon seas

by the Cassini spacecraft demonstrates that its seas are not stagnant but rather

dynamic environments. Continued study of this hydrologic world should lead

to significant insights into planetary hydrologic cycles that will likely have im-

portant implications for the understanding of the terrestrial water cycle. Propos-

als for future exploration of Titan’s extraordinary lakes and seas include mar-

itime vessels, aerial vehicles, and orbital spacecraft (Stofan et al., 2013; Lorenz

et al., 2015; Barnes et al., 2012; Coustenis et al., 2009; Sotin et al., 2011).
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CHAPTER 2

DOES ICE FLOAT IN TITAN’S LAKES AND SEAS?

Originally published in Hofgartner, J. D., Lunine, J. I., Mar. 2013. Does ice float

in Titan’s lakes and seas? Icarus 223, 628-631.

Abstract

We model Titan’s lakes and seas as methane-ethane-nitrogen systems and

model the buoyancy of solids in these systems assuming thermodynamic equi-

librium. We find that ice will float in methane–rich lakes for all temperatures

below the freezing point of pure methane and that ice will also float in ethane–

rich seas provided the ice has an air porosity of greater than 5% by volume.

2.1 Introduction

The Cassini RAdio Detection And Ranging (RADAR) instrument has detected

standing liquid in both the north and south polar regions of Titan’s surface (Sto-

fan et al., 2007; Lunine et al., 2009). The presence of liquid ethane in the south

polar Ontario Lacus was confirmed using Cassini’s Visual Infrared and Map-

ping Spectrometer (VIMS) instrument (Brown et al., 2008). Furthermore, the

Huygens probe which landed near Titan’s equator, is believed to have landed

in a dry lake bed, based on geomorphological characteristics of the surround-

ing surface (Tomasko et al., 2005). The discovery of hydrocarbon lakes and seas

makes Titan the only body in the Solar System, aside from the Earth, known

to have liquid on its surface. While only liquid ethane has been confirmed on

8



Titan’s surface, the lakes and seas may also be composed of significant amounts

of methane and propane (Cordier et al., 2009). Methane and ethane both have

triple points near to the temperatures and pressures observed at the surface

of Titan and may exist in all three phases at the surface (Cordier et al., 2009);

propane’s triple point is well below the minimum surface temperature on Titan.

The fact that water ice floats in water is an important aspect of Earth’s hy-

drological cycle and may have been significant to the preservation of life on

Earth during times of near-global ice cover. Until now however the fate of solids

formed from the freezing of Titan’s lakes and seas has not been studied quan-

titatively, though many qualitative statements are found in the literature that

the ice will always sink. The range of parameters that lead to floating ice is of

particular interest and may be relevant to the future exploration of Titan (Sto-

fan et al., 2007). Roe and Grundy (2012) recently studied the buoyancy of ice in

the methane-nitrogen system and their results provide a good check in the limit

of a pure methane-nitrogen lake. From the results of thermodynamic calcula-

tions (cf. Cordier et al. (2009)), however, ethane is present or even dominates

the composition of lakes and seas that are in equilibrium with Titan’s atmo-

sphere; therefore it is important to include ethane in models of these systems. In

this note we show that for model lakes and seas composed of methane-ethane-

nitrogen mixtures, lakes and seas on Titan can have ice that floats. Ice will float

in mixed methane-ethane lakes on the methane–rich side of the binary phase

diagram, for all temperatures below the freezing point of pure methane. Ice

will also float in ethane–rich lakes provided the ice has an air porosity of greater

than 5% by volume.
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2.2 Model Lake and Lake Ice

2.2.1 Composition of the Lake and Ice

Ethane-rich seas will contain methane and propane as secondary compo-

nents (Cordier et al., 2009). However, given the importance of nitrogen in Ti-

tan’s atmosphere (95% N2 by mole fraction (Fulchignoni et al., 2005)), it may be

present in amounts of several percent up to 20% in the lakes and seas depending

on the methane mole fraction (Lunine et al., 1983). Unfortunately, we have not

been able to find published experimental data for an ethane-methane-propane-

nitrogen system at the temperatures of interest. In fact, the literature appears to

contain no data for any ternary combination of the above four compounds at rel-

evant temperatures. Thus to construct our model lake we use thermodynamic

data for a methane-ethane binary mixture as well as data about the dissolution

of nitrogen in methane and ethane separately. We model the lakes on Titan as

methane-ethane-nitrogen mixtures and ignore the small influence of propane in

the system.

Surface temperatures in the high latitudes have only modest seasonal

swings. Jennings et al. (2009) found from observations of Titan’s surface bright-

ness with the Cassini Composite Infrared Spectrometer that in late northern

winter the temperature near the northern and southern poles is approximately

91 and 92 K respectively. Cassini radio occultations measure near-surface tem-

peratures near the summer southern pole to be approximately 93 K (Schinder

et al., 2012). Schneider et al. (2012), using a general circulation model, predict

winter lows near the poles between 90-91 K, and summer highs of 91-92 K. How-

ever, the lake energy balance model of Tokano (2009) predicts somewhat larger
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excursions ranging from just at or below 90 K in winter to 94 K in summer. Our

conclusions are the same regarding the propensity of the solid to float whether

we take the full range of seasonal temperature swings (90-94K) or a narrower

range (91-93 K).

The temperature-composition phase diagram for methane-ethane mixtures

at temperatures near the solid-liquid equilibrium, as experimentally deter-

mined by Moran (1959)1, is presented in Figure 2.1. The system is a eutectic

system with a minimum freezing point at T = 72.2 K, Xm = 0.675. All compo-

sitions with a methane mole fraction greater than that at the eutectic point will

be referred to as methane–rich and all compositions with less methane than the

eutectic composition will be referred to as ethane–rich. From both the ethane

and methane rich sides of the phase diagram, two curves intersect the eutectic

point. The higher temperature curves are referred to as the liquidus curves and

the lower temperature curves as the solidus curves. For temperatures and com-

positions that plot above the liquidus curves and the eutectic point, systems in

equilibrium will be in the liquid phase. Methane and ethane liquids are com-

pletely miscible in the sense that for all compositions, the system forms a single

liquid phase rather than multiple liquid phases of varied composition. For tem-

peratures and compositions that plot below the solidus curves and the eutectic

point, systems in equilibrium will be in the solid phase. The miscibility of the

solid phases below the eutectic point is not presented in the phase diagram,

however Moran (1959) comments that all the systems investigated formed solid

solutions, though the deviation from ideal solid solution behavior was consid-

erable. It will be assumed that for temperatures above the eutectic point (i.e.

the temperatures pertinent for Titan’s surface) the solids are completely mis-

1To the extent of the authors knowledge, this is the only experimentally determined phase
diagram for methane-ethane systems in this temperature regime.
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cible. Finally, in the two remaining regions that are bounded by liquidus and

solidus curves, both the liquid and solid phases are stable when the system is at

equilibrium.

Consider for example a system that is between the ethane–rich liquidus and

solidus curves. For a particular temperature of the system, the compositions of

the liquid and solid phases will be given by the intersection of the constant tem-

perature horizontal line with the ethane–rich liquidus and solidus lines respec-

tively. For example, a system at equilibrium with a temperature of 78 Kelvin

and a total methane mole fraction of 0.3 (Xt
m = 0.3) will have a liquid phase with

Xl
m = 0.455 and a solid phase with Xs

m = 0.21. The relative abundance of the two

phases is given by the lever rule (e.g. Rosenberg (1977))

moles of liquid
moles of solid

=
|Xs

m − Xt
m|

|Xl
m − Xt

m|
. (2.1)

For the example system above

moles of liquid
moles of solid

= 0.6. (2.2)

To have floating ice (i.e. a situation where both the solid and liquid phases

are present when the system is in equilibrium) Titan’s lakes must be in one of

the two regions of phase space that are between a liquidus and solidus curve.

To include nitrogen in the liquid phase we use the prediction of Lunine and

Stevenson (1985) for the solubility of nitrogen in liquid methane-ethane mix-

tures at the temperatures relevant to Titan’s surface. In their work, Lunine and

Stevenson assumed that nitrogen obeys Henry’s law in the methane and ethane

liquids separately and that the Henry’s law constant for methane-ethane mix-

tures behaves ideally. In calculating the molar fraction of nitrogen in the liquid
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Figure 2.1: Methane-ethane phase diagram. Credit: Moran (1959)

we use their Henry’s constant for a total (essentially, nitrogen) pressure at Ti-

tan’s surface of approximately 1.5 bar (Niemann et al., 2005). Unfortunately,

to our knowledge, no similar estimate for the solubility of nitrogen in solid

methane-ethane mixtures has been published for the temperatures relevant to

Titan’s surface. The solubility of nitrogen in pure solid methane has however

been determined (Omar et al., 1962) and we use this solubility to estimate the

amount of nitrogen dissolved in the methane–rich solids. The solubility of ni-

trogen in pure solid ethane is unknown and thus we ignore dissolved nitrogen

in the ethane–rich solids. This is reasonable since we know from the cases of

the liquid mixture and pure solid methane that only a very small (few percent)

amount of nitrogen will be dissolved. Furthermore we expect that the difference

in chemical structure between N2 and C2H6 will lead to a significant substitution

energy necessary to substitute nitrogen for ethane in the crystal structure. Thus

the amount of nitrogen dissolved in solid ethane is expected to be less than the

amount of nitrogen dissolved in liquid ethane as is the case for methane. Lastly,
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since we expect any N2 molecule dissolved in the solid ethane to simply substi-

tute for a C2H6 molecule and the atomic masses of these two molecules are very

similar (28 amu to 30 amu) we expect the dissolved nitrogen to only minimally

affect the density.

2.2.2 Density of the Lake and Ice

To have floating ice it is not only necessary that both the liquid and solid phases

are present at equilibrium but also that the liquid phase is denser than the solid

phase. Fortunately, in his experiments Moran (1959) also measured the density

of the liquid methane-ethane mixtures. For six systems of a particular composi-

tion, Moran (1959) measured the density of the liquid phase at various temper-

atures and fit the density to straight lines of the form

ρl
m−e = E · T + F, (2.3)

where ρl
m−e is the density of the liquid phase, T is the temperature of the system,

and E and F are constants. We determined the functional dependence of these

constants on composition, yielding a density (in g/mL) of the liquid methane-

ethane mixture as a function of both temperature and composition:

ρl
m−e =

−0.1868 · Xl
m − 1.0098

1000
· T − 0.1766 · Xl

m + 0.7562. (2.4)

To determine the density of nitrogen in the liquid phase at these temperatures a

curve was fit to the data for the saturation density of liquid nitrogen in the CRC

Handbook of Chemistry and Physics (Lide, 2012). The density of the liquid

phase is then

ρl =
ρl

m−e + ρl
n · Xn

1 + Xn
, (2.5)
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where the 1 + Xn term in the denominator normalizes the liquid to have a total

mole fraction of unity.

Moran (1959) did not measure the density of the solid methane-ethane

mixtures and no such measurements are published in the scientific literature.

Bol’shutkin et al. (1971) however determined the density of pure solid methane

for 22 different temperatures, ranging from 11 to 70 Kelvin. Using these data the

density of solid methane (in g/mL) as a function of temperature was determined

to be

ρs
m = −5.121 × 10−4 · T + 0.5312. (2.6)

Similarly, Klimenko et al. (2008) measured the density of pure solid ethane for

21 different temperatures ranging from 5 to 89.5 Kelvin. From these data the

density of solid ethane (in g/mL) as a function of temperature was determined

to be

ρs
e = −88.3301(

T
1000

)3 + 6.3244(
T

1000
)2 − 0.2590(

T
1000

) + 0.7421. (2.7)

The density of solid nitrogen in the temperature regime pertinent to Titan’s

surface is unknown. The density of solid nitrogen at 60 K is known to be

0.949g/mL (Scott, 1976) and we assume this to be the density of solid nitrogen

for all temperatures. This is a conservative estimate since we expect the density

to decrease with temperature as most substances do and as solid nitrogen does

for temperatures below 60K (Scott, 1976). To estimate the density of the solid

phase, ideal behavior is assumed such that the density is given by a composi-

tionally weighted sum of the densities of its components. Thus for example the

density of ethane–rich solids is

ρs = Xmρ
s
m + (1 − Xm)ρs

e (2.8)
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and the density of methane–rich solids is similarly determined with the density

of nitrogen as the third component.

2.2.3 Porosity in the Ice

We consider the influence of porosity in the solid phase. Sea ice in oceans on

Earth has two types of porosity, brine porosity and air porosity. In our model

we only consider the effect of air porosity. The air porosity of sea ice on Earth is

quite variable, depending primarily upon the salinity of the ocean water from

which it formed and the number of freeze-thaw cycles the ice has experienced

but also on a number of other factors. The number of freeze-thaw cycles is im-

portant because thawing and refreezing of the ice tends to convert brine poros-

ity to air porosity. Since the influence of brine porosity is not considered in this

analysis, the air porosity of first year sea ice that has not experienced a freeze-

thaw cycle (and thus not converted its brine porosity to air porosity) is the most

relevant. First year sea ice on Earth generally has an air porosity of approxi-

mately 0 to 10% by volume (Nakawo, 1983; Kovacs, 1996; Zyryanov, 2012). It is

also worth noting that glaciers on Earth which form from an entirely different

mechanism than sea ice also tend to have air porosity and the porosity in the

Greenland ice cap also varies from approximately 0 to 10% by volume (Schwan-

der et al., 1993). By analogy to water ice on Earth it will be assumed that the

porosity of the solid phase in the case of Titan’s lakes is somewhere between 0

and 15% by volume.

The porous volume in the ice will be occupied by the air at Titan’s sur-

face which is 95% nitrogen and 5% methane. The Huygens probe that
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landed on Titan’s surface in 2005 measured a surface air density of 5.3446 ×

10−3g/mL (Fulchignoni et al., 2006). The total density of the solid phase is given

by

ρsolid =
V sρs + Vporous spaceρporous space

Vtotal
, (2.9)

but since Vtotal = V s + Vporous space

ρsolid = (1 − φ)ρs + φρporous space, (2.10)

where φ is the fraction of the total volume that is porous.

2.3 Results

The density difference between the equilibrium solid and liquid phases is plot-

ted in Figure 2.2. Both methane and ethane rich systems that have tempera-

tures and compositions that plot between their respective liquidus and solidus

curves are included in the figure. For an ethane–rich system at a particular

temperature, the equilibrium solid and liquid phases have the composition of

the ethane–rich solidus and liquidus curves respectively for that particular tem-

perature. The composition of methane–rich systems is similarly determined.

Floating ice corresponds to a negative density difference in the figure. Solids

in methane– rich systems are less dense than the coexisting liquid regardless of

the air porosity and thus would float. For temperatures near the upper limit

investigated (those most relevant to present surface conditions on Titan (Jen-

nings et al., 2009; Schinder et al., 2012), solids in ethane–rich systems require

air porosities of greater than approximately 5% in order to float. In the limit of

a pure methane-nitrogen system (methane–rich system at 90.7 K), the nitrogen
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mole fraction in our model lake and ice is approximately 0.23 and 0 respec-

tively and ice will float for this system. This is in agreement with the results of

Roe and Grundy (2012) where the ice is pure methane and floats for all liquid

nitrogen mole fractions greater than approximately 0.15. We also note that a re-

cent experiment (Luna et al., 2012) found that at 14 Kelvin, the density of solid

methane-nitrogen mixtures is less than the density calculated when ideal behav-

ior is assumed (mixture density is given by the compositionally weighted sum

of the densities of its components). Thus the density of methane-rich solids may

be less than we calculate, which will act to enhance the tendency of the solids to

float.
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2.4 Discussion and Conclusions

For a fairly robust range of parameters, ice formed from the winter freeze-over

of Titan’s high latitude lakes and seas would float on the coexisting hydrocarbon

liquid. Methane–rich lakes will have floating ice for all temperatures below the

freezing point of methane (90.7 K) even if the ice does not have any air porosity.

The model for methane–rich lakes includes the effect of dissolved nitrogen in

both the lake and ice assuming the density behaves ideally. The seas, if ethane–

rich, will have floating ice only if the ice forms with a porosity (in which the

pores are filled with air that is almost all nitrogen) of greater than approximately

5% by volume, which is plausible based on terrestrial analogs (Nakawo, 1983;

Kovacs, 1996; Zyryanov, 2012; Schwander et al., 1993). If upon freezing, Titan’s

seas are able to incorporate a reasonable air-filled porosity into the ice phase,

the ice will float in the lakes. Interestingly, in the case of ethane–rich seas, if the

ice forms with an air-filled porosity of between 5 and 10%, the ice will initially

float but if the temperature drops by just a few Kelvin the ice will sink. This

sensitive dependence of the behavior of the ice on the temperature could lead

to some interesting effects. For example, if the surface temperature of the sea

oscillates about the point where the solid and liquid have equal density the lake

could actually form both ice that floats and sinks. In transitioning from winter

to summer a lake could have both ice at its bottom and its surface: Cassini

observations of northern hemisphere lakes and seas in the coming few years

may see changes in surface reflectivity as spring progresses, in which the liquid

surface becomes more and then less reflective as ice rises to the surface and then

melts.

Finally, it is possible that some of the differences in radar reflectivities seen
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by Cassini from lake to lake during the winter (Hayes et al., 2008) might indicate

variability in ice cover due in part to variations in the methane mole fraction.

Such variation could indicate some of the smaller lakes are not purely rain-fed,

but access crustal methane sources. In those cases the formation of floating ice

will result in higher reflectivities than lakes with purely liquid surfaces, pro-

viding an alternative explanation for the appearance of the so-called “granular”

lakes (Hayes et al., 2008). A test of this model will be to observe such lakes as

spring progresses in the northern hemisphere; if ice is the cause of the increased

reflectivity, the granular lakes should darken in radar images taken now relative

to those obtained during the depths of Titan’s northern winter.
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CHAPTER 3

TRANSIENT FEATURES IN A TITAN SEA

Originally published in Hofgartner, J. D., Hayes, A. G., Lunine, J. I., Zebker,

H., Stiles, B. W., Sotin, C., Barnes, J. W., Turtle, E. P., Baines, K. H., Brown, R.

H., Buratti, B. J., Clark, R. N., Encrenaz, P., Kirk, R. D., Le Gall, A., Lopes, R.

M., Lorenz, R. D., Malaska, M. J., Mitchell, K. L., Nicholson, P. D., Paillou, P.,

Radebaugh, J., Wall, S. D., Wood, C., Jul. 2014. Transient features in a Titan sea.

Nature Geoscience 7, 493-496.

Titan’s surface-atmosphere system bears remarkable similarities to Earth’s,

the most striking being an active, global methane cycle akin to Earth’s water

cycle (Atreya et al., 2006; Lunine and Atreya, 2008). Like Earth’s, Titan’s sea-

sonal hydrologic cycle is propelled by changes in the distribution of solar en-

ergy (Lunine and Atreya, 2008). Indeed, the Cassini Orbiter has witnessed dy-

namic phenomena at Titan’s south pole (Hayes et al., 2011; Turtle et al., 2011b)

and equator (Turtle et al., 2011a) following the northward movement of the so-

lar flux. Active processes however, have yet to be confirmed in the northern

lakes/seas, which until recently, Cassini never observed in the summer (Lorenz

et al., 2010; Hayes et al., 2013; Zebker et al., 2014). But as northern summer sol-

stice approaches, the onset of dynamic phenomena is expected (Lorenz et al.,

2010; Hayes et al., 2013; Tokano, 2009, 2013; Roe and Grundy, 2012; Hofgartner

and Lunine, 2013). Herein we present the discovery of anomalous, bright fea-

tures that appeared and disappeared in recent Cassini RADAR data of Titan’s

northern sea, Ligeia Mare. The most likely explanation for these anomalous

features is the occurrence of a transient phenomenon in/on the sea. We find

that the ephemeral phenomena most consistent with the observations are sur-
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face waves, rising bubbles, and suspended and/or floating solids. This may be

only the first observation of many dynamic processes that are commencing in

the northern lakes/seas with the change of season.

Anomalous, bright features were detected in Titan’s north polar sea, Ligeia

Mare, by the Cassini Titan Radar Mapper (RADAR) (Elachi et al., 2004) during

the T92 Synthetic Aperture Radar (SAR) pass (Figure 3.1). Three preceding SAR

observations (T25, T29, and T64) and a subsequent low-resolution SAR obser-

vation (T95) did not detect the anomalous features. The faint, grey spots in the

circle of the T95 image are consistent with the speckle noise in the surround-

ing sea region and thus are not anomalous. Radar backscatter above the noise

floor, however, was also detected during preceding T91 radar scatterometry-

mode observations (Elachi et al., 2004) but we argue that this signal may not

have originated from the anomalies. Subsequent Visual and Infrared Mapping

Spectrometer (VIMS) and Imaging Science Subsystem (ISS) observations (T93

and T94) also did not detect the anomalies. These eight passes, constituting all

of the high-resolution observations up to the present of the region of the anoma-

lous features, are shown in figure 3.1. In radar images, brightness is determined

by the Normalized Radar Cross Section (NRCS), the radar power backscattered

to the receiver over the power that would have been received if the power in-

cident on the surface had been scattered isotropically, normalized by the area

of the surface (Elachi and van Zyl, 2006). Dynamic processes such as waves

(Hayes et al., 2013), suspended particles (Hayes et al., 2011), or bubbles (Engram

et al., 2012) increase the NRCS. Such phenomena have not been confirmed in Ti-

tan’s northern lakes and seas, which have a dielectric constant that indicates a

methane-ethane composition and surface height variations of less than 1 mm

(Zebker et al., 2014). The progressive seasonal increase in insolation that is oc-
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curring however has been predicted to power the onset of energetic processes

(Lorenz et al., 2010; Hayes et al., 2013; Tokano, 2009, 2013; Roe and Grundy,

2012; Hofgartner and Lunine, 2013) and we argue that these anomalous fea-

tures are the observation of transient features in the seas. The regional extent of

the anomalous signal, which does not appear to derive from a single contiguous

structure but rather from distinct features, is approximately 20 km by 20 km. A

higher-zoom image of the anomalous features is provided in appendix A along

with further discussion of their morphology. The image formed from the range-

Doppler processed, T91 scatterometry-mode signal has noticeably more speckle

and lower resolution than the other images because scatterometry-mode obser-

vations are not optimized for the formation of range-Doppler processed images

(Elachi et al., 2004). We argue that this image still contains credible signal de-

spite the greater speckle.

Hypotheses for the anomalous features detected in the T92 observation, are

organized into the following three broad categories. Anomalies could arise from

non-geophysical artifacts in the SAR data, permanent, geophysical structures

that are only detected when observed with specific geometries, or transitory

features that are the result of a surface transformation. We systematically eval-

uate each of these hypotheses in the following paragraphs.

The appearance of non-geophysical artifacts in SAR images is a familiar

problem in radar remote sensing and common artifacts include ambiguities,

scalloping, gain control, and edge effects (Elachi and van Zyl, 2006; Stiles et al.,

2006). Ambiguities result in a copy or ghost of a region appearing offset in the

range and/or azimuth directions. Range ambiguities occur when the radar in-

strument receives overlapping returns in the time domain from adjacent echo
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Figure 3.1: Titan’s Ligeia Mare and high-resolution Cassini observations of the
region of the anomalous features. In the T92 image, anomalous, bright fea-
tures (circled in red) are observed at 78◦N, 123◦E that are not seen in any of
the other SAR nor VIMS images. Similarly sized, nearby peninsulas (bright re-
gion at the bottom right) however were consistently detected. The transient
anomalies likely were not present during the T91 scatterometry-mode observa-
tion. Pixel brightness is linearly related to NRCS. White arrows in radar images
indicate the radar illumination direction. The blue line indicates the transect for
figure 3.3.
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pulses while azimuth ambiguities arise from aliasing in the frequency domain

of an echo. We found that there are no structures that could have resulted in

bright range or azimuth ambiguities in the vicinity of the anomalous features.

Nadir ambiguities, scalloping, and gain control effects are unlikely to create ar-

tifacts that are as spatially confined as the anomalies (Elachi and van Zyl, 2006).

The anomalous features are surrounded by dark pixels, indicating that they are

unlikely the result of an edge effect. Thus the anomalies are not considered to

be standard SAR image artifacts. We provide more detailed arguments in ap-

pendix A to support our conclusion that a SAR artifact is not the explanation for

the anomalous features.

For Cassini RADAR measurements of a permanent, geophysical structure on

Titan, the angle of incidence is the dominant geometrical parameter for the mea-

sured NRCS. These two variables are inversely correlated, that is, increasing the

angle of incidence decreases the NRCS (Elachi and van Zyl, 2006). Figure 3.2

is a plot of the NRCS from the region of the anomalous features as a function

of incidence angle. Only the T91 and T92 observations, at incidence angles of

3 and 6 degrees respectively from the surface normal (black circles), measured

radar backscatter above the noise floor (red triangles). Thus any model for the

anomalous features as permanent, static structures must be consistent with the

T91 and T92 measurements and stay below the noise floor values of the higher

incidence angle observations (otherwise the anomalous features would have

been detected in those observations as well). Empirically, all terrains on Ti-

tan can be well fit by combined quasi-specular and diffuse backscatter models

(Wye et al., 2007; Wye, 2011), including the nearby peninsulas (see appendix

A), visible toward the lower right in the zoom-panels of figure 3.1. We com-

pared the observations of the anomalies to a suite of quasi-specular plus diffuse
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backscatter models and found that this class of models for a permanent struc-

ture can be ruled out to 88% confidence (see methods section). The best-fit mod-

els are plotted in figure 3.2 and their parameters are given in the legend. We also

considered models for submerged seamounts, using constraints for the surface

roughness and dielectric constant of Ligeia Mare derived from recent analyses

of the nadir (0 degrees incidence) signal in the T91 observation (Zebker et al.,

2014; Mastrogiuseppe et al., 2014) and found that these models are also ruled

out to 88% confidence (see methods section). We note that it is the combination

of the small likelihood that the NRCS at 3 degrees is larger than at 6 degrees

with the low upper limits at higher incidence angles that inhibits the models

from fitting the observations.

We point out that the NRCS upper limits for incidence angles of greater than

15 degrees require that permanent models for the anomalous features not ex-

hibit any appreciable diffuse radar scattering. An absence of diffuse radar scat-

tering however is discordant with the general conclusion, not only from the

Cassini spacecraft’s 2.2 cm wavelength observations but also from the 3.5 cm

and 12.6 cm Earth-based observations, that radar scattering on Titan is domi-

nated by diffuse backscatter (Wye et al., 2007; Wye, 2011; Muhleman et al., 1995;

Campbell et al., 2003). The nearby peninsulas for example, exhibit significant

diffuse backscatter, as shown by the gray shaded region in figure 3.2. Thus the

set of models that has a 12% chance of corresponding to the data has the impor-

tant caveat that none of those models scatter radar waves diffusely, a behavior

that is dissimilar from all other terrains on Titan. Therefore we also consider

those models implausible.
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Figure 3.2: Normalized radar cross section of the region of the anomalous fea-
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the upper limits at higher incidence angles. The grey shaded region shows the
behavior of the nearby peninsulas, which is consistent with quasi-specular plus
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The T91 and T92 NRCS profiles along a transect of Titan that crosses Ligeia

Mare and includes the region of the anomalous features are plotted in figure 3.3.

These profiles, which are both above their respective noise floors, are correlated

and the lesser T92 NRCS, relative to that of T91, is due to its greater incidence

angle. This behavior is consistent, for example, with the radar transmitting
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through the liquid and scattering off the seabed as claimed by other analyses

(Hayes et al., 2011; Mastrogiuseppe et al., 2014; Hayes et al., 2008, 2010). In the

region of the anomalies, however, the T92 profile exhibits a large spike in NRCS

while no similar anomalous spike is observed in the T91 profile. Therefore, we

conclude that the anomalous features were not present at the time of the T91

observation.
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Figure 3.3: Normalized radar cross section profiles along a transect of Titan that
crosses Ligeia Mare including the region of the anomalous features. The corre-
lation of the profiles suggests that the signal in the T91 image is valid. At the
anomalous features, the T92 profile exhibits a large spike but no similar spike
is observed in the T91 profile. Incidence angle increases from 3.3◦ − 3.5◦ and
4.6◦ − 6.2◦ for the T91 and T92 observations respectively. The blue line in fig-
ure 3.1 indicates the center of the transect. The error bars show the one-sigma
confidence.
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Transitory hypotheses envisage that a transformation occurred prior to the

discovery of the anomalous features and that their detection thus depends pri-

marily on the timing of the observation. The anomalies were not detected in

three observations before 2013, were detected in the T92 observation on July

10th, 2013 and then not detected in three subsequent observations (Figure 3.1).

A signal was detected in the T91 observation on May 23rd, 2013 but as pre-

viously discussed, the transient anomalies likely were not present during this

observation. Therefore the evolution of the anomalous features appears to have

included a reversion after the T92 pass and we do not consider further hypothe-

ses that predict the formation of a new permanent structure, such as an island

via cryovolcanism and restrict further discussion to hypotheses for ephemeral

features. From recent analysis of the nadir signal in the T91 observation (Mas-

trogiuseppe et al., 2014), the absorption of the radar energy as it propagates

through the sea is constrained to be small. Thus variations in sea level should

not strongly influence the measured NRCS and are unlikely to explain the tran-

sient anomalies. With the exception of the T25 and T29 passes, all of the passes

occurred at the same true orbital anomaly and thus hypotheses that depend on

Titan’s orbit around Saturn, such as tides, are also not considered further.

The remaining transient hypotheses include waves, rising bubbles, and sus-

pended and/or floating solids. The data do not permit us to further discard

any of these hypotheses with confidence. Titan’s northern hemisphere is transi-

tioning from vernal equinox (August 2009) to summer solstice (May 2017) and

it is plausible that the anomalous, transient features are an expression of the

changing seasons. Waves were/are expected to form and become detectable as

wind speeds in the northern hemisphere climb with the approach of summer

(Lorenz et al., 2010; Hayes et al., 2013; Tokano, 2009, 2013). Thermal pertur-
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bations could lead to the exsolution of gases from the liquid and/or sea floor

that form bubbles and buoyantly rise to the surface. Polyacetylene and other

low-density solids could be suspended in the sea (Chien, 1984) much like silt in

a terrestrial delta, (backscatter variation, possibly from a transient surface layer

with distinct dielectric properties, has been previously observed near an estuary

of Kraken Mare (Hayes et al., 2011)) and it has been predicted that sunken solids

formed from a winter freeze could become buoyant with the onset of warmer

temperatures (Hofgartner and Lunine, 2013). This discussion of seasonal mech-

anisms is not inclusive and all of the remaining hypotheses may have additional

plausible mechanisms.

Some of the ephemeral phenomena cited above as causes of the transient

radar signature may be stimulated or enhanced by regional meteorological phe-

nomena, such as wind or rain. While Cassini did not detect any clouds during

the T92 pass, the geometry was rather unfavorable for detection above the site

of the anomalies; we note, however, that during the T93 pass VIMS detected a

cloud, approximately 100 km in diameter, about 350 km from the region of the

transients.

3.1 Methods

3.1.1 Mask

To determine the mean NRCS of the regions of the anomalous features and thus

produce the plot in figure 3.2, it was necessary to define a mask that encom-

passed exclusively the regions of the anomalous features. We considered a zone
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that, from visual inspection, included all pixels of the anomalous features as

well as some sea pixels but none of the shore. The mask for the anomalies was

defined as all pixels in this zone with an NRCS in the T92 image of greater than

0.25 and was used to determine the average characteristics in each observation

of the region of the anomalies. The cut-off of 0.25 was selected to eliminate

> 99% of the sea pixels, based on analysis of their backscatter distribution but

retain the majority of the pixels of the anomalous features. Since radar measure-

ments of any feature will have an exponential distribution (speckle), a threshold

that removes the lower end of the distribution biases the mean NRCS toward a

higher value. We found that the cut-off only minimally biased the T92 NRCS

and did not significantly affect the results.

3.1.2 Modeling

We considered three classes of quasi-specular models: exponential, Gaussian,

and Hagfors (Wye, 2011). To test if the data are consistent with these models, we

simulated the T91 and T92 observations by randomly generating NRCS values

such that they followed a normal distribution, with the mean and standard de-

viation given by the observed NRCS and error. We then checked if any models

fit the two simulated backscatter measurements and remained below the upper

limits at higher incidence angles. The exponential, Gaussian, and Hagfors mod-

els failed to fit the data in > 99%, 88%, and > 99% of the simulations respectively.

The best-fit models are plotted in figure 3.2 and their root-mean-square rough-

nesses and effective dielectric constants are given in the legend. The success rate

of Gaussian models was greater than exponential and Hagfors models because

they predict a shallower gradient in NRCS at the lowest incidence angles (less
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than about 10 degrees) and a steeper gradient at higher incidence angles. This is

consistent with the measured NRCS, which is approximately flat for the lowest

incidence angles but significantly reduced by about 20 degrees incidence.

Including the additional physics of refraction and loss due to reflection at

the atmosphere-sea interface (Hayes et al., 2010), we followed the same pre-

scription as above to test models for submerged seamounts. We used the re-

cently measured index of refraction for Ligeia Mare to calculate the refracted

incidence angles of the radar (Mastrogiuseppe et al., 2014) and considered a per-

fectly flat surface for Ligeia Mare, consistent with recent measurements (Zebker

et al., 2014), when calculating the Fresnel transmission coefficients.
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CHAPTER 4

TITAN’S MAGIC ISLANDS: TRANSIENT FEATURES IN A

HYDROCARBON SEA

Originally prepared for submission to Icarus as Hofgartner, J. D., Hayes, A. G.,

Lunine, J. I., Zebker, H., Lorenz, R. D., Malaska, M. J., Mastrogiuseppe, M.,

Notarnicola, C., Soderblom, J. M., Titan’s Magic Islands: Transient Features in a

Hydrocarbon Sea.

Abstract

The region of Titan’s hydrocarbon sea, Ligeia Mare, where transient bright fea-

tures were previously discovered, was anomalously bright in the first of two

more recent Cassini RADAR observations but not the second. Another tran-

sient bright feature in a different region of Ligeia Mare was also discovered in

the first of the new observations. Here we present all the high-resolution ob-

servations of the regions containing the transient features and the quantitative

constraints that we derived from them. We argue that these features are un-

likely to be SAR image artifacts or permanent geophysical structures and thus

their appearance is the result of an ephemeral phenomenon on Titan. We find

that the transient features are more consistent with floating and/or suspended

solids, bubbles, and waves than tides, sea level change, and seafloor change and

based on the frequency of these phenomena in terrestrial settings, we consider

waves to be the most probable hypothesis. These transient features are the first

instance of active processes in Titan’s lakes and seas to be confirmed by mul-

tiple detections and demonstrate that Titan’s seas are not stagnant but rather

dynamic environments.
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4.1 Introduction

Titan is unique in the Solar System as the only extraterrestrial world known to

host an active hydrologic cycle that includes reservoirs of stable, surface liq-

uid (Lunine and Atreya, 2008). The dynamics of Titan’s hydrologic cycle and

surface liquids have gradually been revealed during the Cassini spacecraft’s

eleven years in the Saturn system, during which it has acquired data on more

than 110 flybys of Titan. In the southern summer season, surface darkening that

was most likely due to precipitation (Turtle et al., 2011b) and shoreline reces-

sion of lakes due either to evaporation and/or infiltration were observed in the

south polar region (Hayes et al., 2011; Turtle et al., 2011b). The albedo of the

southern tropical regions, Sotra Patera and Tui Regio, also reportedly increased

and decreased respectively at multiple wavelengths in their spectra during the

austral summer (Solomonidou et al., in press). In late southern summer, the

surfaces of the lakes Ontario Lacus and Jingpo Lacus, near the south and north

poles respectively, were constrained to be smooth and likely devoid of surface

waves (Wye et al., 2009; Barnes et al., 2011). Kraken Mare, Titan’s largest sea and

neighbor of Jingpo Lacus, however exhibited rapid changes in flux that were not

consistent with a static model, though the exact cause of the changes could not

be determined (Barnes et al., 2011). Moray Sinus, an estuary of Kraken Mare,

also exhibited radar backscatter variations that could not be explained by pro-

cessing artifacts or geometric effects and explanations other than varying liquid

depth were preferred (Hayes et al., 2011). After vernal equinox, an expansive

southern tropical region was darkened by precipitation and then subsequently

brightened beyond its initial albedo, possibly due to evaporative freezing, be-

fore reverting back to its initial state (Turtle et al., 2011a; Barnes et al., 2013). In
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northern spring, isolated rough patches attributed to waves or mudflats were

observed in the northern sea, Punga Mare (Barnes et al., 2014). Ligeia Mare,

Titan’s second largest sea and also located in the north polar region, however

was constrained to have an extremely flat surface (Zebker et al., 2014). In July

2013, half way between the August 2009 vernal equinox and May 2017 summer

solstice, anomalously bright features were discovered in Ligeia Mare (Hofgart-

ner et al., 2014). Hofgartner et al. (2014) argued that these features, all clustered

in one region of the sea, are inconsistent with image artifacts and permanent

geophysical structures and best explained by the occurrence of ephemeral phe-

nomena such as floating and/or suspended solids, bubbles, and waves.

We present here analysis of two new Cassini RADAR observations of the

region of Ligeia Mare where the anomalously bright features were discovered

(78◦N, 123◦E). In the T104 flyby this region of the sea again appeared anoma-

lously bright compared to adjacent regions of the sea. In the T108 flyby, no

anomalously bright features were detected in this region or any other observed

region of Ligeia Mare. We refer to these features throughout this manuscript as

TFL1, short for Transient Features Ligeia 1 and note that they have also been

referred to as Titan’s Magic Island in conferences and the media. When distin-

guishing between the features in the discovery observation (the Cassini T92

flyby) and the more recent T104 observation, we use the nomenclature TFL1-92

and TFL1-104. This nomenclature is not intended to imply that the two detec-

tions correspond to the same transient features observed twice, as opposed to

distinct transient features observed at the same location. These two possibilities

are discussed later in this manuscript. Rather, we implement this nomenclature

so that we can refer to the features in a specific observation. As we will argue

below, the T104 and T108 observations strengthen the previous conclusion that
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TFL1-92 was not due to image artifacts or permanent geophysical structures but

most likely an ephemeral phenomenon on Titan. Thus TFL1 is the first reported

transient occurrence in Titan’s lakes and seas to be confirmed by subsequent

observations. We use these new observations in addition to all previous high-

resolution observations of the region of TFL1 to better constrain the ephemeral

phenomenon that is responsible for its appearance. We find floating and/or sus-

pended solids, bubbles, and waves to be the most likely hypotheses and based

on the frequency of these phenomena in terrestrial settings, we consider waves

to be the most probable explanation of TFL1.

We also discovered a second transient feature in Ligeia Mare in the T104

data, centered at 80.5◦N, 111.5◦E, that was not present in any of the previous

observations of this region nor the subsequent T108 observation. We refer to

this feature as TFL2 and note that we have previously referred to it as L2 in con-

ferences. We will argue below that TFL2 is also unlikely to be an image artifact

or permanent geophysical structure and thus is an expression of a natural but

ephemeral phenomenon on Titan. Floating and/or suspended solids, bubbles,

and waves are also the likely hypotheses for TFL2 and we consider waves to be

the most probable. Thus both TFL1 and TFL2 are probably expressions of wave

fields on Ligeia Mare but the mechanism for generating the waves in each case

could have been different.

In the Observations section of this paper we present all the high-resolution

observations of the region of TFL1 and the T92 and T104 observations of the

region of TFL2. Then we provide the quantitative constraints on TFL1 that were

derived from the observations. Appendix B includes all of the high-resolution

observations of the region of TFL2 and the quantitative constraints that were
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derived from them. In the Transient Hypotheses section, the observations and

quantitative constraints are used to rule in or out various hypotheses for TFL1.

The Discussion section includes consideration of the plausibility of the transient

hypotheses and the association of TFL1/TFL2 with Titan’s seasons, local mete-

orology, and their nearby shorelines.

4.2 Observations

4.2.1 TFL1

Figure 4.1 shows a Cassini Synthetic Aperture Radar (SAR) mosaic of Ligeia

Mare, Titan’s second largest hydrocarbon sea. The region of the transient fea-

tures in Ligeia Mare, TFL1, has been observed by the Cassini Titan RADAR

mapper (Elachi et al., 2004) six times in high resolution SAR mode (T25, T29,

T64, T92, T104, and T108), once in low resolution SAR mode (T95), and once

in range-Doppler processed off-nadir altimetry mode (T91). The Cassini Visual

and Infrared Mapping Spectrometer (VIMS) (Brown et al., 2004) also observed

this region twice in high resolution (T93 and T94). These ten observations com-

prise the set that could have resolved TFL1 were it present and are shown in the

lower panels of figure 4.1. Transient bright features are visible in the T92 (TFL1-

92) and T104 (TFL1-104) images and are circled in red in the panels with those

observations. TFL1-92 is brighter and smaller in area than TFL1-104. While

the transient bright signal of TFL1-92 originates from multiple distinct regions

(Hofgartner et al., 2014), TFL1-104 appears to originate from a single, contigu-

ous region that is larger in total area. TFL1 is not present in any of the other
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images. The consistent behavior of the nearby shoreline, toward the bottom

right of the panels, argues that the appearance/disappearance of TFL1 is not

governed by changes in the characteristics of the observation, such as resolu-

tion or geometry but rather is the result of physical changes that are occurring

in time.

Together, the T92, T104, and T108 observations in particular, provide strong

evidence that TFL1 is unlikely to be explained either by image artifacts or by

changes in the characteristics of the observation and is indeed the expression of

a transient phenomenon on Titan. Artifacts in a SAR image usually result from

aliasing in distance (range) or Doppler frequency (azimuth), hence the location

of an artifact will generally vary with viewing geometry. Thus the occurrence

of TFL1 at the same location in both the T92 and T104 observations, despite

their different illumination directions and incidence angles, indicates that it is

not a SAR image artifact. A detailed investigation of TFL1-92 found that it is

inconsistent with range and azimuth ambiguities, edge and gain control effects,

and scalloping (Hofgartner et al., 2014). The absence of TFL1 in the T108 ob-

servation, at an incidence angle intermediate to that of the T92 and T104 obser-

vations indicates that it cannot be explained as simply a permanent structure

that is only detected at low incidence angle SAR observations. Furthermore, the

large difference in the T92 and T104 illumination directions demonstrates that

the appearance of the features is also not restricted to a particular azimuth an-

gle. The T25 and T104 observations in fact, differ in their azimuthal angles by

just 4 degrees but TFL1 is only present in the latter. Thus TFL1 is most likely the

expression of an ephemeral phenomenon. This is in agreement with the analy-

sis of TFL1-92, prior to the T104 and T108 observations, that concluded it was

not consistent with a SAR image artifact or a permanent geophysical structure
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Figure 4.1: Titan’s Ligeia Mare and all high-resolution observations of the re-
gion of TFL1. Transient bright features, TFL1, are observed in the T92 and
T104 observations at 78◦N, 123◦E (circled in red) that are not seen in any of
the other observations. Similarly sized features of the nearby shore toward the
lower right however are consistently observed. Pixel brightness is linearly re-
lated to the normalized radar cross section in the RADAR images and I/F in the
VIMS images. The white arrow in each radar observation indicates the radar
azimuthal illumination direction and the subtitle provides the incidence angle.
The magenta rectangle indicates the extent of the lower panels and the blue line
indicates the length of the transect that is shown in figure 4.4.
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(Hofgartner et al., 2014).

We argue below, that TFL1 was not physically present in the T25, T29, T64,

T91, and T108 observations. It is unclear however whether TFL1 was present

during the T93-T95 observations. Though it was not detected during these ob-

servations, it may have been present but not detectable due to the different

nature of the passive, near-infrared T93 and T94 VIMS observations and the

high noise, high incidence angle combination of the T95 observation. We also

note that the brightest parts of TFL1-92 and TFL1-104 are located at approx-

imately the same spatial position. Thus it is possible that the two detections

correspond to two different episodes of an ephemeral phenomenon (or even

to two unique ephemeral phenomena) but they could also correspond to one

continuous episode that included a temporal evolution. We will discuss these

possibilities in greater detail.

4.2.2 TFL2

Figure 4.2 shows the T92 and T104 observations of a part of Ligeia Mare that

includes the region of TFL2. The region of TFL2, centered at 80.5◦N, 111.5◦E, has

been observed six times in high resolution SAR mode (T25, T29, T64, T92, T104,

and T108) and once in range-Doppler processed off-nadir altimetry mode (T91).

These seven observations are shown in appendix B. A transient bright feature

(TFL2) is present in only the T104 image and is circled in red in figure 4.2. The

top of the right panel shows the region of TFL2 (yellow) within the boundary

of Ligeia Mare (purple). Like TFL1-104 but unlike TFL1-92, TFL2 appears to

originate from a single, contiguous region with an area of 322 km2.
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Figure 4.2: T92 and T104 observations of a part of Ligeia Mare that includes
the region of TFL2. A transient bright feature, TFL2, is observed in the T104
observation (circled in red) that is not seen in any of the other observations
of the region (the T25, T29, T64, T91, and T108 observations are shown in ap-
pendix B). The yellow region at the top of the right panel indicates the region
of TFL2 within the purple boundary of Ligeia Mare and the blue line indicates
the length of the transect that is shown in figure 4.5. Pixel brightness is linearly
related to the normalized radar cross section. The white arrows indicate the
radar azimuthal illumination directions and the subtitles provide the incidence
angles.

TFL2 is also unlikely to be a SAR image artifact. It is not at the edge of a radar

beam and is surrounded by dark pixels so it is unlikely to be an edge effect. Its

brightness and distance from the shore/islands argues against range and az-

imuth ambiguities because the antenna pattern sharply reduces the backscat-

tered energy from areas outside of the main lobe. Nadir ambiguities, scallop-

ing, and gain control effects are unlikely to produce artifacts that are as spatially

confined as TFL2 (Elachi and van Zyl, 2006).
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4.3 Quantitative Constraints

4.3.1 TFL1

In this section, we derive quantitative constraints on TFL1 from the observations

introduced in the previous section. Table 4.1 provides the average normalized

radar cross section (NRCS) of the region of TFL1 in each radar image along with

the most relevant observational parameters. The average NRCS of a region of

Ligeia Mare and a region of land near to TFL1 are also included in the table.

Other parameters for these two regions are included in appendix B. The region

of TFL1-92 was defined as in Hofgartner et al. (2014) and this region was used

to measure the NRCS for all of the observations except T104. The region of

TFL1-104 was defined by a manual mapping of the anomalously bright region

in the T104 image and is larger in area than TFL1-92 by greater than a factor of

three. The results do not strongly depend on the definitions for the regions of

TFL1-92 and TFL1-104 or on which of these two regions is used to measure the

average NRCS for the other observations. The noise floors in table 4.1 are lower

than in Hofgartner et al. (2014) because we have decreased the noise floors by

increasing the number of independent measurements, assuming uncorrelated

errors.

The dominant geometrical parameter for the Cassini RADAR measured

NRCS of a permanent geophysical structure on Titan is the incidence angle of

the observation. As the incidence angle decreases, more of the incident radar

waves are backscattered to the spacecraft and the NRCS increases. The NRCS

of the region of TFL1 is plotted as a function of incidence angle in figure 4.3. It

is apparent that the observations of the region of TFL1 do not exhibit a mono-
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Table 4.1: TFL1 quantitative constraints from each radar image and the most
relevant observational parameters. 1 - Normalized Radar Cross Section; A neg-
ative NRCS is nonphysical. An estimate of the average noise floor is subtracted
from the measured NRCS and statistical fluctuation of the noise floor can result
in values slightly less than zero; 2 - One standard deviation; 3 - Clockwise from
North; 4 - The Cassini Titan RADAR mapper transmits and receives in the same
linear polarization and the polarization angle is defined as the angle between
the electric field vector and the plane of incidence; 5 - Other parameters for this
region are included in appendix B; 6 - Indicates TFL1 was not present; 7 - In-
dicates TFL1 was not observed but its presence is not known because it may
not have been present or it may have been present but not detectable due to the
high noise, high incidence angle combination of the observation.

T25	   T29	   T64	   T91	   T92	   T95	   T104	   T108	  

Date	   02/22/07	   04/26/07	   12/27/09	   05/23/13	   07/10/13	   10/14/13	   08/21/14	   01/11/15	  

TFL1	  Area	  (km2)	   ✗6	   ✗	   ✗	   ✗	   39.5	   ?7	   144.8	   ✗	  

NRCS1	  (linear)	   -‐0.0170	   -‐0.0015	   0.0004	   0.4654	   0.5361	   -‐0.0005	   0.1281	   0.0213	  

NRCS	  	  
Uncertainty2	  
(linear)	  

0.0051	   0.0012	   0.0003	   0.1357	   0.0222	   0.0156	   0.0039	   0.0024	  

NRCS	  Noise	  	  
Floor	  
(linear)	  

0.0126	   0.0020	   0.0004	   0.0019	   0.0015	   0.0769	   0.0005	   0.0004	  

Incidence	  
Angle	  (O)	  

20.3	   19.4	   36.2	   3.4	   6.0	   26.5	   11.5	   8.3	  

Azimuth	  	  
Angle3	  (O)	  

84.3	   37.7	   243.6	   99.6	   262.4	   201.7	   80.3	   235.3	  

PolarizaQon	  	  
Angle4	  (O)	  

56.2	   81.9	   88.1	   85.6	   89.7	   23.7	   46.6	   84.8	  

Range	  
ResoluQon	  (km)	  

1.08	   0.51	   0.27	   2.50	   1.36	   3.00	  
	  

1.11	   1.00	  

Azimuth	  
ResoluQon	  (km)	  

0.54	   0.31	   0.26	   1.00	   0.32	  
	  

3.69	   0.94	   1.00	  

Titan	  True	  	  
Anomaly	  (O)	  

16	   15	   71	   69	   68	   68	   246	   245	  

NRCS	  of	  Nearby	  
Region	  of	  Sea5	  

-‐0.0266	   0.0031	   0.0008	   0.2530	   0.0342	   -‐0.0309	   0.0144	   0.0252	  

NRCS	  of	  Nearby	  
Region	  of	  Land5	  

0.1798	   0.2571	   0.1576	   1.8253	   0.9058	   0.1899	   0.4411	   0.5249	  

tonic increase in NRCS as the incidence angle decreases. This indicates that the

backscatter is inconsistent with an unchanging geophysical structure and thus

the region of TFL1 must have intrinsically changed. Quasi-specular models are
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frequently employed to describe the NRCS-incidence angle behavior at low in-

cidence angles (ex. Wye (2011)). We have included the best-fit quasi-specular

model in figure 4.3 but stress that this model clearly does not fit the measure-

ments. Excluding the T92 and T104 measurements, the NRCS-incidence angle

constraints are consistent with a monotonic, inverse correlation and the mea-

sured NRCS of these two anomalous observations is greater than would be pre-

dicted from a fit to the other observations. This is in agreement with the inter-

pretation from the images in figure 4.1 that the region of TFL1 was intrinsically

brighter during the T92 and T104 observations.

Other parameters of the imaging geometry that can affect the measured

NRCS include the azimuth and polarization angles. The azimuth angles of the

T92 and T104 observations (table 4.1) are nearly diametrically opposite, indi-

cating that the appearance of TFL1 is not restricted to a particular azimuth of

illumination. Furthermore, the azimuth angles of the T25 and T104 observa-

tions are nearly equal but TFL1 is only present in the latter. Thus it is unlikely

that the azimuth angle of the observation is controlling the appearance of TFL1.

Similarly, the distribution in the polarization angles suggests that this parameter

also does not regulate the appearance of TFL1.

Figure 4.4 is a plot of the T91, T92, T104, and T108 NRCS profiles along

the transect given by the blue line in the top panel of figure 4.1. The transect

begins north of Ligeia Mare and crosses the sea, including the region of TFL1.

The T91 profile has the greatest NRCS along the transect, consistent with its

measurement at the smallest incidence angles. Similarly, the T92 profile is above

the T104 profile because it was measured at more nadir incidence angles. The

T108 profile crosses both the T92 and T104 profiles as the incidence angle of this
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Figure 4.3: NRCS of the region of TFL1 as a function of incidence angle. The
NRCS does not monotonically increase as the incidence angle decreases and
the best-fit quasi-specular model poorly describes the NRCS-incidence angle
behavior. Thus the backscatter is inconsistent with a permanent geophysical
structure on Titan. The uncertainties of the T92, T104, and T108 NRCS measure-
ments are included but are smaller than the size of their data points. The T25,
T29, T64, and T95 measurements are not shown because they are below their
respective noise floors.

observation increases along the transect, beginning smaller than that of the T92

observation and ending slightly larger than that of the T104 observation. The

profiles are generally above their noise floors and where this is the case, they

are also generally correlated with each other. This suggests that the measured

NRCS is primarily from backscattering by the seafloor. Detection of the seabed

of Ligeia Mare in RADAR observations has previously been demonstrated and

the effective absorption of the sea was measured to be small (< 0.26 dB/m one
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way) (Mastrogiuseppe et al., 2014). In the region of TFL1 however, circled in

red, there is a significant spike in the T92 and T104 profiles but no analogous

spike in the T91 and T108 profiles. This supports our claim that TFL1 is present

in the T92 and T104 observations but not the T91 and T108 observations. Also,

with this context, we can now attribute the T91 and T108 measurements above

the noise floor in the region of TFL1 as seabed signal. Furthermore, we note that

the correlation of the T91 profile with the other profiles increases our confidence

in the reliability of this observation despite its more speckled appearance in

figure 4.1. The T29 profile is also included in the supplementary material of

Hofgartner et al. (2014) (appendix A) but we have omitted it here to reduce

clutter in the plot.

4.3.2 TFL2

A table and figure for TFL2, analogous to table 4.1 and figure 4.3 for TFL1, are

included in appendix B to demonstrate that the NRCS-incidence angle behavior

of TFL2 is also inconsistent with a permanent geophysical structure. Figure 4.5

is a plot of the T29, T91, T92, T104, and T108 NRCS profiles along the transect,

given by the blue line in figure 4.2, that includes the region of TFL2. The profiles,

like the profiles for TFL1 in figure 4.4, are generally above their noise floors

and where this is the case, they are also generally correlated with each other,

consistent with the interpretation that the backscatter is from the seafloor. In

the region of TFL2 however, circled in red, there is a significant spike in the

T104 profile but no comparable spike in any of the other profiles. Thus the

region of TFL2 was likely intrinsically brighter during the T104 observation and

we conclude that TFL2 is a second expression of an ephemeral phenomenon on
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Figure 4.4: T91, T92, T104, and T108 NRCS profiles of a transect over Ligeia
Mare that includes the region of TFL1. A large spike in the NRCS is apparent in
the region of TFL1, circled in red, in the T92 and T104 observations but not the
T91 and T108 observations. This indicates that TFL1 is only present in the T92
and T104 observations. Incidence angle varies from 3.3◦ to 3.5◦, 4.6◦ to 6.2◦, 14.8◦

to 9.8◦, and 4.5◦ to 9.8◦ for the T91, T92, T104, and T108 profiles respectively. The
long axis of the transect is indicated by the blue line in the top panel of figure 4.1
and the width is about 6 km.

Titan.

4.4 Transient Hypotheses

In this section, we use the observations and quantitative constraints in the pre-

vious two sections to assess hypotheses for the transient behavior of TFL1 and

TFL2. We concentrate on TFL1 but note that since TFL2 has a similar NRCS at a
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Figure 4.5: T29, T91, T92, T104, and T108 NRCS profiles of a transect over Ligeia
Mare that includes the region of TFL2. A significant spike in the T104 observa-
tion is apparent in the region of TFL2, circled in red, but not the other observa-
tions. This indicates that TFL2 is only present in the T104 observation. Incidence
angle varies from 22.2◦ to 15.7◦, 3.8◦ to 4.2◦, 9.3◦ to 10.9◦, 11.5◦ to 7.6◦, and 5.7◦

to 12.8◦ for the T29, T91, T92, T104, and T108 profiles respectively. The transect
begins north of TFL2, its long axis is indicated by the blue line in figure 4.2 and
its width is about 6 km.

similar incidence angle (0.126, 10.3◦) to that of TFL1-104 (0.128, 11.5◦), is in the

same sea, and both regions were observed in the same high-resolution RADAR

flybys, the assessments also apply to TFL2. As we have discussed, TFL1 is un-

likely to be a SAR image artifact or permanent geophysical structure and thus

its appearance is the result of an ephemeral phenomenon on Titan. We have not

however distinguished if TFL1-92 and TFL1-104 are the detection of two sep-

arate occurrences of ephemeral phenomena or a single longer-lived ephemeral

49



phenomenon.

4.4.1 Tides

Tidal forces from Titan’s eccentric orbit around Saturn are predicted to generate

dynamic behavior in its lakes and seas that could lead to time varying observ-

able properties (Tokano et al., 2014). If TFL1 were an expression of tides, we

would expect its presence to be a repeatable function of Titan’s true anomaly.

Table 4.1 includes the true anomaly of Titan relative to Saturn for each observa-

tion. The T64, T91, T92, and T95 observations were all at nearly the same true

anomaly but TFL1 was only detected in the T92 observation, indicating that it

is not the result of diurnal tides. Similarly, the T104 and T108 observations dif-

fered in their true anomaly by just one degree but TFL1 was only present in the

T104 observation. Solar tides and tidal forces from Saturn’s other moons are

significantly weaker than the diurnal tides and unlikely to generate observable

dynamic behavior in the lakes and seas.

4.4.2 Floating Solids

Floating solids are another phenomenon that could lead to the occurrence of

transient bright features in Titan’s liquids. Cassini RADAR observations com-

bined with laboratory measurements constrain Ligeia Mare to be primarily com-

posed of methane, ethane, and nitrogen (Mastrogiuseppe et al., 2014; Mitchell

et al., 2015) and though all three components in their pure phases, have denser

solids than liquids, solids formed from freezing of their liquid solutions may
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be buoyant (Roe and Grundy, 2012; Hofgartner and Lunine, 2013). If solutions

of the solid and liquid phases coexist in equilibrium, they will differ in com-

position (sea ice on Earth is similarly less saline than the ocean from which it

froze). Nitrogen, the densest of the three components, is more soluble in the

liquid phase and the increase in density of this phase from nitrogen’s increased

abundance can make the coexisting solid phase positively buoyant. Aside from

freezing of the liquid, solids may also occur in Titan’s lakes and seas via several

other plausible mechanisms including fluvial or aeolian delivery, mass wasting,

and glacial calving. If the solids have a bulk density less than that of Ligeia

Mare, such as possibly polyacetylene (Chien, 1984), they would float. Further-

more, solids of any composition could float in Ligeia Mare provided they have

a sufficient porosity, until the pores fill with liquid, analogous to pumice rafts

on Earth. To the authors’ knowledge, these hypothetical floating solids have not

been studied in detail and their radar scattering properties may occupy a large

portion of phase space, so in this subsection we do not attempt to model all of

these hypotheses but instead use a simple model to address the plausibility of

the hypothesis of floating solids. We assume the NRCS of land near to TFL1 is

representative of that of floating solids and use a nearby region of Ligeia Mare

to characterize the NRCS of open sea. We consider the area of TFL1 as a linear

mixture of floating solids (land) and sea and calculate the fraction of the area

that must be filled with floating solids to reproduce the observed NRCS. In do-

ing so, we are assuming that the area of TFL1 is not completely filled by a single

floating solid but that portions of the area have sea at the surface which sepa-

rates distinct patches of floating solids (or distinct exposures of floating solid),

consistent with the knowledge that TFL1-92 is from multiple discrete features

(Hofgartner et al., 2014). For the floating solids to have the same scattering be-
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havior as the land, we are implicitly assuming that they are as dry as the land

and have a minimum length of approximately ten radar wavelengths in all di-

mensions, to preserve surface slopes and volume scattering.

The NRCS of a region of land near TFL1 is plotted as a function of incidence

angle in figure 4.6A using the parameters included in appendix B. The NRCS

measurements are above their noise floors in all of the observations and follow

the expected trend of decreasing as the incidence angle increases. This region

of land does not appear to have temporally changed in either the images or its

backscatter as shown in the NRCS-incidence plot. The best-fit combined quasi-

specular plus diffuse model is also plotted and its parameters are given in the

legend. This best-fit model will be the floating solids component of the linear

mixture of floating solids and sea.
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Figure 4.6: Linear mixing of floating solids (land) and sea. (A.) NRCS of a region
of land near TFL1 as a function of incidence angle. The NRCS-incidence angle
behavior is well described by the best-fit quasi-specular plus diffuse model and
is consistent with a permanent geophysical structure on Titan. (B.) NRCS of
a region of Ligeia Mare near to TFL1 as a function of incidence angle. With
the exception of the T91 observation at the smallest incidence angle, the mea-
surements are well described by the best-fit quasi-specular plus diffuse model.
The model assumes the backscattering is from the seafloor and accounts for re-
fraction and loss due to reflection at the atmosphere-sea interface but ignores
absorption within the sea. The T91 observation was not included in the best-fit
because it has a refracted incidence angle near a regime known to have anoma-
lously large backscatter. The T25 and T95 measurements are not shown because
they are below the lower limit of the plot. (C.) Linear mixing of floating solids
(land) and sea. The NRCS of the region of TFL1 is plotted as a function of in-
cidence angle along with the best-fit models from panels A. and B. The plot
suggests the backscatter is primarily from the seafloor in all of the observations
except T92 and T104 and these two observations are consistent with the pres-
ence of floating solids. The best-fit linear mixture of floating solids (land) and
sea to the T92 and T104 observations is 57% and 30% floating solids respectively
and the simultaneous best-fit to both observations is also plotted.
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The NRCS of a region of Ligeia Mare near TFL1 is plotted as a function of

incidence angle in figure 4.6B using the parameters included in appendix B.

Most of the NRCS measurements are above their noise floors and all of these

measurements follow the expected trend of decreasing as the incidence angle

increases. These measurements are in agreement with our conclusion that the

seafloor is likely the primary source for the measured backscatter of Ligeia Mare

(figures 4.4 and 4.5). Refraction at the atmosphere-sea interface of the incident

electromagnetic waves decreases their incidence angle and assuming a dielec-

tric constant of 1.75 for Ligeia Mare (εsea = 1.75), the bottom x-axis of figure 4.6B

is the refracted incidence angle (the top x-axis is the non-refracted incidence

angle). Reflection at the atmosphere-sea interface while both entering and ex-

iting the sea decreases the radar energy. For a perfectly smooth sea surface, a

reasonable assumption away from the region of TFL1 (Zebker et al., 2014), the

loss due to reflection can be calculated using the Fresnel reflection coefficients.

Accounting for refraction and loss due to reflection, the best-fit combined quasi-

specular plus diffuse model is also plotted in figure 4.6B. Scattering and absorp-

tion within the sea were ignored because the effective absorption of the radar

energy by Ligeia Mare was measured to be small (Mastrogiuseppe et al., 2014)

and including them introduces the depth as an additional variable in the model

without significantly improving the fit (see the next subsection for an expanded

discussion of absorption). We also ignored polarization in our calculations of

the loss due to reflection, as all of the observations were at different polariza-

tions (table 4.1) and accounting for it, changes the model NRCS by less than

1%. All of the observations, except for T91, can be well fit by a combined quasi-

specular plus diffuse model. Titan terrains were measured to be anomalously

bright at incidence angles of less than 2 degrees (Wye, 2011) and the refracted
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incidence angle of the T91 observation is 2.6 degrees. Thus we suspect the T91

NRCS may be anomalously large because of the small refraction-corrected inci-

dence angle of the observation and have ignored this measurement in the best-

fit. Excluding the T91 observation does not significantly affect the results of

the linear mixing model. The effective reflectivity of the seafloor for the quasi-

specular component of the model is determined by its dielectric contrast with

the sea. For a Ligeia Mare dielectric constant of 1.75, a model with εsea f loor = 1.54

has the same effective reflectivity as the model with εsea f loor = 1.99 and thus fits

the observations equally well. We expect however, that εsea f loor is always greater

than εsea since any pore spaces are probably liquid filled. We also point out that

the numeric value of εsea f loor is not representative of the true dielectric constant

of the seafloor because ignoring absorption and scattering within the sea biases

the model toward a dielectric constant that is nearer to that of the sea. The best-

fit model in figure 4.6B will be the sea component of the linear mixture of sea

and floating solids.

In figure 4.6C, as in figure 4.3, the NRCS of the region of TFL1 is plotted as

a function of incidence angle. The best-fit quasi-specular plus diffuse model to

the region of nearby open sea, from figure 4.6B, is also included. This model fits

the T108 measurement and correctly plots below the noise floor of the T25 ob-

servation. This is consistent with the interpretation that TFL1 was not present at

the time of these observations and the measured backscatter is primarily from

the seafloor. For the T29 and T64 observations, the best-fit model for the open

sea predicts the NRCS will slightly exceed the noise floor, which is inconsistent

with the measurements. However the noise floors are so small that this dis-

crepancy could be from a minor systematic error. For the T91 observation, the

best-fit model predicts an NRCS that is three standard deviations less than the
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measured NRCS. We expect that this poor fit is because of the small refraction-

corrected incidence angle of the observation, as discussed in the preceding para-

graph. The model for the open sea does not fit the T92 and T104 observations

because TFL1 was present at the time of these observations. The best-fit quasi-

specular plus diffuse model to the nearby land, from figure 4.6A, is also plotted.

Assuming TFL1 is a linear mixture of floating solids (land) and open sea, the si-

multaneous best-fit to the NRCS of TFL1-92 and TFL1-104 is 34% floating solids

and this model is plotted in figure 4.6C. The best-fits to TFL1-92 and TFL1-104

individually are 57% and 30% floating solids respectively.

For the floating solids to backscatter like the nearby land, as has been as-

sumed, they must be as dry as the land and have a minimum length of approx-

imately ten radar wavelengths (10λ = 0.216 m) in all dimensions, to preserve

surface slopes and volume scattering. The areas of ≈ 40 km2 and ≈ 145 km2

of TFL1-92 and TFL1-104 respectively (table 4.1) therefore imply volumes of

floating solids greater than ≈ 5 × 106 m3. If the floating solids originate from a

single pixel of land in figure 4.1, the lower limit for the volume corresponds to a

roughly 10 m thick layer. Thus if TFL1 is floating solids that originate from the

land, the modification of the land may be undetectable. The modification of the

land could also be undetectable for much larger volumes if the volume loss does

not change the backscattering behavior. We therefore consider the hypothesis of

floating solids for TFL1 as plausible.

Finally, we note that figure 4.6C also illustrates why the presence of TFL1

in the T95 observation is ambiguous. If the NRCS of TFL1 in the T92 and T104

observations is extrapolated to the incidence angle of the T95 observation, fol-

lowing typical functional behavior for Titan terrains (such as those of the nearby
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land), the predicted NRCS is similar to the noise floor of the observation. Thus

the NRCS of TFL1 at the incidence angle of the T95 observation could be less

than the noise floor of this observation, in which case, TFL1 would not have

been detectable. It is therefore unclear if TFL1 was not detected in the T95 ob-

servation because it was not detectable, or not physically present.

4.4.3 Sea Level Change

A change in the liquid depth could lead to the appearance of transient features

and has been documented to occur in Titan’s south polar lakes during the south-

ern summer season (Hayes et al., 2011; Turtle et al., 2011b). As we have dis-

cussed, the seafloor is likely the primary source for the measured backscatter of

Ligeia Mare (figures 4.4, 4.5, and 4.6B), so a decrease in sea depth would reduce

absorption by the sea and cause the seafloor to appear brighter. Absorption of

the radar energy by the sea reduces the NRCS according to the following equa-

tion

σ f = σi exp(−
2π
λ

√
εsea tan ∆

2z
cos isea

), (4.1)

where σ f and σi are the NRCS with and without absorption respectively, λ =

0.0216 m is the radar wavelength in vacuum, εsea is the real component of the

dielectric constant of the sea, tan ∆ is the loss tangent of the sea, z is the sea

depth and isea is the refracted incidence angle in the sea. Assuming a dielectric

constant of 1.75, Mastrogiuseppe et al. (submitted) have measured the effective

loss tangent of Ligeia Mare for the Cassini radar to be 4.4 ± 0.9 × 10−5 which

corresponds to a decrease in the received signal of 0.14 ± 0.03 dB/m. The mea-

sured NRCS of the region of TFL1 in the T104 observation was greater than in

the T108 observation despite a larger incidence angle (table 4.1). The decrease
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in absorption from a drop in sea level that would cause the observed brighten-

ing can be constrained by taking the ratio of equation 4.1 for the T104 and T108

observations. Upon evaluating and re-arranging, it can be shown that

zT108 − zT104 = 0.01zT108 + 63 m + ln(
σi

T108

σi
T104

)35 m. (4.2)

Now, zT108 >= 0 and since iT108 < iT104, it is expected that σi
T108 > σi

T104 and

therefore the first and third terms on the right side of the equality are always

greater than zero so zT108 − zT104 >= 63 m. Thus to explain the anomalous bright-

ening in T104 through a decrease in absorption by a drop in sea level, the depth

must have varied by more than 60 m. This large a change in sea level would

be expected to result in significant and observable changes to the shoreline (un-

less it is very steep at all locations) and an increase in the measured NRCS of

the seafloor in all regions of the sea, neither of which is observed and thus this

hypothesis does not explain TFL1.

Aside from the decrease in absorption, a decrease in sea level could also in-

crease the measured NRCS from exposure of the solid seafloor or a Titan analog

of a guyot. If the seafloor is exposed to the atmosphere, the dielectric constant

of the incident medium changes from that of the sea (about 1.75) to that of the

atmosphere (approximately unity), which changes the effective Fresnel reflec-

tivity. If the dielectric constant of the seafloor is similar to the dielectric constant

of the sea, as it is for the best-fit model in figure 4.6B, exposure of the seafloor to

the atmosphere increases the dielectric contrast and significantly increases the

reflectivity. This change in the reflectivity is likely also partly the reason the

boundary between the land and sea is so apparent in figures 4.1 and 4.2. As

noted in the paragraph above, because iT108 < iT104, if no temporal change had

occurred we would have expected that σT104/σT108 < 1. Since this NRCS ratio

is greater than unity, to be consistent with these observations exposure of the
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seafloor must have increased the backscatter by at least a factor of σT104/σT108.

Exposure of seafloor with 1.49 < εsea f loor < 2.55 in the region of TFL1 is consis-

tent with this increase, where the specific number depends upon the fractional

area of change per SAR pixel. This range encompasses many of the materials

expected at Titan’s surface (Paillou et al., 2008). For the best-fit model of the

seafloor (figure 4.6B), 66% of the region of TFL1-104 would have to be exposed

in the T104 observation. As we discussed above however, significant shoreline

changes are not observed here or elsewhere. Thus either the shoreline at all loca-

tions imaged in the T92 and T104 observations is much steeper than the seafloor

in the region of TFL1 or the change in sea level was very small and the sea in the

region of TFL1 was very shallow. The morphology required for either scenario

seems ad hoc. Exposure from sea level change is a possible explanation for TFL1

but requires ad hoc assumptions and therefore is not favored.

4.4.4 Suspended Solids

The existence and transport of sediment at Titan’s surface, including its ma-

rine environments, is well established as an integral component of its geology

(Aharonson et al., 2014). Solid particles suspended within the volume of Ligeia

Mare would backscatter the radar if their dielectric constant differed from that

of the sea. The particles will act as Rayleigh scatterers if their radii are less than

about ten percent of the radar wavelength (λ = 2.16 cm). The Cassini RADAR

instrument transmits and receives in the same sense linear polarization and the

NRCS of a single Rayleigh scatterer, σ1, in this case is

σ1 =
16
π

k4r4(
ε − εsea

ε + 2εsea
)2, (4.3)
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where k is the wavenumber, r is the particle radius, ε is the particle dielectric

constant, and εsea = 1.75 is the dielectric constant of the sea (Jackson, 1998). The

scattering attenuates the energy of the incident radar beam by a factor of 1 − α,

where

α =

∫
∂σ

∂Ω
∂Ω =

8
3

k4r4(
ε − εsea

ε + 2εsea
)2. (4.4)

Thus the effective NRCS of a second scatterer is σ2 = σ1(1 − α). For m scatterers

along the line of sight, the total NRCS is

σ =

n=m∑
n=1

σ1(1 − α)n−1 =
6
π

(1 − (1 − α)m), (4.5)

where multiple scattering has been ignored. The last equation indicates the

NRCS of Rayleigh scatterers can range from 6α/π = σ1 for m = 1, to a maxi-

mum of 6/π for m → ∞. Reflection at the atmosphere-sea interface will reduce

the effective NRCS by less than five percent. Figure 4.7 is a plot of the NRCS

as a function of particle radius for different dielectric constants of the Rayleigh

scatterers and different values of m. The NRCS of TFL1-92 and TFL1-104 are

also included. If the particles are positioned such that they form a chain in the

direction of the incident radar beam with no liquid between successive scatter-

ers, for the maximum radius of 0.1λ,m = 10, 000 corresponds to ≈ 43 m thick

stack. Since the maximum depth of Ligeia Mare is ≈ 160 m (Mastrogiuseppe

et al., 2014), 10,000 is approximately the upper limit for m. Values of m much

less than this upper limit however can be consistent with the observations. For

particles with r = 0.1λ and ε = 3, m = 22 and m = 4 are consistent with TFL1-92

and TFL1-104 respectively.

A different model for the NRCS from volume scattering was presented in

Zebker et al. (2008) where

σ = (1 − R)22 f cosn i. (4.6)

61



In this equation, f is the fraction of power that escapes from the volume after

penetration, n is the exponent of the cosine falloff for diffuse scatter, and i is the

incidence angle. The factor (1 − R)2 accounts for reflection at the atmosphere-

sea interface as the radar signal enters and exits the sea and will reduce the

effective NRCS by less than five percent. For small incidence angles, in the

limit that f → 1, σ ≈ 2 in approximate agreement with the limit above of 6/π.

Therefore volume scattering, including Rayleigh scattering by particles within

Ligeia Mare can be consistent with the measured NRCS of TFL1 and we consider

suspended solids to be a plausible hypothesis.

4.4.5 Bubbles

Geologic, hydrologic, and biologic processes could conceivably generate tran-

sient bubbles in Ligeia Mare. Bubbles with radii of less than about ten percent

of the radar wavelength would act as Rayleigh scatterers and have a dielectric

constant slightly greater than unity. Figure 4.7 includes the NRCS from Rayleigh

scatterers with ε = 1 and from the figure it is apparent that bubbles can be con-

sistent with the measured NRCS of TFL1. We therefore consider bubbles to also

be a plausible hypothesis for TFL1.

4.4.6 Waves

At non-nadir incidence angles, rough surfaces backscatter more radar energy

than smooth surfaces. A sea on Titan would therefore be brighter in Cassini

SAR images when its surface is roughened by waves than when it is calm and
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Figure 4.7: NRCS from Rayleigh scattering by suspended solids within Ligeia
Mare as a function of scatterer radius. Multiple scattering is ignored, ε is the
dielectric constant of the scatterers, and m is the number of scatterers in the
direction of the incident radar beam. The NRCS ranges from 0 to 6/π and can be
consistent with the measured NRCS of TFL1-92 and TFL1-104, indicating that
TFL1 could be solids suspended within the volume of Ligeia Mare.

devoid of waves. The surface of a transect of Ligeia Mare was measured in

the T91 observation to be extremely flat, with vertical deviations of only a few

millimeters (Zebker et al., 2014), consistent with the dark appearance of the sea

in SAR images (figure 4.1). Thus, here, we consider the hypothesis that TFL1 is

a regional wave field on the sea during the T92 and T104 observations. Wind

generation of capillary-gravity (cg) waves requires a minimum wind speed and

wind speeds in Titan’s north polar region are predicted by global circulation
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models to be below the threshold for wave generation, except in the spring and

summer seasons (Hayes et al., 2013). The timing of the appearance of TFL1 is

consistent with the forecasted onset of wind driven cg waves as Titan’s 2017

northern summer solstice approaches (Hayes et al., 2013). TFL1 may have been

absent during the T91 and T108 observations, during which, winds were also

predicted to be near the threshold for wave generation, because of daily wind

variability. On Earth, wind speeds near the threshold for wave generation are

both more temporally and spatially variable (Shankaranarayanan and Donelan,

2001). Spatial variability of winds near the threshold for wave generation can

result in regional wave fields and isolated bright patches are not uncommon in

SAR images of terrestrial marine environments (ex. Jackson and Apel (2004)).

Applied to Titan, this may explain the limited areal extent of TFL1 and funneling

or deflection of wind by the topography of the nearby shoreline may explain its

location.

The NRCS of wind driven cg waves on Titan’s surface liquids was predicted

by Hayes et al. (2013) by adapting the terrestrial model of Donelan and Pier-

son (1987) for the spectrum of wind generated cg waves and their microwave

backscatter to the Titan environment. The backscatter is predicted using a two-

scale model that includes both Bragg and quasi-specular scattering. The Bragg

scattering component dominates the backscatter for incidence angles greater

than about 15-25 degrees but is less important at smaller incidence angles. The

backscatter model was developed for incidence angles greater than this transi-

tionary regime and omits the Bragg scattering component for effective incidence

angles of less than 18 degrees but the actual contribution to the backscatter may

not be negligible. The Titan adapted model of Hayes et al. (2013) has not been

observationally validated and thus we consider the NRCS predictions to be ap-
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proximate. We evaluated this model at the incidence angles of the T92 and T104

observations and found that the predicted NRCS is always less than the mea-

surements of TFL1, regardless of wind speed and liquid viscosity. The discrep-

ancy between the model and measurements however is less than 5 dB for wind

speeds greater than 1.4 m/s and we consider this to be agreement within the er-

ror of the model. Inclusion of the Bragg scattering component at the incidence

angles of the T92 and T104 observations may reduce or eliminate the discrep-

ancy but we leave this for future work. We also point out that a quasi-specular

model where the prediction for the sophisticated wave spectrum is ignored and

a Gaussian distributed surface is assumed is consistent with TFL1.

Other mechanisms for generating surface roughness, including currents

flowing over obstacles, are also plausible. Tidal-, wind-, and density-driven cur-

rents are predicted to have a maximum speed of a few centimeters per second

and thus, from energy balance, likely can only perturb the liquid surface topog-

raphy by a few mm (Tokano et al., 2014; Tokano and Lorenz, 2015, in press).

The currents however, are sensitive to the bathymetry and may be significantly

faster in some regions, including regions with promontories like the peninsular

shoreline near TFL1. Thus we consider waves to be a plausible hypothesis for

TFL1.

4.4.7 Seafloor Change

Localized, ephemeral change of the seafloor is another phenomenon that could

lead to the occurrence of transient bright features in Ligeia Mare. The seafloor

is likely the primary source of the measured backscatter from Ligeia Mare and
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the best-fit quasi-specular plus diffuse model to a region of sea near to TFL1 is

included in figure 4.6B. This model is also approximately consistent with the

backscatter from the region of TFL1, except for the T92 and T104 observations

when TFL1 was present, and is adopted as the base model for the backscat-

tering from the seafloor in this region (figure 4.6C). TFL1-92 and TFL1-104 are

consistent with an increase in the effective dielectric constant of the seafloor, ε,

to approximately 2.7 or greater, where the specific number depends upon the

observation, the change of the seafloor roughness parameter, α, and the frac-

tional area of change per SAR pixel. We expect that ε is always greater than

the dielectric constant of the sea (εsea = 1.75) since any pore spaces are probably

liquid filled but for completeness we point out that a decrease of ε to approx-

imately 1.2 or less is also consistent with the NRCS of TFL1-92 and TFL1-104.

We also point out that absorption and scattering within the sea were ignored in

the best-fit model and this biases ε toward a dielectric constant that is nearer to

that of the sea. While a change of ε alone can be consistent with the NRCS of

TFL1, a change of solely the roughness parameter, α, cannot. At the incidence

angles of the T92 and T104 observations, the backscatter from Titan’s solid ter-

rains is generally dominated by the quasi-specular component. However we

note that TFL1-92 and TFL1-104 are also consistent with an increase in the am-

plitude of the diffuse component, A, by factors of approximately 700 and 100

or greater. A change of the diffuse n-coefficient alone is not consistent with ei-

ther TFL1-92 or TFL1-104. Thus if TFL1 is an expression of seafloor change, the

change must have included an increase in the dielectric constant or diffuse am-

plitude. Possible mechanisms for increasing the effective dielectric constant of

the seafloor include removal of sediment and exposure of an underlying surface

or mantling with a different material. Dielectric constants greater than 2.7 are
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consistent with some other Titan terrains (Wye, 2011) and some of the materials

expected at Titan’s surface (Paillou et al., 2008). The amplitude of the diffuse

backscattering could increase if the volume scattering, dielectric constant, or

small-scale roughness increase.

If seafloor change occurred in the region of TFL1, the absence of anomalously

bright features in the T108 observation (figure 4.1), lack of spike in the T108

NRCS profile (figure 4.4), and agreement of the seafloor model with the T108

NRCS (figure 4.6C), all suggest that the seafloor had reverted back to its base

state by this observation. Reversion of the seafloor is likely neither an inevitable

nor highly probable outcome of processes that may cause seafloor change and

thus, in our view, is ad hoc. Therefore it is possible that TFL1 is an expression

of seafloor change but we do not favor this hypothesis.

4.5 Discussion

Seven transient hypotheses for TFL1 have been considered. The focus was on

the phenomenon rather than the underlying physical mechanism behind the

phenomenon, as multiple mechanisms for each phenomenon are plausible and

not distinguishable with the available data. TFL1 is unlikely to be an expression

of tides because its presence is not a repeatable function of Titan’s true anomaly

as would be expected. Two hypotheses, sea level change and seafloor change,

can be consistent with the measured NRCS but require ad hoc assumptions and

are therefore considered as possible but not favored. For both of these hypothe-

ses, TFL1 is the observation of an outcome of an ephemeral phenomenon rather

than observation of the ephemeral phenomenon as it is occurring. If TFL1 is
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an observation of a process while it is occurring, reversion is expected when

the process ceases but reversion is not necessarily predicted in the case of an

outcome. Thus the absence of TFL1 in the most recent observation requires at

least one additional assumption for the sea level change and seafloor change

hypotheses. The remaining four hypotheses, floating and suspended solids,

bubbles, and waves are our favored hypotheses. We are not able to determine

from the observations and quantitative constraints which of these hypothesized

ephemeral phenomenon is responsible for TFL1. The time interval between the

T92 and T104 observations is greater than 13 months, thus if the predicted cur-

rents of Tokano et al. (2014); Tokano and Lorenz (2015, in press) are correct,

this suggests TFL1-92 and TFL1-104 are separate events. If we consider the

frequency of each of these phenomena per unit area on liquid water bodies

on Earth, waves occur at a much higher frequency than the other phenomena.

From this terrestrial context we therefore consider waves to be the most likely

explanation of TFL1. The same conclusions also apply to TFL2 because of its

similarity to TFL1-104.

Increased solar insolation as Titan approaches its 2017 northern summer sol-

stice was predicted to lead to the onset of dynamic phenomena (Hofgartner and

Lunine, 2013; Hayes et al., 2013; Tokano and Lorenz, 2015, in press). The ap-

pearance of TFL1 in the T92 observation, halfway between the vernal equinox

and summer solstice and its presence along with TFL2 in the later T104 observa-

tion, are consistent with this expectation. Isolated rough patches in Punga Mare

during the T85 observation, also most likely from waves, have similarly been

interpreted as indicative of the changing seasons (Barnes et al., 2014). However

the absence of TFL1/TFL2 in the T91 and T108 observations, which were also in

the spring season, weakens the seasonal correlation. Large scale and frequent
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cloud outbursts in the north polar region were also predicted to accompany the

approach to solstice (Schneider et al., 2012) but have thus far not been observed.

Future observations may improve the statistics and allow for rejection or confir-

mation of the association of TFL1/TFL2 to the changing seasons.

Some mechanisms for the most likely transient hypotheses involve mete-

orological phenomena. The Cassini Imaging Science Subsystem (ISS) did not

observe clouds in the vicinity of Ligeia Mare during the T92 and T104 obser-

vations but the observations were unfavorable for the detection of clouds and

thus cannot constrain the presence of clouds smaller than approximately 100

km, much larger than the size of TFL1/TFL2. The VIMS and ISS instruments

have observed regional clouds of this size during the spring season. Thus we

cannot constrain the role of meteorology on TFL1/TFL2.

The shore nearest to the region of TFL1 as shown in the lower panels of fig-

ure 4.1, appears to be more peninsular and reminiscent of a fjord morphology

than other sections of Ligeia Mare’s shore. This land mass also protrudes fur-

ther toward the center and darkest part of the sea than most other segments of

the shoreline. This unique shoreline could funnel or deflect winds and currents

and/or result in increased erosion and geologic activity and thus may be related

to TFL1. TFL2 by contrast is more than 50 km from its nearest shore/island.

The wide, liquid-filled valley shown in the left panel of figure 4.2 however ap-

pears to continue as a submarine valley with a terminus near to the region of

TFL2. Thus the region of TFL2 may be the sink for sediment that propagates

down the valley and/or the boundary between river and sea dominated re-

gions. Backscatter changes in parts of Moray Sinus, an estuary of Kraken Mare

may be similarly associated with its nearby valleys (Hayes et al., 2011). Future
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observations could better constrain the association of dynamic phenomena in

Titan’s liquids to shoreline features.

There is only one remaining planned Cassini RADAR close flyby of Titan’s

north polar region before the end of the mission. If the regions of TFL1/TFL2

or other areas of Titan’s lakes and seas are observed during the T126 flyby in

April 2017, the results may further illuminate the ephemeral phenomenon re-

sponsible for TFL1/TFL2. The Cassini ISS and VIMS instruments also plan to

observe Titan’s north polar region in the future and these observations may

also be revealing. Titan’s hydrocarbon liquids are practically transparent at

microwave wavelengths (Mastrogiuseppe et al., 2014; Mitchell et al., 2015) but

much more opaque at near-infrared wavelengths (Clark et al., 2010). Thus de-

tection of TFL1/TFL2 or similar transient features by the RADAR instrument

along with near-coincident observation by the ISS/VIMS instruments may con-

strain whether the transient features are located on or beneath the liquid surface.

It is possible however that the next observation of transient features in Titan’s

liquid environments may have to wait until there is a vessel on one of its seas.

(Stofan et al., 2013).

4.6 Conclusions

The region of Titan’s hydrocarbon sea, Ligeia Mare, where transient bright

features (TFL1) had previously been discovered (Hofgartner et al., 2014), was

anomalously bright in the first (T104) of two new Cassini RADAR observations

but not the second (T108). A second transient bright feature in Ligeia Mare

(TFL2) was also discovered in the T104 observation. TFL1 and TFL2 are un-
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likely to be SAR image artifacts or permanent geophysical structures and thus

their appearance is the result of an ephemeral phenomenon on Titan. Float-

ing and suspended solids, bubbles, and waves are favored hypotheses over

tides, sea level change and seafloor change, in agreement with the conclusions

of Hofgartner et al. (2014). We favor waves as the most probable explanation for

TFL1/TFL2 because of their increased frequency over floating and suspended

solids and bubbles in analogous terrestrial settings. TFL1 is the first confirmed

instance of active processes in Titan’s lakes and seas and together with TFL2

demonstrates that Titan’s seas are not stagnant but rather dynamic environ-

ments.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR CHAPTER 3

A.1 Morphology

The left panel of figure A.1 is a higher-zoom image than in figure 3.1 of the

anomalous features in the T92 observation. The right panel is the same image

with red crosshairs, centered on the locally brightest pixels, that have long and

short axes given by the range and Doppler resolutions (1.36 km and 0.32 km)

respectively of the T92 observation. Some of the crosshairs are separated by

several resolution elements of dark pixels, suggesting that the intervening pix-

els correspond to the sea. Thus the anomalous, bright backscatter is likely not

from a single contiguous structure but rather from distinct features, hence the

reason for our use of the plural when referring to them. We note however that

each crosshair should not be interpreted as corresponding to a distinct feature

(the narrow dark strips sandwiched between crosshairs are consistent with the

low values in the distribution of the measured NRCS), only regions separated

by several resolution elements of dark sea-pixels are interpreted as distinct fea-

tures. Some of the anomalies were larger than the T92 resolution element and

some may have been smaller. From the figure, it is also apparent that the elon-

gation of the components in the range direction (approximately east-west) is

due to the resolution of the image and thus doesn’t necessarily reflect the actual

morphology.
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Figure A.1: The left panel is a higher-zoom image than in figure 3.1 of the
anomalous features in the T92 observation. The right panel is the same image
with red crosshairs, centered on the locally brightest pixels, that have long and
short axes given by the range and Doppler resolutions (1.36 km and 0.32 km)
respectively of the T92 observation.

A.2 Examination of Possible SAR Artifacts

Here, we examine the T92 image for possible SAR artifacts that could corre-

spond to the anomalous bright features. There are two types of artifacts in SAR

imagery that could produce small, localized, bright features: ambiguities and

edge effects (Elachi and van Zyl, 2006). We argue below that the anomalous

bright features observed in the T92 observation are unlikely to be artifacts of

either type.

A SAR image is constructed by partitioning a radar echo (backscattered en-
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ergy) into distinct time delay and Doppler shift bins (Elachi and van Zyl, 2006).

The viewing geometry of the sensor is designed such that the equi-delay and

equi-Doppler lines on the surface of the target body (Titan) are approximately

perpendicular. Thus partitioning the radar echo by both time delay and Doppler

shift results in a two dimensional image. To form the image, the radar echo is

assumed to have a periodic waveform with a period given by the radar pulse

repetition interval (t0). As a result of this assumption, time delay bins that

are separated by an integer multiple of t0 cannot be distinguished. Similarly,

Doppler shift bins separated by an integer multiple of the pulse repetition fre-

quency ( f0 = 1/t0) also cannot be distinguished. For integers k and n, a particular

pixel in a SAR image may be contaminated by bright structures that are kt0 re-

moved in time delay (range ambiguities) and/or n f0 removed in Doppler shift

(azimuth ambiguities). To avoid these ambiguities, imaging radars use direc-

tional antennas with gain patterns that restrict a received echo to be dominated

by the backscatter from a confined region of the surface. For the T92 observa-

tion, at the location of the anomalies, the antenna gain pattern reduced the echo

energy from all ambiguous regions by greater than a factor of 100. The bright-

ness of the anomalous features implies that if they are a SAR ambiguity, they

correspond to a very bright source. Indeed, the hypothetical ambiguous source

would have had an NRCS of > 10 dB, brighter than any non-nadir (0 degrees

incidence) echo previously observed on Titan. The time delay and Doppler shift

bins for the anomalous signal are not an integer multiple of t0 or f0 from nadir

respectively, indicating that this signal is not from a nadir ambiguity. Edge ef-

fects are errors that occur in the parts of the image that map near the edge of the

antenna gain pattern. These artifacts are typically bright or dark lines along an

edge of the antenna pattern. As seen in figures A.2-A.4, the anomalous region
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was not on an edge of the T92 antenna pattern.

Cassini SAR observations utilize five different feeds that have antenna gain

patterns in different directions (Elachi et al., 2004). As Cassini passes over Titan,

each feed obtains multiple images in the along-track direction. Since these im-

ages overlap, each bin is imaged multiple times and when combined, they form

a multi-looked image that extends the length of the flyby. The images formed

from each feed are combined in the time delay dimension to construct the full-

width SAR strip. Figure A.2 is a portion of the extended, multi-looked T92 SAR

image formed from the fifth feed. The parallelogram shaped area between the

two green arrows corresponds to the region illuminated by the main lobe of the

antenna gain pattern of the fifth feed. The received waveform was processed

for areas far enough away from this region to include this region’s range ambi-

guities. The bright, distorted region on the left of figure A.2 is the energy from

the main lobe of the fifth feed misplaced to a zone that is t0 removed in time

delay. This zone appears brighter than the parallelogram region because dur-

ing SAR processing the measured power is divided by the antenna gain and the

antenna gain for this zone is smaller. We see that the range ambiguity separa-

tion is much larger than the width of the main lobe of the antenna pattern and

that the antenna pattern sharply cuts off the return from areas outside of the

main lobe. Thus it is unlikely that the anomalous bright features are a range

ambiguity. In figure A.3, the image constructed from the fifth feed (top panel)

is compared to the image constructed from all five feeds (bottom panel). From

the figure, it appears that no energy is received by the fifth feed from the bright

structures within the red box. That the antenna pattern adequately reduces the

energy received from these nearby, bright structures implies that it is also likely

to sufficiently reduce the received energy from the more distant regions that
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could correspond to range ambiguities, where the antenna gain is even lower.

This provides greater confidence that the anomalous signal is not the result of

a range ambiguity. Figures A.2 and A.3 also show that the anomalous bright

region is unlikely to be an edge effect because the closest edge of the antenna

pattern is well to the right of the anomalous region. The peninsula that is closer

to the edge than the anomalous features has been observed previously and does

not exhibit any noticeable edge effects in the T92 observation.

Figure A.2: Multi-looked T92 SAR image from antenna feed 5. The parallel-
ogram shaped area between the two green arrows indicates the extent of the
main lobe of the antenna gain pattern and includes the region of the anoma-
lous features. The bright zone on the far left is the range ambiguity obtained by
misplacing the entire echo by one pulse repetition interval, t0, in the time delay
dimension.

To investigate azimuth ambiguities we constructed separate images from
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Figure A.3: Multi-looked T92 SAR image from antenna feed 5 (top panel) com-
pared to the image constructed from all five feeds (bottom panel). Bright struc-
tures inside the red box, just outside of the main lobe of the fifth feed are ade-
quately reduced by its antenna gain pattern. The range ambiguities, further to
the left, where the gain reduction is even stronger are unlikely to explain the
anomalous features.

each look of the region of the anomalous features. The top panels of supple-

mentary figure A.4 are the sequence of single-look T92 images of the anomalous

bright region. The bottom panel is the image formed from combining these im-

ages. We note that the anomalous features move within the antenna pattern as

Cassini passes by but are approximately constant in brightness. This behavior

is consistent with observations of real geophysical, bright structures. Azimuth

ambiguities however, tend to result in bright features near the edge of the an-

tenna pattern (left and right of the images in the top panels) that darken as they

move toward the middle because they are divided by the increasing antenna
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gain during calibration. Thus it is unlikely that the anomalously bright features

are an azimuth ambiguity.

Figure A.4: The top panels are time-ordered, single-look T92 images of the
anomalous features and the bottom panel is their combined multi-look image.
The images in the top panel are rotated by 90 degrees with respect to the images
in figures A.2 and A.3 and the bottom panel. The consistent brightness of the
anomalous features in the images indicates that they are unlikely to be the result
of an azimuth ambiguity.

A.3 T91 Image

We present additional arguments here to support our claim that despite the no-

ticeably greater speckle noise in the T91 image compared to the other radar

images, it still contains credible signal.
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We repeated the incidence angle analysis on one of the nearby peninsulas

that are visible toward the lower right in the zoom-panels of figure 3.1. Fig-

ure A.5 is a plot of the NRCS of the peninsula as a function of incidence angle.

As expected for a permanent, static structure and consistent with all major ter-

rain classes on Titan, the NRCS of the peninsula is well fit by quasi-specular

plus diffuse scattering models (Wye et al., 2007; Wye, 2011). The best-fit mod-

els are also plotted in the figure and their parameters are given in the legend.

These parameters are similar to the parameters that others have measured for

Titan terrains (Wye et al., 2007; Wye, 2011). This result gives us confidence that

the signal in the T91 image is valid. That the NRCS of the peninsula increases

as incidence angle decreases from 6 to 3 degrees indicates that the unexpected

NRCS behavior of the anomalous features is likely not due to a bias introduced

in the analysis.

Figure A.6 is identical to figure 3.3 of the main manuscript with the excep-

tion that it also includes the T29 profile. The T29 profile is also approximately

correlated with the T91 and T92 profiles. These three profiles constitute all of

the passes that completely covered the region of the transect.
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Figure A.5: Normalized radar cross section as a function of incidence angle of a
peninsula near the anomalous features. The best-fit quasi-specular plus diffuse
scattering models for the peninsula are also plotted and their parameters are
given in the legend. The error bars show the one-sigma confidence.
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Figure A.6: Normalized radar cross section profiles along a transect of Titan
that crosses Ligeia Mare including the region of the anomalous features. The
correlation of the profiles suggests that the signal in the T91 image is valid.
In the region of the anomalous features, the T92 profile exhibits a large spike
(circled in green) but no similar anomalous spike is observed in the T29 and T91
profiles. The incidence angle along the transect varies from 26.7◦ to 17.9◦, 3.3◦

to 3.5◦, and 4.6◦ to 6.2◦ for the T29, T91, and T92 observations respectively. The
blue line in figure 3.1 indicates the center of the transect. The error bars show
the one-sigma confidence.
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER 4
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Figure B.1: Titan’s Ligeia Mare and all high-resolution observations of the re-
gion of TFL2. A transient bright feature, TFL2, is observed in the T104 obser-
vation (circled in red) that is not seen in any of the other observations. Pixel
brightness is linearly related to the normalized radar cross section. The white
arrows indicate the radar azimuthal illumination directions and the subtitles
provide the incidence angles.
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Table B.1: Quantitative constraints of a region of Ligeia Mare near to TFL1 from
each radar image and the most relevant observational parameters. The area of
the region is 52.4 km2. 1 - Normalized Radar Cross Section; A negative NRCS
is nonphysical. An estimate of the average noise floor is subtracted from the
measured NRCS and statistical fluctuation of the noise floor can result in values
slightly less than zero; 2 - One standard deviation; 3 - Clockwise from North; 4 -
The Cassini Titan RADAR mapper transmits and receives in the same linear po-
larization and the polarization angle is defined as the angle between the electric
field vector and the plane of incidence.

T25	   T29	   T64	   T91	   T92	   T95	   T104	   T108	  

Date	   02/22/07	   04/26/07	   12/27/09	   05/23/13	   07/10/13	   10/14/13	   08/21/14	   01/11/15	  

NRCS1	  (linear)	   -‐0.0266	   0.0031	   0.0008	   0.2530	   0.0342	   -‐0.0309	   0.0144	   0.0252	  

NRCS	  	  
Uncertainty2	  
(linear)	  

0.0046	   0.0011	   0.0002	   0.0733	   0.0020	   0.0134	   0.0027	   0.0022	  

NRCS	  Noise	  	  
Floor	  
(linear)	  

0.0115	   0.0014	   0.0004	   0.0017	   0.0012	   0.0651	   0.0053	   0.0006	  

Incidence	  
Angle	  (O)	  

20.6	   20.0	   35.5	   3.5	   5.6	   26.1	   10.6	   7.7	  

Azimuth	  	  
Angle3	  (O)	  

83.4	   58.1	   241.6	   103.6	   262.6	   202.1	   77.6	   247.5	  

PolarizaMon	  	  
Angle4	  (O)	  

56.6	   37.9	   55.5	   89.2	   89.7	   23.6	   52.8	   74.7	  

Range	  
ResoluMon	  (km)	  

1.08	   0.33	   0.27	   2.50	   1.40	   3.04	  
	  

1.00	   1.00	  

Azimuth	  
ResoluMon	  (km)	  

0.53	   0.22	   0.26	   1.00	   0.32	  
	  

3.68	   0.89	   1.00	  

Titan	  True	  	  
Anomaly	  (O)	  

16	   15	   71	   69	   68	   68	   246	   245	  
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Table B.2: Quantitative constraints of a region of land near to TFL1 from each
radar image and the most relevant observational parameters. The area of the
region is 143.3 km2. 1 - Normalized Radar Cross Section; 2 - One standard devi-
ation; 3 - Clockwise from North; 4 - The Cassini Titan RADAR mapper transmits
and receives in the same linear polarization and the polarization angle is defined
as the angle between the electric field vector and the plane of incidence.

T25	   T29	   T64	   T91	   T92	   T95	   T104	   T108	  

Date	   02/22/07	   04/26/07	   12/27/09	   05/23/13	   07/10/13	   10/14/13	   08/21/14	   01/11/15	  

NRCS1	  (linear)	   0.1798	   0.2571	   0.1576	   1.8253	   0.9058	   0.1899	   0.4411	   0.5249	  

NRCS	  	  
Uncertainty2	  
(linear)	  

0.0057	   0.0050	   0.0034	   0.3634	   0.0321	   0.0149	   0.0209	   0.0297	  

NRCS	  Noise	  	  
Floor	  
(linear)	  

0.0066	   0.0015	   0.0007	   0.0010	   0.0017	   0.0404	   0.0064	   0.0014	  

Incidence	  
Angle	  (O)	  

20.0	   18.4	   37.1	   3.5	   6.1	   27.2	   10.1	   9.4	  

Azimuth	  	  
Angle3	  (O)	  

86.8	   38.8	   246.3	   101.6	   262.1	   201.0	   77.6	   241.8	  

PolarizaLon	  	  
Angle4	  (O)	  

55.0	   81.7	   44.9	   87.9	   89.8	   23.9	   36.0	   79.0	  

Range	  
ResoluLon	  (km)	  

1.07	   0.51	   0.24	   2.50	   1.29	   2.93	  
	  

1.56	   1.00	  

Azimuth	  
ResoluLon	  (km)	  

0.55	   0.31	   0.24	   1.00	   0.33	  
	  

3.71	   1.17	   1.00	  

Titan	  True	  	  
Anomaly	  (O)	  

16	   15	   71	   69	   68	   68	   246	   245	  
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Table B.3: TFL2 quantitative constraints from each radar image and the most
relevant observational parameters. The region of TFL2 was defined by a manual
mapping of the anomalously bright region in the T104 image while excluding
areas that were not observed in all seven flybys. 1 - Normalized Radar Cross
Section; A negative NRCS is nonphysical. An estimate of the average noise floor
is subtracted from the measured NRCS and statistical fluctuation of the noise
floor can result in values slightly less than zero; 2 - One standard deviation; 3
- Clockwise from North; 4 - The Cassini Titan RADAR mapper transmits and
receives in the same linear polarization and the polarization angle is defined
as the angle between the electric field vector and the plane of incidence; 5 -
Indicates TFL2 was not present.

T25	   T29	   T64	   T91	   T92	   T104	   T108	  

Date	   02/22/07	   04/26/07	   12/27/09	   05/23/13	   07/10/13	   08/21/14	   01/11/15	  

TFL2	  Area	  (km2)	   ✗5	   ✗	   ✗	   ✗	   ✗	   321.8	   ✗	  

NRCS1	  (linear)	   -‐0.0138	   0.0172	   0.0008	   0.3959	   0.0241	   0.1257	   0.0337	  

NRCS	  	  
Uncertainty2	  
(linear)	  

0.0016	   0.0004	   0.0002	   0.0433	   0.0005	   0.0046	   0.0014	  

NRCS	  Noise	  	  
Floor	  
(linear)	  

0.0040	   0.0005	   0.0002	   0.0015	   0.0004	   0.0028	   0.0003	  

Incidence	  
Angle	  (O)	  

19.6	   20.4	   37.0	   3.9	   9.5	   10.3	   7.7	  

Azimuth	  	  
Angle3	  (O)	  

66.8	   29.1	   242.9	   270.9	   271.3	   55.5	   217.1	  

PolarizaPon	  	  
Angle4	  (O)	  

62.8	   82.6	   89.2	   88.8	   75.2	   62.4	   79.8	  

Range	  
ResoluPon	  (km)	  

1.05	   0.46	   0.24	   2.50	   0.95	   1.00	   1.00	  

Azimuth	  
ResoluPon	  (km)	  

0.48	   0.30	   0.24	   1.00	   0.33	  
	  

0.72	   1.00	  

Titan	  True	  	  
Anomaly	  (O)	  

16	   15	   71	   69	   68	   246	   245	  
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Figure B.2: NRCS of the region of TFL2 as a function of incidence angle. The
NRCS does not monotonically increase as the incidence angle decreases and the
best-fit quasi-specular plus diffuse model poorly describes the NRCS-incidence
angle behavior. Thus the backscatter is inconsistent with a permanent geophys-
ical structure on Titan. The uncertainties of the measurements are included but
are smaller than the size of their data points, except for the T64 measurement.
The T25 measurement is not shown because it is below its noise floor.
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