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ABSTRACT 

 

Saturn’s moon, Titan is a geomorphologically active planetary object, and its surface is 

influenced by multiple processes like impact cratering, fluvial and aeolian erosion, 

lacustrine processes, tectonics, cryovolcanism and mantling. Disentangling the processes 

that compete to shape Titan’s landscape is difficult in the absence of global topography 

data. In this thesis, I utilize techniques in topographic statistics, fractal theory, study of 

terrestrial analogs and landscape evolution modeling to characterize Titan’s topography 

and surface roughness and investigate the relative roles of surface processes in sculpting 

its landscape. 

    I mapped the shorelines of 290 North Polar Titanian lakes using the Cassini Synthetic 

Aperture Radar dataset. The fractal dimensions of the shorelines were calculated via the 

divider/ruler method and box-counting method, at length scales of (1-10) km and found 

to average 1.27 and 1.32, respectively. The inferred power-spectral exponent of Titan’s 

topography (β) was found to be ≤ 2, which is lower than the values obtained from the 

global topography of the Earth or Venus.  

    In order to interpret fractal dimensions of Titan’s shorelines in terms of the surficial 

processes at work, I repeated a similar statistical analysis with 114 terrestrial analogous 

lakes formed by different processes, using C-band radar backscatter data from the Shuttle 

Radar Topography Mission (SRTM). I found different lake generation mechanisms on 
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Earth produce ‘statistically different’ shorelines; however, no specific set of processes 

could be identified for forming Titanian lake basins.  

    Using the Cassini RADAR altimetry data, I investigated Titan’s global surface 

roughness and calculated median absolute slopes, average relief and Hurst exponent (H) 

for the surface of Titan. I detected a clear trend with latitude in these roughness 

parameters. Equatorial regions had the smallest slopes, lowest values of H and smallest 

intra-footprint relief, compared to the mid-latitudes and polar regions of Titan. 

    I used steady state models of relief generation (tectonic activity) and relief reduction 

(diffusive mass wasting and advective bedrock channel erosion) to generate synthetic 

landscapes and simulate Titan’s topography. I provided constraints on two environmental 

variables for Titan that influence surface roughness: diffusivity and erodibility 

coefficient. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 The initial phase of Earth-based discovery 

 

The largest moon of Saturn, Titan, was discovered by the Dutch mathematician and 

astronomer, Christiaan Huygens, on the 25
th

 of March, 1655. Using an ‘aerial’ telescope 

that he designed himself (with the objective lens mounted on top of a pole and the hand-

held eye-piece on the ground connected to it via a taut string and a connecting rod), 

Huygens observed Titan orbiting Saturn over a period of 16 days, in line with the rings, 

and christened the moving point of light as Luna Saturni or ‘Saturn’s moon’, in his 

findings published in a pamphlet called De Saturni luna observation nova. It wasn’t until 

almost 200 years later when John Herschel, son of the famous British astronomer and 

discoverer of Uranus, William Herschel, named this enigmatic satellite, Titan, after the 

siblings of the Greek god Saturn or Cronos. By the 1840s, Titan’s period of revolution 

was pretty well determined. Using the 3:4 ‘resonance’ of Titan and another Saturnian 

moon, Hyperion, the mass of Titan was calculated to within 20% of the currently 

accepted value (3:4 ‘resonance’ refers to the arrangement of Titan’s and Hyperion’s 

orbits around Saturn; for every 3 of Hyperion’s revolutions around Saturn, Titan 

completes 4 revolutions). 
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    The first hint of an atmosphere at Titan was given by a Spanish astronomer, José 

Comas Solà, who claimed to observe ‘limb darkening’ on Titan, that was indicative of an 

atmosphere, and published his findings in the journal Astronomische Nachrichten in 1908 

(objects without an atmosphere, like the Earth’s Moon, show a distinct edge and an 

overall bright disk when observed with a telescope, while objects with atmospheres, like 

Titan, exhibit a gradual decrease in brightness towards the edges, termed ‘limb 

darkening’). However, his irreproducible results were questioned and never accepted by 

the scientific community. In 1925, the British astrophysicist Sir James Jeans, applied his 

‘Dynamical Theory of Gases’ to investigate if Titan could hold on to an atmosphere and 

concluded that only the heavier gases like argon, neon, nitrogen and methane could 

constitute a possible atmosphere on Titan. The existence of an atmosphere was finally 

confirmed by the Dutch-American astronomer, Gerard P. Kuiper, when he recorded the 

visible and infra-red spectra of the ten largest moons in the solar system (including Titan) 

and Pluto and identified methane gas in Titan’s  spectrum. His results were published in 

the Astrophysical Journal in 1944, in a paper succinctly titled, ‘Titan: A satellite with an 

atmosphere’ (Kuiper, 1944).  

    In the 1960s and 70s, Earth-based telescopic observations provided a lot of useful 

information that would later form the backdrop for Voyager-based studies. After Kuiper’s 

discovery of methane, hydrogen was the next gas to be detected in Titan’s atmospheric 

spectra (Trafton, 1972a). By the 1970s, scientists were using infrared spectra of Titan to 

constrain the temperature variation and composition of its atmosphere (Morrison et al., 

1972; Danielson et al., 1973; Trafton, 1972a, b). The presence of nitrogen and 
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hydrocarbons other than methane, like ethane and acetylene, was also suggested based on 

theoretical considerations and photochemical modeling (Atreya et al., 1978; Lewis, 1971; 

Strobel, 1974; Allen et al., 1980; Low and Rieke, 1974). Infra-red and radio observations 

of Titan were used to investigate Titan’s surface temperature and initial estimates ranged 

anywhere from 90 K to 140 K (Hunten, 1974; Briggs, 1974; Caldwell, 1975; Leovy and 

Pollack, 1973; Jaffe et al., 1980). The possibility of a greenhouse effect on Titan due to a 

high-altitude haze layer in Titan’s atmosphere had also been suggested (Danielson et al., 

1973; Pollack, 1973; Sagan, 1973).  

 

1.2  Beginning of robotic exploration: Learning from Voyager     

 

Before the launch of NASA’s flagship missions, Voyager 1 and 2, two scout missions 

named Pioneer 10 and 11 were launched to assess the technical and engineering risks of 

outer solar system exploration. The Pioneer 11 spacecraft flew by Titan in 1979 and used 

the Imaging Photopolarimeter (IPP) onboard to create crude images of Titan. These 

images were used to estimate Titan’s radius with greater accuracy and also showed an 

obvious variation of brightness across Titan’s disk (Smith, 1980). At blue wavelengths, 

one hemisphere of Titan was noted to be brighter than the other (Tomasko, 1980; 

Tomasko and Smith, 1982).  

    The Voyager 1 spacecraft reached the Saturnian system in 1980. The radio occultation 

experiment performed by the spacecraft, was designed with the aim of determining the 

exact radius of Titan and the pressure-temperature variation in its atmosphere. As the 
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spacecraft went behind Titan, its radio signal to Earth passed through Titan’s atmosphere, 

which refracted it. The degree of refraction was measured from Earth and used to infer 

the density variation, composition and the pressure-temperature profile of the 

atmosphere. Also, the point at which the radio signal from the spacecraft was cut off as 

Titan’s disk blocked it, was used to calculate Titan’s exact radius of 2575 km. Until then, 

Titan’s radius had not been accurately determined due to its thick atmosphere, which 

gave the false impression of a much larger moon. With the measurement of 2575 km, 

Titan was found to be the second largest natural satellite in our solar system after 

Jupiter’s largest moon, Ganymede. This made Titan larger than the planet Mercury and 

the dwarf planet Pluto. Titan’s density was determined from the combination of its mass 

and radius to be ~1800 kg/m
3
, implying ~50-50 mix of rock and ice. 

    The surface temperature and pressure were calculated to be 94 K (-180ºC) and 1.5 bar 

(50% higher than the Earth’s surface pressure), respectively. Interestingly, Titan’s surface 

temperature is close to the ‘triple point’ of methane, allowing it to exist in all 3 states 

(solid, liquid, gas) on Titan, like water on Earth. Although the presence of nitrogen in 

Titan’s atmosphere had been suggested earlier (Lewis, 1971), the Ultra-Violet 

Spectrometer (UVS) onboard Voyager 1 conclusively detected nitrogen to be the most 

abundant constituent (~95-98%, depending on altitude) of Titan’s atmosphere (Broadfoot 

et al., 1981; Lindal et al., 1983; Hunten et al., 1984). A variety of organic molecules, 

including C2H2, C2H4, C2H6, C3H8, CH3C2H, C4H2 were also revealed in Voyager infra-

red spectra of Titan (Hanel et al., 1981; Kunde et al., 1981). This prompted investigations 

of the chemical pathways involved in photolysis of methane to form ethane and other 
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higher order hydrocarbons and also nitrile photochemistry in Titan’s atmosphere (Yung 

et al., 1984; Yung, 1987; Lunine et al., 1983; Matteson et al., 1984; Samuelson et al., 

1983). These Voyager discoveries were the first evidence of unique organic chemical 

reactions occurring in Titan’s atmosphere, leading to the formation of the thick haze 

blanket that envelops the moon. Titan is the only moon in our solar system that possesses 

a dense, substantial atmosphere which is 10 times as thick in extent and 4 times as dense 

(Owen, 2005) and made of the same major constituent (nitrogen) as the Earth’s 

atmosphere. The similarity of Earth’s and Titan’s atmospheres and the formation of 

organic molecules led many scientists to compare Titan to a pre-biotic Earth in deep 

freeze (Sagan et al., 1992; Lunine and McKay, 1995; Raulin et al., 1995).The Voyager 2 

spacecraft flew by Titan a few months later and also collected some images of Titan.  

    Unfortunately, even though the Voyager spacecraft provided a wealth of useful 

information about Titan’s atmosphere, Titan’s surface was not visible at the operational 

wavelengths of Voyager’s cameras, which could only see a fuzzy, orange, featureless, 

ball, enshrouded by a thick blanket of smog (Fig. 1.1). It was later discovered that the 

atmosphere of Titan should be transparent at certain wavelengths between methane 

absorption bands or ‘windows’ in the near infra-red and the surface should thus be visible 

at those wavelengths (McKay et al., 1989; Griffith et al., 1991; Lemmon et al., 1995; 

Coustenis et al., 1995). Laboratory simulations of Titan’s atmosphere were attempted and 

higher order hydrocarbons or ‘tholins’ were reported to form as the end-product of these 

photochemical reactions (Sagan et al., 1993; Thompson et al., 1991; McDonald et al., 



21 
 

1994; Khare et al., 1986). Cloud systems on Titan were observed by multiple groups 

(Griffith et al., 1998, 2000; Brown et al., 2002; Roe et al., 2002; Gibbard et al., 2004).  

 
Figure 1.1. Titan from Voyager. (Planetary photojournal, product ID PIA01532, image 

credit: NASA/JPL). 

 

    Images from the Hubble Space Telescope were used to create the first ‘maps’ of 

Titan’s surface, showing some dark areas and a ‘bright feature’ (Smith et al., 1996), albeit 

at very low resolution (Fig. 1.2). Soon, infra-red telescopic observations started providing 

details of surface composition, some even hinting at a water-ice rich surface (Griffith, 

1993; Griffith et al., 2003; Ádámkovics et al., 2004; Gibbard et al., 2004; Roe et al., 

2004). Observations of Titan’s surface from the Arecibo Radar observatory in Puerto 

Rico found radar cross sections and circular polarization ratios to be very different from 

those of the icy Galilean satellites but similar to those for the trailing hemisphere of 

another Saturnian moon, Iapetus (Campbell et al., 2002, 2003). The possibility of 
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reflections from liquid hydrocarbons was also suggested based on these observations. The 

stage was set for Titan’s surface to be unveiled with the arrival of the Cassini-Huygens 

spacecraft in 2004. 

 
Figure 1.2. First surface map of Titan from Hubble Space Telescope (Planetary 

photojournal, product ID PIA01465, image credit: NASA/JPL/Space Telescope Science 

Institute). 

 

1.3  Arrival of Cassini-Huygens 

 

The Cassini-Huygens mission to the Saturnian system is an international collaboration 

involving three space agencies (NASA, the European Space Agency (ESA) and the 
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Italian Space Agency (ASI)) and 17 nations. This mission was launched in 1997 and 

reached the Saturnian system in 2004 (Matson et al., 2002). ESA’s Huygens probe that 

was attached to the Cassini orbiter was released on 24
th

 December, 2004 and landed on 

Titan on 14
th

 January, 2005 (Lebreton et al., 2002). This was the farthest man-made 

object to land on an extra-terrestrial surface. The Huygens probe’s scientific payload 

included six experiments. 

    As the Huygens probe performed a controlled descent through Titan's atmosphere, it 

measured predominantly west-east winds (Bird et al., 2002, 2005), carried out in situ 

composition measurements of Titan’s atmosphere (Niemann et al., 2002, 2005) and of the 

aerosols (Israel et al., 2002, 2005), measured pressure-temperature variation (Fulchignoni 

et al., 2002, 2005) and eventually touched down on a cobble-strewn plain, providing our 

first view from the surface of an outer solar system body (Lebreton et al., 2005). DISR 

images sent back by the Huygens probe showed ubiquitous indicators of fluvial activity, 

including long dendritic channels and a ‘shoreline’-like boundary between a bright, rough 

terrain and a darker, smooth region (Fig. 1.3) (Tomasko et al., 2002, 2005). Images taken 

at different altitudes showed two kinds of drainage patterns: long dendritic channels 

(interpreted to be carved by fluvial incision; the fluid in Titan’s case being methane) as 

well as short stubby channel-like features (indicative of underground sapping) (Tomasko 

et al., 2005; Soderblom et al., 2007a; Perron et al., 2006). The probe landed at the 

coordinates of ~10.3S, 167.7E in a dark playa or dried up lake bed, with rounded cobble 

stones of 3mm-15cm size, presumably made of water ice and covered with some organic 

material (Fig. 1.4). The morphologic appearance of the region around the Huygens 
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landing site has prompted comparisons with the semi-arid desert in the Southwestern 

region of USA, where most of the annual precipitation occurs in a very short period of 

time in the form of seasonal monsoon thunderstorms (Lorenz et al., 2005; Collins, 2005; 

Lorenz and Turtle, 2012). Although earlier studies had predicted Titan’s surface to be 

covered by an ocean one to several kilometers deep (Lunine et al., 1983; Dubouloz et al., 

1989) based on photochemical modeling, the Huygens probe found no evidence for such 

oceans on Titan. Apart from investigating the variation of methane and nitrogen 

concentrations in the atmosphere and close to the surface, the GCMS detected a wet sub-

surface, from which mixed-in methane evaporated as the cold soil was heated by the 

warmer probe. The penetrometer on the Surface Science Package hit an icy pebble first 

and then impacted a surface described to have the consistency of wet clay or lightly 

packed snow (Zarnecki et al., 2002, 2005).  

 

 

 

 

Figure 1.3. Drainage channels (left) and apparent shoreline (right) in DISR images from 

Huygens probe (Planetary photojournal, product ID PIA07236 and PIA07231, image 

credit: NASA/JPL/ESA/University of Arizona). 
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Fig. 1.4. Rounded pebbles (3mm-15cm) at the Huygens landing site (Planetary 

photojournal, product ID PIA07232, image credit: NASA/JPL/ESA/University of 

Arizona). 

 

    The NASA Cassini orbiter carries 12 scientific instruments onboard that continuously 

provide a variety of data regarding the giant planet Saturn and its more than 60 moons. 

The Cassini orbiter completed its initial Prime Mission in June 2008, and the first 

extended phase, the Equinox Mission, in September 2010. It is currently in its Solstice 

Mission phase, which will last till May 2017. With the full set of instruments onboard the 

Cassini orbiter and the Huygens probe, Titan’s surface has been observed to be very 

diverse, hinting at signs of a geologically active object. The Cassini-Huygens mission has 

provided conclusive evidence for the modification of Titan’s landscape by a variety of 

different surface processes including fluvial and aeolian action, tectonics, impact 

cratering, lacustrine processes and mantling (fallout of solid material from the 

atmosphere which blankets the surface) (Brown et al., 2010; Lorenz and Mitton, 2002; 

Lorenz and Mitton, 2010). 
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    Fluvial features: 

After the first channels seen in the DISR images, drainage networks were subsequently 

observed (Elachi et al., 2006; Porco et al., 2005; Barnes et al., 2007; Lorenz et al., 2008; 

Burr et al., 2009; Cartwright et al., 2011; Langhans et al., 2012) by multiple instruments 

on the Cassini orbiter, including the RADAR in SAR (Synthetic Aperture Radar) mode 

(Elachi et al., 2004), Visual and Infrared Mapping Spectrometer (VIMS) (Brown et al., 

2004) and the Imaging and Science Subsystem (ISS) (Porco et al., 2005) (Fig. 1.5). 

Channels are widely distributed in latitude and both radar-bright and radar-dark channels 

have been imaged on Titan. Several distinct morphologic types of fluvial valleys have 

been identified from SAR images, including but not limited to, dendritic valley networks 

with tributaries, dry valleys, fan-like delta channels, putative canyons, sapping channels 

and valleys in mountainous areas (Langhans et al., 2012). Channels as long as 1200 km 

and as wide as 10 km and complex dendritic drainage systems with up to 7th order 

branching have been imaged. Analysis of VIMS data corresponding to some of the 

equatorial channels shows them to be spectrally similar to the dark blue unit defined by 

Soderblom et al. (2007b), which has higher water ice content relative to the rest of Titan 

(Barnes et al., 2007). Both ISS and VIMS have seen evidence for rainfall in the form of 

temporal changes in surface brightness after precipitation events (Turtle et al., 2011a, b; 

Barnes et al., 2012). 
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Fig. 1.5. Evidence for fluvial erosion by methane, in the form of complex canyon system 

with dendritic channels (Planetary photojournal, product ID PIA12036, image credit: 

NASA/JPL-Caltech/ASI). 

     

    Fluvial erosion on Titan is likely to operate similarly to that on the Earth i.e. liquid 

methane is likely to erode Titan’s water-ice crust through predominantly mechanical 

means with chemical dissolution and thermal erosion playing minimal roles (Perron et al., 

2006). Collins (2005) found that ‘bedrock’ incision rates from fluvial processes on Titan 

are likely to be similar to terrestrial rates. An attempt to generalize the Shields’ curve 

(which relates the dimensionless shear stress needed for entrainment of debris in a flow to 

the Reynolds number) to Titan by Burr et al. (2006) concluded that loose sediment was 

probably easier to fluvially transport on Titan than the Earth. Perron et al. (2006) used 

classic relationships from terrestrial geomorphology to examine drainage networks near 

the Huygens landing site. Their calculated minimum precipitation rates needed to initiate 

erosion of unconsolidated sediment appear to be easily attained by the precipitation rates 
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thought to occur in convective storms such as those seen at Titan’s south pole (Griffith et 

al., 2000, 2005) (although how frequent these storms are near the equator is an unknown).  

     

    Lacustrine processes: 

Although the Huygens probe and initial Cassini imagery data from RADAR, VIMS and 

ISS showed no evidence for a global ethane ocean on Titan, SAR images of Titan’s North 

Pole obtained during Cassini’s T16 flyby showed the landscape to be dotted with 

numerous small and large, radar-dark features (Stofan et al., 2007) (Fig. 1.6). These 

features, that have only been observed at high latitudes in both the North and South, 

range in size from as small as 1 km
2
 to as large as thousands of square kilometers across 

(Hayes et al., 2008). Overall, the lakes and fluvial channels occupy ~ 2.5% of the 20% of 

Titan’s mapped surface area (Lopes et al., 2010). The lakes have been broadly 

categorized into dark filled units with very low radar backscatter, which occur at the 

highest latitudes (above 65ºN), bright empty basins that occur at relatively lower latitudes 

and have an interior with equal or higher backscatter than their immediate surroundings 

and granular units (in radar) that are transitional between dark and bright units and are 

partially filled. A number of lines of evidence, including the noise-floor level backscatter 

inside the features, the higher brightness temperatures over the features compared to the 

surrounding region and the presence of incoming and outgoing channels; all point to the 

lakes being liquid filled. Conclusive evidence for the presence of liquid in these features 

was provided in the form of ethane detection in the south polar Ontario Lacus by the 

VIMS instrument (Brown et al., 2008) and also the specular reflection observed in the 
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VIMS dataset corresponding to the north polar Jingpo Lacus near Kraken Mare (Stephan 

et al., 2010). Barnes et al. (2011) modeled the temporal variation of the intensity of 

specular reflection seen from Titan’s surface to constrain the slopes of waves in the north 

polar lakes to be ≤ 0.05º. Transient dark features that appear in the ISS observations of 

the South Pole have also been interpreted as potential lakes (Turtle et al., 2009). 

Although there have been reports of spectral evidence for putative lakes in the tropical 

regions (Griffith et al., 2010; Vixie et al., 2012), none of these observations have been 

confirmed yet. 

 

 

 

Fig. 1.6. (Top) False-color SAR mosaic showing north polar hydrocarbon lakes and seas 

(Planetary photojournal, product ID PIA10008); (bottom left) Examples of hydrocarbon 

lakes seen in SAR swaths (Planetary photojournal, product ID PIA01943); (bottom right) 
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Ontario Lacus imaged by SAR (Planetary photojournal, product ID PIA13172), image 

credit: NASA/JPL-Caltech/ASI. 

     

    Ontario Lacus is the largest (surface area ~15,600 km
2
), best characterized and most 

extensively studied southern polar lake on Titan (Brown et al., 2008; Barnes et al., 2009; 

Turtle et al., 2011). An altimetry profile from the T49 flyby crosses over this feature and 

reveals several 100s of meters of depth (Hayes et al., 2010; Wall et al., 2010). Variations 

in lake levels have been reported in SAR and ISS images of the southern polar region, 

specifically the shoreline of Ontario Lacus has been observed to retreat as the southern 

summer draws to an end (Turtle et al., 2011; Hayes et al., 2011). VIMS spectral data 

corresponding to Ontario Lacus also provide evidence for lake level changes, manifested 

in the form of a dark annulus and bright margin observed exterior to the lake shoreline 

(Barnes et al., 2009). The N-S asymmetry observed in the distribution of the polar lakes 

has been proposed to be due to Titan Milankovitch cycles (Aharonson et al., 2009; 

Schneider et al., 2012). Barnes et al. (2011) reported a correlation between the north polar 

empty lake basins observed in SAR swaths and a 5-micron bright spectral signature in the 

corresponding VIMS data, concluding that the floors of these empty basins are covered 

with organic evaporite deposits. Apart from the VIMS ethane detection (Brown et al., 

2008), composition of the liquid that fills up these lakes has also been studied through 

theoretical modeling, which indicates the lakes to be primarily composed of ethane, with 

smaller amounts of propane, methane and hydrogen cyanide (Cordier et al., 2009; 2012). 

     

    Aeolian features: 
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Images taken by the Cassini SAR and VIMS also depicted the manifestation of aeolian or 

wind-driven processes at work, in the form of extensive dune fields in Titan’s equatorial 

regions (Lorenz et al., 2006; Lorenz and Radebaugh, 2009; Radebaugh et al., 2008, 2010; 

Neish et al., 2010; Barnes et al., 2008; Le Gall et al., 2011; Arnold et al., 2012). The 

near-parallel, radar-dark linear features (nicknamed ‘cat scratches’) on Titan have a 

typical spacing of ~1-2 km, with heights of ~100-150 m, lengths of many tens of 

kilometers and slopes of 6º to 10º from radarclinometry (Lorenz et al., 2006; Arnold et 

al., 2011; Mills et al., 2012) (Fig. 1.7). Interestingly, these dune fields are only confined 

to the equatorial regions of Titan, within + 30º of the equator, suggesting a total coverage 

of as much as ~12.5% of Titan’s surface (Le Gall et al., 2011; Lorenz and Radebaugh, 

2009). This localization of the dunes has been explained by modeling of Titan’s 

atmosphere, specifically the Hadley cell circulation, which leads to a net drying of the 

low latitudes due to methane vapor diverging away from the low latitudes to the higher 

latitudes (Mitchell, 2008). These features have been classified as longitudinal dunes and 

compared with terrestrial longitudinal dune fields like the ones in Namib desert in 

western Africa, based on their overall parallel orientation to the predominant wind 

direction on Titan, their superposition on other features and the way they wrap around 

topographic obstacles (Radebaugh et al., 2008, 2010; Neish et al., 2010). Although the 

features are primarily linear, studies of their global pattern and direction indicate west-

east zonal winds, which are contrary to the east-west winds predicted from Global 

Circulation Models (GCMs) for Titan (e.g. Tokano, 2008). The cause of this discrepancy 

is not known and may be related to the effects of surface topography and albedo. 
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Fig. 1.7. Dunes on Titan observed in SAR swaths.  (Planetary photojournal, product ID 

PIA14500 and PIA11802, image credit: NASA/JPL-Caltech/ASI/Space Science 

Institute). 

     

    Based on theoretical calculations, the dunes should be made of 100-300 µm 

particulates. The sand that makes up the dunes has been exclusively classified as the dark 

brown end member spectral unit in VIMS data, possibly composed of complex 

hydrocarbons and/or nitriles, with lesser water ice than the rest of Titan’s surface 

(Soderblom et al., 2007b; Barnes et al., 2008). VIMS data corresponding to some dunes 

also show sand–free interdune areas, indicating the dunes might be active currently or in 

the recent geologic past. Based on areal extents determined from SAR and ISS images, 

the largest dune fields on Titan have been identified as the ones called Aztlan, Belet, 

Fensal, Senkyo and Shangri-La (Arnold et al., 2011, 2012; Le Gall et al., 2011; 2012). 

Analysis of datasets from the different modes of the Cassini RADAR instrument (SAR, 

scatterometry, radiometry and altimetry) has provided evidence for latitudinal and 

altitudinal controls of dune size and form on Titan (Le Gall et al., 2011; 2012).  Both 

latitude and altitude seem to affect the proportion of inter-dune area and sand coverage, 

leading to thinner and more widely separated dunes at higher altitudes and latitudes.  
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    Tectonic features (mountainous, rough terrain) 

Radar-bright mountain ranges, ridges and hummocky terrain imaged by both SAR and 

VIMS signify the presence of active tectonics on Titan (Barnes et al., 2007; Radebaugh et 

al., 2007;  Lopes et al., 2010; Brown et al., 2011; Liu et al., 2011, 2012; Cook et al., 

2012) (Fig. 1.8). Radebaugh et al. (2007) and Liu et al. (2011) employed the technique of 

radarclinometry (or shape-from-shading) to extract heights and slopes from SAR 

backscatter and reported heights as large as ~3.3 km and slopes as steep as 37º. Liu et al. 

(2012) examined rose diagrams of these mountain chains to investigate their orientations 

and concluded the mountains to be of an endogenic/tectonic origin based on their global 

and regional structural and stress field analysis. Thermal modeling of Titan’s interior by 

Mitri et al. (2010) has shown that long-term cooling of Titan can cause global volume 

contraction, leading to tectonic activity and formation of mountains.  

 

 

Fig. 1.8. Bright, rough (at the SAR wavelength) features on Titan indicate tectonic 

activity (Planetary photojournal, product ID PIA03566 and PIA10654, image credit: 

NASA/JPL-Caltech/ASI). 

     

    The complex, radar-bright, continent Xanadu (40°S-10°N, 70–170°W), that is part of 

the ‘hummocky and mountainous terrain’, has been proposed to be one of the oldest 
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terrains on Titan (Lopes et al., 2010; Radebaugh et al., 2011). This region is geologically 

very diverse, containing river channels, mountain chains, impact craters, dry basins and 

probable cryovolcanic flows. Analysis of fluvial networks in the western portion of 

Xanadu has revealed rectangular drainage pattern in the region, with an overall regional 

southward gradient and an east-west tectonic pattern (Burr et al., 2009). Comparisons of 

bifurcation ratios and network patterns in some of the north polar basins with terrestrial 

analog basins suggest possible modification of this region on Titan by tectonic forces 

(Cartwright et al., 2011). Overall, mountainous and hummocky terrain comprises ~12 % 

of the 20% of Titan’s surface mapped by SAR (Lopes et al., 2010).  

     

    Cryovolcanic features 

Putative cryovolcanic (ice-volcanoes) features (including the Ganesa Macula and several 

flow features like Winia Fluctus observed with SAR and the Hotei Regio, Tui Regio, 

Tortola Facula and Sotra Facula imaged by both VIMS and SAR) point to the link 

between the interior and the atmosphere of Titan (Fig. 1.9) (Lopes et al., 2007; Neish et 

al., 2006, 2008; Sotin et al., 2005; Barnes et al., 2006; Nelson et al., 2009a, b; Wall et al., 

2009; Soderblom et al., 2009; Le Corre et al., 2009; Kirk et al., 2010). Photometric 

changes in surface appearance of a portion of Hotei Arcus (Nelson et al., 2009a, b), 

observation of lobate, flow-like features (Wall et al., 2009) and anomalous brightness at 

5µm in the VIMS data (Soderblom et al., 2009) have been interpreted to be indicative of 

possible cryovolcanic activity in the region. Similar flow features in western Xanadu 

(Wall et al., 2009), Tortola Facula (Sotin et al., 2005) and Tui Regio (Barnes et al., 2006) 
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could also be probable cryovolcanic flows based on their morphology and spectral 

signature from VIMS (particularly, their brightness at 5µm). However, Moore and 

Howard (2010) have proposed the low-latitude basins of Hotei Regio and Tui Regio on 

Titan to be paleolakes or former seas similar in morphology to the high-latitude dry lakes, 

based on their brightness at 5µm, similar to the evaporate deposits identified by Barnes et 

al. (2011).  

 
Fig. 1.9. SAR swath showing probable cryovolcanic feature, Ganesa Macula and 

corresponding elevation data from stereo mapping (Planetary photojournal, product ID 

PIA11830; image credit: NASA/JPL-Caltech/ASI/USGS). 

    

    Overall, these candidate cryovolcanic features occupy ~1.2% of the 20% of Titan’s 

mapped area. Although a number of locations on Titan have been postulated to be of 

cryovolcanic origin, none of these have been firmly established as of now. The 

confirmation of the presence of cryovolcanoes on Titan could help answer the question 

about the source and current abundance of methane in Titan’s atmosphere, that is being 

continuously and irreversibly converted into ethane through photolysis. 
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    Impact craters 

Seven certain impact craters and tens of quasi-circular structures (or ‘suspiciously 

circular features’) have been identified in the SAR images on Titan (Lorenz et al., 2007; 

Wood et al., 2010; Neish and Lorenz; 2012) (Fig. 1.10). The confirmed impact craters on 

Titan include the 445 km wide, two-ring impact basin Menrva; the 29km wide Ksa, with 

a central peak and a radial ejecta blanket; the 80 km diameter crater Sinlap with a bright 

ejecta blanket; Afekan, which is 115 km across in diameter, has a central peak complex 

and a rim traversed by valleys and Selk, which is 80 km wide with a broad flat floor and a 

small central peak (Wood et al., 2010). Geology of the Menrva (Williams et al., 2011), 

Sinlap (Le Mouélic et al., 2008) and Selk (Soderblom et al., 2010) impact craters has 

been studied in detail using SAR and VIMS data. Brown et al. (2011) identified a large, 

circular marking ~1800 km across in VIMS images of the western portion of Xanadu, 

that has been hypothesized to be the site of an ancient impact based on its distinct spectral 

characteristics, scatterometry and radiometry observations. Buratti et al. (2012) have 

utilized VIMS data to identify a likely, 120 km in diameter crater, Paxsi, in the Senkyo 

dune field on Titan. Impact craters cover ~0.9% of Titan’s mapped surface area (Lopes et 

al., 2010). 
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Fig. 1.10. Examples of impact craters on Titan (Planetary photojournal, product ID 

PIA10655; image credit: NASA/JPL-Caltech/ASI). 

    

    The paucity of smaller craters can mainly be attributed to the thick atmosphere which 

breaks up most impactors as they pass through. The lack of any obvious large craters 

(except for the Menrva crater with an outer diameter of 440km) could possibly indicate 

rapid resurfacing, which could be caused by a number of factors, including fallout of 

solid tholin material from the atmosphere which blankets the surface; fluvial and aeolian 

erosion; covering by cryovolcanic flow; viscous relaxation (Lorenz et al., 2007). Titan’s 

cumulative crater density has been reported to be comparable to Venus, which makes its 

landscape more heavily cratered than Earth, but much less than Mars or Ganymede 

(Neish et al., 2012). Recent estimates of Titan’s surface age, based on the observed 

distribution, range anywhere from 200 million years (Artemieva and Lunine, 2005) to 

1Ga (Korycansky and Zahnle, 2005), depending on the crater production model used 

(Neish et al., 2012).  

    Overall, the major geologic units on Titan, as defined by Lopes et al. (2010), include 

lakes and major channels, hummocky terrain, dunes, plains units, cryovolcanic terrain 

and crateriform structures. Figures 1.11 shows a global surface map of Titan from the 

ISS. 
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Fig. 1.11. ISS global mosaic of Titan’s surface (Planetary photojournal, product ID 

PIA14908; image credit: NASA/JPL-Caltech/Space Science Institute). 

     

    In contrast to these familiar geomorphic features, the composition of Titan's surface 

materials is exotic by terrestrial standards. The crust likely has a water-ice composition 

(Griffith et al., 1991, 2003; McCord et al., 2006; Tomasko et al., 2005; Soderblom et al., 

2007b), which at Titan's temperatures (~94K), has a mechanical strength akin to granite 

on the Earth (Perron et al., 2006). However, photochemical reactions beginning with the 

destruction of methane in the atmosphere produce higher order hydrocarbons (such as 

acetylene) which settle out of the atmosphere and blanket the surface (Clark et al., 2010). 

Methane, and its direct photochemical product ethane, are both stable as liquids at Titan's 

surface conditions. Ethane on Titan’s surface is fairly involatile and likely to persist as 

surface liquid once condensed, whereas methane is unsaturated in the near-surface 

atmosphere and so may evaporate and later recondense at high altitude to form clouds 

and rain; much like water does on the Earth (Lunine and Atreya, 2008). Methane is 
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therefore the fluid most likely to have eroded the equatorial drainage systems whereas the 

fluid in the north polar lakes may be an ethane-methane mixture (Table 1.1). 

 Earth Titan 

Bedrock 
Basalt (oceanic)/Granite 

(continental) 
Water ice 

Working fluid Water Methane 

Sediment/soil Quartz, etc. 
Water ice/organic material 

(tholins) 

Table 1.1. Comparison of surface composition of Earth and Titan. 

 

1.4  Focus of this work 

 

Topographic data for Titan have been derived through a number of methods, including 

the altimetry mode of the Cassini RADAR (Zebker et al., 2009), stereo analysis of 

overlapping SAR swaths (Kirk et al., 2005, 2012) and images from the Descent Imager 

and Spectral Radiometer (DISR) on the Huygens probe (Soderblom et al., 2007), 

radarclinometry or shape-from-shading (Radebaugh et al., 2007) and SARtopo height 

estimates extracted from SAR backscatter data (Stiles et al., 2009, 2011; Mitchell et al., 

2011). However, none of these datasets provide global elevation information for Titan 

and there are a lot of data gaps. As a result, Titan’s surface topography has only been 

investigated in very localized regions until now (Radebaugh et al., 2011; Mitchell et al., 

2011; Kirk et al., 2012), with few hundreds of meters of elevation variation reported with 

very gentle slopes. No global view of Titan’s surface roughness and topography has 

emerged from these studies.  
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    On Earth, different surface processes can ‘compete’ to influence the overall 

topographic properties of a landscape. Precipitation events may reduce surface roughness 

by triggering processes such as slumping, soil creep and the washing of debris into 

channels, whereas channel incision will roughen the landscape. Modeling of terrestrial 

fluvial processes by Chase (1992) shows that landscapes may vary in roughness as a 

function of scale as a result of these different processes having different efficiencies over 

different length scales. However, despite the gross similarity of dominant surface 

processes on Earth and Titan, it is difficult to constrain landscape evolution models on 

Titan without topographic data.  As a result, the dominance of some processes over others 

over different length scales on Titan, and the way the Titanian landscape might have 

evolved over time, as a response to these processes is not very well understood. 

    This work focuses on understanding the variation of surface roughness and topography 

on Titan, both on a global and local scale, and the relative dominance and interaction 

between different surface processes that are active in sculpting Titan’s landscape. I have 

utilized data from the Cassini RADAR instrument to carry out investigations of Titan’s 

surface topography. 

    Through my research, I wish to investigate the following fundamental questions 

regarding Titan’s surface: 

1. How does topography spatially vary over the surface of Titan? 

2. How does surface roughness vary with scale on Titan? 

3. Does topography correlate with other surface properties on Titan? 

4. Which surface processes dominate others over varying spatial scales?  
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5. Which surface processes are dominant in forming the lake basins at the poles of 

Titan? 

6. How does Titan’s landscape evolve under the influence of multiple processes? Is 

the surface of Titan in a steady state, with the relief-generating and relief-reducing 

processes in balance?  

 

    In Chapter 2, I investigate the topography of Titan’s north polar region containing the 

hydrocarbon lakes, through a statistical/fractal analysis of the lake shorelines. I developed 

a novel technique for deducing statistical properties of topography on Titan, using fractal 

theory to characterize the complexity of the polar lake shorelines on Titan (which 

represent topographic contour lines) and relate it to the roughness of the landscape in 

which they are embedded. I utilized data from the RADAR instrument on the Cassini 

orbiter to conduct these statistical analyses and developed methods of extracting 

information about local topography from the results of these investigations. This work 

was published in the journal Icarus as Sharma and Byrne (2010). 

    In Chapter 3, I perform a similar statistical analysis with terrestrial analogous lakes to 

examine the dominant surface processes responsible for forming the polar lake basins on 

Titan. I utilized terrestrial C-band radar backscatter data from the Shuttle Radar 

Topography Mission (SRTM) for this study, due to its almost global coverage and similar 

wavelength to the Cassini RADAR. This work was published in the journal Geophysical 

Research Letters as Sharma and Byrne (2011). 
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    In Chapter 4, I analyze Cassini altimetry profiles to study the global variation and any 

possible spatial trends in the surface roughness on Titan.  I also examined and reported 

topographic relief for a number of surface features covered by overlapping elevation data 

and SAR imagery as part of this study. I have submitted this work to the Journal of 

Geophysical Research (Planets) for publication. 

    Finally, in Chapter 5, I examine the relative dominance and interaction between 

different surface process on Titan, through landscape evolution modeling, as constrained 

by the results of my previous studies (discussed in Chapters 2, 3 and 4). I modeled mass 

wasting, bedrock channel erosion, mantling and tectonic activity to generate synthetic 

landscapes that simulate Titan’s assumed steady-state topography. I investigated the role 

of parameters like diffusivity (D), erodibility coefficient (K), D/K ratio and surface uplift 

rate in controlling the rates of these processes. 
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    The material in this chapter was originally published as “Constraints on Titan’s topography 

through fractal analysis of shorelines.” Sharma, P. and S. Byrne. Icarus, 209 (2), p. 723-737, doi: 

10.1016/j.icarus.2010.04.023, 2010. The text and some of the figures have been updated to 

include more recent results. 

 

CHAPTER 2 

CONSTRAINTS ON TITAN’S TOPOGRAPHY THROUGH FRACTAL ANALYSIS 

OF SHORELINES 

 

2.1  INTRODUCTION 

As described in Chapter 1, the Cassini-Huygens mission has provided conclusive 

evidence for the modification of Titan’s landscape by a variety of different surface 

processes including fluvial and aeolian action, tectonics, impact cratering, lacustrine 

processes, mantling (fallout of solid material from the atmosphere which blankets the 

surface) and possible cryovolcanism. Despite the gross similarity of dominant surface 

processes on Earth and Titan, it is difficult to constrain terrestrial landscape evolution 

models on Titan without topographic data.  As a result, the dominance of some processes 

over others over different length scales on Titan, and the way the Titanian landscape 

might have evolved over time, as a response to these processes is not very well 

understood.  

    This study implements a novel technique to deduce surface roughness on Titan. I take 

advantage of the fact that Titan has standing bodies of liquid on its surface, the shorelines 

of which represent topographic contour lines. Fractal theory allows one to characterize 

the complexity of these shorelines and relate it to the roughness of the landscape in which 
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they are embedded. Fractal analysis alone, as is being reported in this chapter, can only 

be used to provide a measure of relative relief, i.e., topography at shorter wavelengths 

(smaller spatial scales) versus that over longer wavelengths (larger spatial scales). 
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2.2   Statistical landscape characterization 

In this section I will describe how shoreline complexity may be quantified through fractal 

descriptors and the assumptions inherent in this comparison. I will show how statistical 

descriptions of the complexity of the shoreline can be related to parameters which 

describe the ruggedness of the landscape.  

    Fractals (a term coined in the 1970s, Mandelbrot (1967,1982)) are geometric 

constructs which appear invariant under magnification, a property termed self-similarity. 

Mathematically they are produced by recursive operators (e.g. Fig. 2.1) which create 

detail down to arbitrarily small scale. Fractal (as opposed to Euclidean) shapes have no 

intrinsic scale and cannot be represented analytically. Many natural shapes, including 

shorelines, share this property of self-similarity in a statistical sense i.e. displaying the 

same level of detail at increased magnification, even while differing in exact appearance. 

    The complexity of a fractal shape (or natural object with self-similar properties) can be 

characterized by its fractal dimension. In general, a curve may be divided into N linear 

segments of length R or a two-dimensional surface may be divided into N squares of size 

R. In the simple case of a straight line, N α R
-1

 or for that of a flat planar area, N α R
-2

. In 

general, I can say that N α R
-D

. Since the perimeter (P) of such a shape will be given by 

N×R, I can say that in the general case: 

                                             P α  R
1-D

                                                                             (2.1) 
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where D is the fractal dimension.  

    For straight lines, D=1. In the case of a fractal, D is not an integer e.g. in the case of 

the von Koch curve shown in Fig. 2.1, the number of line segments increases by a factor 

of 4 upon each iteration whereas the length of these segments decreases by a factor of 3. 

Using Eq. 2.1 to ratio two such iterations gives: 

                                                            

1

2

1

2

log

1

log

P

P
D

R

R

 
 
  
 
 
                                                  (2.2)                                                                            

 

 

Figure 2.1. Fractals are constructed with simple geometric operators, such as that shown 

in panel a, that rapidly produce complex shapes.  In this operation, a straight line-segment 

is replaced with 4 segments of 1/3 the original length.  The results of successive iterations 

of this operator on an initial shape (panel b) are shown in panels c-g. This example is 

known as the von Koch snowflake and has a fractal dimension of log(4)/log(3) ~ 1.26 

(see text for explanation). 
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    So, for the von Koch fractal, D=1.26 i.e. it lies part-way between a straight line and a 

planar object. One may consider this to reflect the fact that this complex curve fills some 

portion of two-dimensional space. For flat planes, D = 2 and Area α R
2-D 

(Voss, 1988). In 

an analogous way to the von Koch curve discussed above, an irregular topographic 

surface can be thought of filling some portion of three dimensional space (although it 

remains a surface) and so has a fractal dimension between 2 and 3. The fractal dimension 

is therefore a way to quantify the amount of detail in a curve or surface. A higher value of 

D represents a more complex shape, however, this does not change the topological 

dimension (E) of these features. In the example of the von Koch curve above, this shape 

(for all its complexity) remains a curve with E=1. 

    Past studies (Richardson, 1961; Mandelbrot, 1967) have found that terrestrial 

coastlines can be approximated by fractal shapes. The standard approach to measuring 

lengths of curves like shorelines is to approximate the curve by straight line segments and 

add up the lengths of the segments. Smaller measuring scales are sensitive to smaller 

features of the shoreline, and thus yield higher values for the overall lengths. Thus, the 

measured length of the shorelines increases, as the measuring scale decreases. The 

measured perimeter (P) can be related to the measuring scale (R) by the fractal dimension 

(D), which varies from one shoreline to another (Eq. 2.1). 

    In contrast to shorelines, topography is not self-similar. If one were to magnify a 

portion of a topographic profile, it would not appear to have similar properties to the 

original view. Instead, topography approximates a behavior known as self-affinity 
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whereby the variation in elevation (ΔZ) is related to the along-profile separation (ΔX) as 

HXZ )(  , where H is the Hausdorff-Besicovitch dimension (which sometimes goes by 

different names in different fields) and varies between 0 and 1, such behavior is also 

termed fractional Brownian motion. Slopes (given by ΔZ/ΔX) are therefore proportional 

to ΔX
H-1

 and so are higher over shorter baselines. All else being equal, low values of H 

correspond to lower relief at all length-scales. Low values of H however correspond to 

rougher landscapes in that small-scale relief is larger relative to large-scale relief than a 

landscape in which H is higher.  It can be shown that the fractal dimension of a profile 

(D1) can be related to the Hausdorff-Besicovitch dimension through Eq. 2.3 (Voss, 1988; 

Turcotte, 1997): 

                                                               D1 = 2-H                                                          (2.3) 

    To relate the fractal dimension of the self-similar shoreline and that of the self-affine 

topography in which the shoreline is embedded, I make use of the concept of a zeroset 

(Voss, 1988; Turcotte, 1997). Like Euclidean shapes, fractals are reduced in their 

dimensionality by one when intersected by a plane. A zeroset is produced when you 

intersect an object with a plane and it has a dimensionality of one less than the original 

object (see Fig. 2.2). For example, a three-dimensional sphere intersected by a plane 

produces a two-dimensional circle, a two-dimensional circle intersected by a plane 

produces a one-dimensional line segment and a one-dimensional line segment intersected 

by a plane produces a zero-dimensional point. Similarly, a self-affine topographic surface 

Z(x,y), with a fractal dimension of D2, intersected by a horizontal plane produces a set of 
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disconnected contour lines (Fig. 2.2), with a fractal dimension of D1 equal to (D2 – 1). As 

the x and y coordinates of these curves are equivalent these contours are self-similar. In 

contrast, the intersection of this landscape with a vertical plane, producing a topographic 

profile, has elevation vs. distance (which scale differently) and is therefore self-affine. 

 

Figure 2.2. Zerosets in Euclidean geometry (top row) and fractal geometry (bottom row).  

In both cases higher dimensional shapes are intersected by planes and their 

dimensionality is reduced by one. Euclidean shapes progress from a sphere to a circle to a 

line. Fractal shapes progress from a landscape to contour lines to a set of points (which 

still have fractal clustering). 

 

    As the surfaces of Titan's lakes are flat, their shorelines correspond to topographic 

contour lines and so these curves represent a zeroset of Titan's topography. In an 

analogous way to the Euclidean zeroset situation above, the fractal dimension of the 
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original landscape is given by D1+1, where D1 is the fractal dimension of the set of 

contour lines. 

    Another method of characterizing the roughness of topographic profiles is that of the 

Fourier power spectrum. Self-affine data (such as topographic profiles) have linear power 

spectra (in log-log space) with slopes -β (or –(β+1) for the two-dimensional power 

spectrum). The relation between β and H (see Malamud and Turcotte (1999) for details) 

is given by: 

 

                                                                 β = 2H + 1                                                     (2.4) 

 

Combining Eq. 2.3 and 2.4 gives: 

 

                                                               β = 5 – 2D1                                                      (2.5) 

 

    An important distinction arises in the case of Titan where individual contour lines (lake 

shorelines) are available, but the full contour set is not (i.e. every depression may not be 

flooded with liquid).  When a single contour line is available its fractal dimension is not 

D1 (as a single contour is not a full zeroset), but rather D2/2 (Kondev and Henley, 1995; 

Kondev et al., 2000; Turcotte, 1997).  Thus the expected relationship is now: 



51 
 

 
 

                                                              β = 7 – 4 (Dsingle-contour)                                      (2.6) 

    I can calculate the fractal dimension of a single shoreline using either the box-counting 

or ruler method (the mechanics of which are described in detail in section 2.3.3).  These 

dimensions (DB and DR respectively) are equivalent to D2/2.  Thus, I can deduce the slope 

of the power spectrum of Titan's topography from measuring the fractal dimension of its 

shorelines. This allows us to quantify mathematically what is intuitive qualitatively, i.e. 

rugged landscapes produce complex shorelines.  

    In order to test these relationships I generated artificial surfaces by frequency-domain 

filtering of white noise.  After transforming gaussian noise to the frequency domain with 

a fast Fourier transform (FFT) I multiplied the complex coefficients by frequency raised 

to the power –(β+1)/2 before transforming them back to the spatial domain leading to a 

surface whose 2D power spectrum had a slope of –(β+1).  I investigated 20 values of β 

between 1 and 3 and averaged the results discussed below of 50 randomly generated 

surfaces at each β value. I contoured these surfaces and estimated fractal dimensions from 

the box-counting analysis on the full contour set  (DBS, expected to equal D1) and both 

the ruler and box-counting analysis on the longest contour (DR and DB, expected to equal 

D2/2 or (D1+1)/2).   
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Table 2.1.  Expected and best-fit empirically derived relations between fractal dimensions 

of single contours DR and DB (for ruler and box-counting methods respectively), the 

fractal dimension of the contour set DBS (using the box-counting method) and the FFT-

derived power spectral slope of the surface . 

 

Relation Theoretical Empirical 

Box vs. Ruler for a single contour DB = 1.00 DR + 0.00 DB = 0.96 DR + 0.05 

Single Contour vs. Contour Set DBS = 2.00DR – 1.00 DBS = 2.15 DR – 1.25 

Beta vs. Contour Set Dimension 

(see Fig. 3) 
 = 5.00 – 2.00DBS  = 5.25 – 2.16DBS 

Beta vs. Single Contour Dimension 

(see Fig. 3) 

 = 7.00 – 4.00DR 

 = 7.00 – 4.00DB 

 = 7.99 – 4.69DR 

 = 8.21 – 4.90DB 
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Figure 2.3. Power Spectral slope of artificially generated landscapes retrieved from 

contour analysis versus those retrieved from Fourier analysis.  See Table 2.1 for 

coefficients of best-fit linear relations. 

 

    Table 2.1 summarizes the various theoretical relations that I expected to hold, along 

with what I found empirically from this analysis.  I expected that DR should equal DB, as 

these simply correspond to two independent methods of estimating the same quantity and 

this expectation was realized.  I expected that the fractal dimension of the contour set be 
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related to the fractal dimension of a single contour and the results in Table 2.1 show this 

to be close to correct, although the relation is not exact. 

    I also extracted the average slope of the power-spectra from FFTs of many one-

dimensional transects of these surfaces. Figure 2.3 shows β derived from contour fractal 

dimensions vs. β derived from these FFT results.  When β is calculated from a full 

contour set, the correspondence with β derived from an FFT is close when β is less than 

2.6 (i.e. this method did not work as well with the smoothest surfaces).  When deriving β 

from a single contour the box-counting and ruler methods agree well, but not with the 

theoretical expectation except in the roughest cases (β close to 1).  Instead, this analysis 

shows that β derived from contour analysis is systematically underestimated and that this 

underestimation grows with increasing β.  In the extreme case, where β estimated from 

the slope of a power spectrum is 3, contour line analysis underestimates β by 10%.  

Fortunately, as we shall see in future sections the β values relevant to Titan are less than 

2.0. Table 2.1 shows the best-fit linear relations between the power-spectra derived βs 

and contour fractal dimensions. Throughout this study I will be analyzing single contours 

and in most sections I will be comparing fractal dimensions to similarly derived fractal 

dimensions and the departure from theory described above will not be an issue. 

    Figure 2.3 and Table 2.1 show that the relationship between contour fractal dimension 

and β is very close to linear.  Indeed, using my empirical linear relationship recovers the 

β of synthetic surfaces with high accuracy; however, the cause of this departure from 

theory is unknown at this time. This departure can also be noted in the work of other 
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researchers e.g. Fig. 7.12 on page 156 of Turcotte (1997).  They investigated the validity 

of Eq. 2.5 using one-dimensional time series. Although they describe the agreement with 

the theoretical relation as ‘good’ there is clearly a mis-match that corresponds to the one 

we see in Fig. 2.3, at high values of β and H.  Later, in section 2.3.4, I will verify the 

accuracy of my fractal dimension estimation codes and find both the box counting and 

the ruler code to be very accurate.  For now, I will use both the theoretical and my 

derived empirical relationship (Table 2.1) when converting contour fractal dimensions to 

power-spectral slopes later in section 2.3.5. 

    An important assumption is made while characterizing topography from shoreline 

information. My analysis relies on the lake edge representing a topographic contour line 

(i.e. being liquid filled). Titan's lakes fall into three basic types (Hayes et al., 2008), see 

Fig. 2.4. Dark and granular lakes are interpreted to contain liquid of different depths and 

a smooth gradation of backscatter intensity exists between the two. Bright lakes are 

interpreted to be currently dry and form a distinct group when classified by backscatter 

intensity (Hayes et al., 2008; Paillou et al., 2008). I have avoided the bright 'lake' features 

many of which appear not only to be dry, but also to have the appearance of topographic 

sink holes (Mitchell et al., 2007) and so their boundaries may be set by mass wasting 

processes that have little connection with the topography of the surrounding landscape. In 

other words, contour lines drawn around the dark units are assumed to be typical of 

contour lines on the surrounding landscape, while in the case of the bright empty basins, 

their edges will not be representative of topographic contours on the surrounding 
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landscape. Keeping this in mind, I mapped 290 dark liquid filled features. This sample 

dataset was further reduced with the size constraint described in the next two paragraphs. 

    An important limitation of this analysis is the limited range of spatial scales over which 

it can be used. The retrieved fractal dimension is only valid over a certain range of 

wavelengths bounded by the minimum and maximum scales I used to analyze the 

shorelines. The minimum scale is close to 1 km and is set by the resolution of the dataset. 

The smallest features that I can resolve correspond to twice the dataset resolution 

(Nyquist scale), i.e. 1 km, which provides the lower wavelength cut-off for my analysis. 

The maximum scale is set by the finite size of the lake shoreline being measured and 

varies from lake to lake. A value of 10 km for the largest measuring scale is an 

appropriate cutoff for most lakes. 

    For my fractal analysis to cover a useful range of spatial scales, the total perimeter of 

the lakes must be at least a few orders of magnitude larger than the resolution of the data, 

i.e., there must be many 1-10 km segments in the perimeter of a lake for my analysis to 

be applicable. I have therefore not considered lake features having perimeter less than 

70km, i.e. features that are less than approximately 22km across in diameter. This further 

reduced my dataset of useful lake shorelines from 290 to 190. All the results presented in 

this study are based on the analysis of those 190 radar-dark features, which have 

perimeter larger than 70km. 
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Figure 2.4 (see description below) 
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Figure 2.4.  The basic lake-types found in Titan's north polar area. This is a false color 

image, created by scaling radar reflectance data. The color scale is arbitrary (not related 

to compositional differences), with blue corresponding to the smoothest features (with 

lowest radar backscatter). See description of Fig. 2.5 for further explanation. 

 

Figure 2.5.  Mosaic of north polar SAR data acquired up to May of 2007. Projection is 

polar stereographic with both parallels and meridians spaced every 10 degrees. Dark blue 

features correspond to liquid-filled depressions. This product is 2700 km across (latitudes 

60°N to 90°N) with a resolution of 343 meters/pixel (i.e. the full resolution of the 

constituent data is preserved). (Planetary photojournal, product ID PIA10008) 
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2.3   Instrument, dataset and measurements 

2.3.1  Cassini RADAR 

The Radio Detection and Ranging Instrument (RADAR) onboard the Cassini spacecraft 

is a Ku-band (13.7 GHz, 2.17 cm wavelength), linearly polarized device (Elachi et al., 

2004). It can function in four different operation modes: imaging (Synthetic Aperture 

Radar-SAR), altimetry, scatterometry and radiometry, with the first three being active 

modes, in which the instrument bounces pulses off Titan’s surface with the aims of 

creating images of the surface (imaging), measuring topography (altimetry) and 

determining the surface properties through studying the way the surface (and sub-surface) 

scatters incident waves (scatterometry).  The last mode, radiometry, is a passive one, in 

which the instrument records the energy emanating from Titan’s surface. 

2.3.2  RADAR dataset 

I utilized Cassini SAR data in the form of Basic Image Data Record (BIDR) files as the 

base mapping dataset for this analysis (Fig. 2.5). Cassini has had multiple Titan 

encounters dedicated to acquisition of SAR data and fortunately the north polar region is 

particularly well covered. Cassini SAR has covered 27% of the surface of Titan, during 

the ‘prime’ (nominal) mission period until June 2008 (Lorenz and Radebaugh, 2009). 

Almost 55% of the region above 55°N has been covered (Hayes et al., 2008). The 

features interpreted as lakes range in size from thousands of square kilometers to as small 

as 1 square kilometer. Figures 2.6a and b show the spatial variation of average surface 

area of Titan’s lakes with latitude and longitude. Figure 2.6c shows the frequency size-
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distribution of these lakes, showing the number of lakes larger than a certain surface area. 

The resolution of the SAR swaths over these lakes ranges from ~300 m at best up to 1500 

m and varies mainly along the length of the images. 

 

 

 

 

 

 

 
 

Figure 2.6. Spatial variation of mean surface area of Titan’s north polar lakes versus (a) 5 

degree latitude bins and (b) 30 degree longitude bins. The large lakes or ‘mare (seas)’ on 

Titan can be seen localized in the 0º-90ºE longitude range. The labels show the number of 

lakes included in each band. East longitudes are used. (c) Frequency size-distribution of 

Titan’s north polar lakes. The slope of the plot changes at a surface area of ~1500 km
2
, 

indicating a clear demarcation between the small lakes and the big ‘seas’ on Titan. 

a b 

c 
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    The first step undertaken was mapping all the north polar lakes using the GIS software, 

ArcMap, from ESRI. I attempted to develop automated methods of outlining the 

shorelines, including contouring of backscattered intensity, but those methods did not 

produce a good representation of the actual lake shorelines, prompting us to outline the 

lakes manually. To counter the subjectivity that the manual method might introduce in 

my analysis, I applied a consistent set of rules for mapping all the shorelines. Some lakes 

were split between different radar swaths and had straight boundaries in some sections, 

coinciding with the edges of the swaths (e.g. Fig. 2.7a). I considered such split-up lakes 

as two separate features with distinct shorelines and excluded the straight edges from my 

fractal analysis. Some lakes seemed to be filled with liquid in only one section (based on 

their much darker appearance in one section), whereas surrounding regions were less 

distinct (Fig. 2.7b). In such cases, I only outlined the darker liquid-filled section of the 

lake. Some lakes were connected by thin channels (0.5-2 km wide), in which case I 

considered the connected lakes as separate features, without including the connecting 

channel (Fig. 2.7c). Some lakes had complex dendritic networks surrounding them, 

which were included as part of the lake outlines (Fig. 2.7d). I manually outlined the lake 

shorelines at the full resolution of the dataset, a selection of which is shown in Fig. 2.8.  

Figure 2.9 shows a global mosaic of all the lake outlines that I generated using ArcMap. 

To test the uncertainty introduced in the derived fractal dimension due to the subjective 

nature of manually outlining shoreline boundaries, I remapped a subset of the lakes in my 

dataset three independent times and calculated the fractal dimensions via both the ruler 

and the box counting techniques (described in detail in section 2.3.3). Table 2.2 shows 
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the consistency in the derived dimensions via both the methods. The values for the ruler 

fractal dimensions are within + 1.5% and the box counting dimensions are within + 1% 

of each other for the multiple re-mappings. Thus, applying a uniform set of rules while 

mapping minimized the effect of subjective selection of boundaries.   

 

Figure 2.7.  Examples of cases requiring manual intervention while mapping of 

shorelines. 
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Figure 2.8.   Examples of some of the mapped lake features.  
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Figure 2.9. Global mosaic of lake outlines (ArcMap shapefiles) that I manually generated 

for this study. A mosaic of all the north polar Cassini SAR swaths is shown in the 

background. 

 

    Another source of discrepancy that affects mapping is systematic variations in the way 

different individuals would apply different sets of rules while mapping the shorelines. 

Since different individuals/groups working independently might subscribe to different 

conventions while mapping, it could lead to different results, in spite of being consistent 

with their own set of rules. Other groups (e.g. Hayes et al., 2008) have mapped Titan’s 

polar lakes for their publications and there is no commonly accepted set of 

vectors/shapefiles for these shorelines. Currently, every group researching on Titan’s 

polar lakes needs to map out the shorelines manually. It would thus be highly beneficial 

for the scientific community to agree on a common set of vectors for these surface 

features.  
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Table 2.2.  Ruler and box counting fractal dimensions of 15 of Titan’s lake shorelines on 

multiple re-mappings. 

Titan 

lake 

Centre 

latitude 

(°N) 

Centre 

longitude 

(°W) 

Ruler D Box counting D 
1

st
 

mapping 

2
nd

 

mapping 

3
rd

 

mapping 

1
st
 

mapping 

2
nd

 

mapping 

3
rd

 

mapping 

1 83.54 49.80 1.24 1.23 1.24 1.18 1.18 1.19 

2 84.58 31.08 1.24 1.23 1.27 1.14 1.11 1.11 

3 82.10 48.64 1.25 1.24 1.25 1.18 1.16 1.16 

4 84.93 -104.74 1.24 1.29 1.27 1.13 1.12 1.12 

5 69.73 -114.78 1.25 1.31 1.29 1.15 1.16 1.16 

6 78.22 20.66 1.25 1.25 1.25 1.14 1.14 1.13 

7 78.92 122.60 1.24 1.26 1.25 1.11 1.11 1.11 

8 80.35 130.48 1.24 1.23 1.22 1.11 1.11 1.11 

9 77.02 129.62 1.25 1.22 1.23 1.11 1.17 1.15 

10 74.17 126.04 1.26 1.27 1.26 1.10 1.10 1.10 

11 80.49 120.75 1.13 1.12 1.12 1.07 1.08 1.08 

12 79.61 26.10 1.21 1.22 1.21 1.10 1.09 1.10 

13 70.80 -134.67 1.30 1.32 1.31 1.16 1.15 1.16 

14 77.25 28.77 1.40 1.40 1.42 1.13 1.13 1.13 

15 69.49 178.25 1.35 1.33 1.35 1.13 1.14 1.13 

 

 

2.3.3  Shoreline analysis methods 

There are two main methods that can be used for determining the fractal dimension of a 

shoreline (or shoreline segment), the divider or ruler method and the box-counting 

method.  

Divider/Ruler Method 
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As described in Section 2.2, shorelines can be approximated as fractal shapes, with 

perimeter and measuring scale related by Eq. 2.1. Measuring the perimeter of the 

shoreline at many length scales (values of R) allows one to estimate D (Figs. 2.10(a-c)). 

A linear fit to P vs. R in log-log space has a slope of 1-D (Eq. 2.1). In general, Titan’s 

shorelines are well described by the power law shown in Eq. 2.1, and so they can be 

described as self-similar fractals. The data in the example, shown in Fig. 2.10d, show a 

consistent value of D over the range of spatial scales investigated (1-10 km). Such 

behavior was typical of the other shorelines. The range of scale lengths that I used was 

dependent on the size of each individual lake. I used scales as small as 2 pixels to as large 

as ~10% of the lake’s perimeter. Figure 2.11a shows the calculated ruler fractal 

dimensions versus the mean surface area of the lakes (the larger ‘seas’, that have higher 

fractal dimensions due to their complex shorelines, have been excluded from this plot to 

focus only on the small lakes; I did not observe any trend relating the fractal dimensions 

to the surface area of these small lakes on Titan). 

    An assessment of this method by Andrle (1992) shows it to be quite accurate when 

some common pitfalls are avoided. The common sources of error include the effect of the 

last partial step which invariably occurs at the end of a line being measured; the effect of 

varying the starting point of a divider walk on the measured perimeter; and the effect of 

nonlinearity in the relationship between log(perimeter) and log(measuring scale). My 

code for implementing the ruler method overcomes these sources of error by 1) including 

the last partial step as a fractional step while calculating the perimeter, 2) calculating the 

perimeters with a number of different starting points and taking their average, and 3) 
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determining the standard deviation of the data points from the straight-line fit and 

ignoring outlier points for slope determination.  
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Figure 2.10.  The perimeter of one of Titan's lakes measured at multiple scales – 500 m, 

3000 m and 8000 m (ruler method). (D) shows a plot of perimeter vs. measuring scale in 

log-log space.  The slope (=1-D) of the linear fit though these data can be used to 

determine the fractal dimension of the shoreline - which in this case is 1.285. 

 

 

 

 

 

 

Figure 2.11. Calculated (a) ruler and (b) box-counting fractal dimensions versus mean 

surface area of north polar lakes on Titan (excluding the large seas). 

 

Box-counting method 

In this method, the mapped shoreline is covered with boxes of size R. For each value of 

R, there is a minimum number of boxes (N) that are required to completely cover the 

shoreline. My code employs an easier-to-implement version (also employed by Appleby 

(1996); Tatsumi et al. (1989); Longley and Batty (1989)) of the box-counting method, in 

which the shoreline is covered with a grid of square boxes of size R and the number of 

boxes in the grid that fall on sections of the shorelines are counted (Figs. 2.12(a-c)). 

    For fractal shapes, there is a power-law relationship between the number of boxes 

required and their size. In this case, a linear fit to a plot of N vs R in log-log space has a 

a b 
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slope of –D (Turcotte, 1997), e.g. Fig. 2.12d. I found Titan’s shorelines to exhibit this 

power law behavior, indicating their fractal nature. Figure 2.11b shows the calculated 

box-counting fractal dimensions versus the mean surface area of the lakes (the larger 

‘seas’ have been excluded from this plot). 

    The range of box sizes that I used was dependent on the size of each individual lake. I 

changed the box size as a power of two and used boxes as small as 2 pixels to as large as 

one-half of the lake size. I did not use the two smallest and largest box sizes for slope 

determination while fitting a power law to these data, following the example of 

Klinkenberg (1994).  
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Figure 2.12.  The perimeter of one of Titan’s lakes measured using different sizes of 

square boxes (box counting method). (D) shows a plot of number of boxes vs. measuring 

scale in log-log space.  The slope (= -D) of the linear fit though these data can be used to 

determine the fractal dimension of the shoreline - which in this case is 1.168. The labels 

‘No. of boxes’ refer to the number of rows and columns in the grid superimposed on the 

shoreline, e.g. ‘No. of boxes’ = 16 implies that a 16×16 grid was superimposed on the 

shoreline. 

 

    I performed a simple exercise to test the sensitivity of my box-counting code to 

orientation of the shorelines. I rotated all the mapped shoreline shapefiles by different 

amounts to check if this affected the calculated fractal dimension. As can be seen from 

Fig. 2.13, rotating the lakes does not make any significant overall difference to the 

calculation of the fractal dimension by the box-counting code (the mean fractal 

dimension only varied within + 0.72% for the different rotations), which is thus inferred 

to be robust. 
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Figure 2.13.  Effect of rotation of lakes on calculation of box-counting fractal dimension. 

2.3.4  Generation of synthetic fractals 

In order to test the accuracy of the ruler and box-counting methods against a known 

standard, I generated synthetic fractals with known fractal dimensions and compared their 

actual dimensions with dimensions calculated via the two methods. A total of five such 

fractals, as shown in Fig. 2.14, were generated. The initiator in each case was a pentagon, 

each straight edge of which was replaced with the generator shape shown in the lower 
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right inset of each fractal in Fig. 2.14. This replacement was repeated a number of times 

to obtain the resultant synthetic fractals. Fractal dimensions can be exactly calculated for 

these shapes using Eq. 2.2. The scatter plot in Fig. 2.15 compares the accuracy of the 

ruler and box counting methods. The dimensions calculated via the ruler and the box 

counting methods are in very good agreement with the theoretical dimensions, for fractals 

with dimensions in the range of 1.0-1.5. In the scatter plot in Fig. 2.15, the dotted grey 

line indicates 1σ range of dimensions for Titan’s shorelines (1.17-1.42), the dashed grey 

line indicates the 2σ range (1.07-1.52) and the solid grey line indicates the 1.645σ range 

(1.1055-1.485), which contains 90% of the data for Titan’s shorelines. As is evident from 

the scatter plot, the ruler method is more accurate than the box counting method over the 

range of fractal dimensions within the 1.645σ box. Although 10% of the lakes fall outside 

this 1.645σ range, only 5% fall outside the range on the higher dimension side. Thus, I 

can infer from Fig. 2.15 that the ruler method is more reliable than the box counting 

method over the range of fractal dimensions relevant to Titan (1.1055-1.485). 
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Figure 2.14.  Five synthetic fractals with known fractal dimensions were generated to test 

the accuracy of the ruler and box counting methods. For each fractal, lower right inset 

shows the generator used for creating the fractal and lower left inset shows the theoretical 

dimension for the fractal.  
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Figure 2.15. The scatter plot shows comparison of fractal dimensions of synthetic fractals 

calculated via ruler and box-counting method with the actual dimensions. The dotted grey 

line indicates 1σ range of dimensions for Titan’s shorelines (1.17-1.42), the dashed grey 

line indicates the 2σ range (1.07-1.52) and the solid grey line indicates the 1.645σ range 

(1.1055-1.485). 

 

2.3.5  Discussion of results for Titan’s shorelines 

The calculated values of the mean fractal dimensions of Titan’s shorelines via the box-

counting (1.32 + 0.1) and the ruler method (1.27 + 0.1) are comparable to the previously 

published estimates of dimensions of terrestrial coastlines like the western coastline of 

Britain (1.25) (Mandelbrot, 1967). The histograms in Fig. 2.16 compare the results of the 

ruler and the box counting method. As shown in Fig. 2.17, a high value of the fractal 

dimension suggests the shoreline to be intricate, which implies a rugged surrounding 
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landscape; while a low value suggests a simple shoreline, which implies a smooth 

surrounding landscape (see Table A.1 in Appendix A, for a list of mapped lakes, their 

locations and individual ruler and box counting fractal dimensions). 

 

Figure 2.16.  Comparison of results of the ruler and box counting analysis for Titan’s 

North Polar shorelines. The ruler method gives a mean fractal dimension of 1.27, while 

the box-counting method gives a value of 1.32. 
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Figure 2.17. Examples of a smooth shoreline, with a low fractal dimension and of a rough 

and intricate shoreline, with a high fractal dimension. 

 

    Using the mean of the ruler and box counting dimensions (1.295), I obtain a value for 

theoretical β as 1.82 while the average empirical relation for a single contour gives a β 

value of 1.89. Using the more reliable of the two dimensions: the ruler dimension of 1.27, 

I get the theoretical/empirical value of β as 1.92/2.03. Comparing the β value for Titan to 

the average β value of 2.0 determined for Earth (Rapp, 1989) and Venus (Kucinskas and 

Turcotte, 1994), I find Titan’s landscape to be rougher at shorter wavelengths relative to 

longer wavelengths. There could be a number of factors responsible for this, including 

the lower gravity on Titan as compared to Earth and Venus, which could be responsible 

for lesser efficiency of diffusive (i.e. smoothing) processes like mass wasting on Titan. 
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2.4  Additional investigations 

In addition to deriving the fractal dimension of the mapped lake shorelines, I undertook 

three other related investigations: 1) searching for multi-fractal behavior, 2) checking for 

spatial variation of fractal dimension and 3) examining evidence for a signature of 

anisotropic topography. Sections 2.4.1, 2.4.2 and 2.4.3 describe each of these 

investigations in detail. 

2.4.1 Multi-fractal analysis 

Multi-fractal behavior implies change in the landscape from one fractal dimension to 

another at a certain wavelength.  Such changes in topographic statistics between large and 

small scales signal that different sets of processes are shaping the landscape at different 

spatial scales (Mark and Aronson, 1984; Chase, 1992).  Both the box-counting and ruler 

methods characterize the shoreline over a range of spatial scales. How this 

characterization changes with spatial scale determines the fractal dimension so it is 

possible to have different fractal dimensions appropriate for different sections of the total 

range of spatial scales investigated. 

    Twenty-one lakes were found to exhibit multi-fractal behavior, indicated by a change 

in slope of the Log (Perimeter) v/s Log (Baseline) plots obtained by applying the ruler 

method on the shorelines (I found no change in the slope of the Log (Number of boxes) 

v/s Log (Box size) plots obtained with the box counting method). Figures 2.18(a-c) show 

three of these multi-fractal lakes. Figure 2.18a shows an example of a multifractal 

shoreline with increasing slope from smaller to larger wavelengths (and thus decreasing 
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fractal dimension, since D = 1- slope). In contrast, Fig. 2.18b shows an example of a 

multifractal shoreline with decreasing slope from smaller to larger wavelengths (and thus 

increasing fractal dimension). Eight of the multi-fractal lake shorelines (e.g. Fig. 2.18c) 

also exhibit multiple breaks in slope. The cross-over point from one fractal dimension to 

another lies over a small range of (2-3.5) km for the larger multi-fractal lakes (area > 250 

km
2
) and varies over a much wider range (2.2-7 km) for the smaller multi-fractal lakes 

(area < 250 km
2
).  
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Figure 2.18.  Multi-fractal behavior exhibited by some of the lake shorelines, indicated by 

breaks in slopes of the powers spectra. Some shorelines, like the one in (c), exhibit 

multiple breaks in slope. 

 

    Interpreting these breaks in slopes requires an understanding of the effect of various 

surface processes on the roughness and thus, the fractal dimension of the landscape. 

Erosive processes like fluvial incision and aeolian erosion tend to increase the roughness 

of the landscape at smaller wavelengths, and thus the fractal dimension of the 

landscape/shoreline also increases. On the other hand, depositional processes like fluvial 

and aeolian deposition tend to smooth the landscape or decrease the roughness of the 

landscape at smaller wavelengths, thus decreasing the fractal dimension of the landscape. 

Similarly, the rate at which mass wasting (a diffusive process) occurs increases directly 

with slope of the landscape, which is highest over the shortest spatial scales. Thus, mass 

wasting smoothes small-scale roughness more efficiently than large-scale roughness and 

has an overall negative effect on the fractal dimension of the landscape.  Mantling 

(fallout of solid tholin material from the atmosphere that blankets the surface) has a 

similar effect by smoothing the landscape and decreasing the fractal dimension. Tectonic 

c 
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activity can have a positive or negative effect on the fractal dimension of the landscape, 

depending on the scale of the surface features involved. Table 2.3 shows the effect of 

different kinds of surface processes on the fractal dimension of the landscape (Chase, 

1992; Lifton and Chase, 1992). 

 

Table 2.3.  Effect of different surface processes on fractal dimension of landscape                                  

Surface process Effect on landscape/ 

topography 

Effect on fractal  

dimension 

Fluvial erosion roughening Increase (↑) 

Fluvial deposition smoothing Decrease (↓) 

Mass wasting smoothing Decrease (↓) 

Tectonics Roughening/smoothing  

(scale dependent) 

Increase (↑)/Decrease (↓) 

(scale dependent) 

Aeolian deposition smoothing Decrease (↓) 

Mantling (atmospheric fall-out) smoothing Decrease (↓) 

 

    Thus, in terms of interpreting the change in slopes of the plots for the multi-fractal 

shorelines, higher fractal dimensions would indicate dominance of erosive processes, 

while lower fractal dimensions can be associated with more widespread depositional 

processes. Detailed landscape evolution modeling, as described in Chapter 5 of this 

thesis, can be used to constrain which amongst a set of erosive/depositional processes 

could be responsible for a certain degree of increase/decrease in the fractal dimension. 

2.4.2  Spatial variation of fractal dimension  

Titan is a heterogeneous world, implying that surface processes which dominate in 

sculpting the landscape in one region need not do so in all regions. Such a spatial 
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variation in surface processes could also show up as a distinct trend in the fractal 

dimension. I examined spatial variation of the fractal dimension of Titan’s shorelines 

over latitude and longitude, employing both the ruler and the box counting method. 

    In order to accomplish this, I calculated the fractal dimension of each lake via both the 

ruler and the box counting method and sorted them into 5 degree latitude and 30 degree 

longitude bins based on their median latitude/longitude. Figs. 2.19(a-d) show the results 

of my spatial variation tests. In Figs. 2.19b, d, there is a sudden increase in the box 

counting and ruler fractal dimension over the 60°-90° longitude range, which is due to a 

single extremely intricate shoreline, and not due to a group of features. Although 

interesting, this single feature is not part of any larger trend. 
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Figure 2.19. (a, b)  Variation of box counting fractal dimension of the shorelines with 

latitude and longitude.  (c, d) Variation of ruler fractal dimension of the shorelines with 

latitude and longitude. East longitudes are used. The labels show the number of lakes 

included in each band. The dashed lines denote the mean values of the fractal dimension 

over all bands, while the dotted lines denote the standard deviation from the mean. 

 

    To assess the significance of the fractal dimension variation with latitude and longitude 

I performed an analysis of variance (ANOVA) statistical test, which is a way of splitting 

the variance of the entire population into variance within sub-groups versus variance 

between groups.  Results of this test are reported as an F-ratio, which can be converted 

into the probability that variability between groups occurs only by chance. A high value 

a b 

c d 
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of the F-ratio indicates the different sub-groups are significantly different.  A probability 

of occurrence by chance of 5% is considered the usual cutoff for statistical significance. 

Using the box counting fractal dimensions in the 5° latitude bins, I derive an F-ratio of 

1.07, which would occur by chance 37.4% of the time and with the 30° longitude bins, I 

derive an F-ratio of 1.14, which would occur by chance 33.3% of the time.  Using the 

ruler fractal dimensions in the 5° latitude bins, I derive an F-ratio of 0.94, which would 

occur by chance 45.6% of the time and with the 30° longitude bins, I derive an F-ratio of 

6.6, which would occur by chance <0.01% of the time.  Thus there is no significant 

variation of fractal dimension with latitude with either method or longitude when using 

the box-counting method. The apparent variation of the ruler dimension with longitude is 

mostly due to a single lake at a longitude of 82E (lake 36 in Table A.1 in Appendix A) 

with high fractal dimension (1.9). This lake is clearly an anomaly as its box-counting 

dimension is much lower (1.44).  Excluding this lake reduces the F-ratio to 2.14, which 

one would still expect to occur by chance only 2.4% of the time.  So the increased fractal 

dimensions of lakes in the (0-90)°E zone (where the largest lakes are located) shown in 

Fig. 2.22d could be considered statistically significant (although not overwhelmingly so). 

Possible explanations for this variability include variation in fluvial erosion due to 

regional variations in methane precipitation, variable aeolian erosion due to fluctuating 

wind activity or inconsistent mantling related to deviations in atmospheric 

structure/dynamics. Detailed modeling of the surface processes that modify Titan’s 

landscape would help us to more clearly identify the preponderance of certain processes 

over others in different regions.   
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2.4.3 Investigation for anisotropy 

Certain surface processes like aeolian scour and tectonics can create directional 

topography. Variation of the fractal dimension of the landscape with direction can thus 

indicate the possibility that one or more of such processes might have modified the 

landscape. To test for anisotropy, I first rotated the lakes so that North was oriented 

upwards. Each lake was then split up into orthogonal N-S and E-W sections, such that 

there were equal number of vertices representing each direction (Fig. 2.20). I calculated 

fractal dimensions for the N-S (DN/S) and E-W (DE/W) sections via the box-counting and 

the ruler method and searched for systematic differences between the fractal dimensions 

of the orthogonal sections of each lake. These differences were then divided up into 2 

degree latitude bands and 30 degree longitude bands. 

 

Figure 2.20.  One of Titan’s north polar lakes, Bolsena Lacus (about 100 km in diameter).  

Sections of shoreline orientated roughly East-West (highlighted in A) and North-South 

(highlighted in B) can be independently analyzed and compared to investigate anisotropy 

in Titan’s topography. 
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    Both the ruler and the box counting method results imply a possible anisotropy in 

Titan’s topography. Histograms of DN/S-DE/W are skewed to negative values, with the 

ruler method results centered at -4.24% and spread out over a range of (-35 to 22)% and 

the box counting results centered at -0.34% with a range of (-24 to 21)%. This indicates 

higher E-W section dimensions than N-S section dimensions (Fig. 2.21).  

Figure 2.21.  Histograms of box counting fractal dimensions and ruler fractal dimensions 

of North-South and East-West sections of shorelines at Titan’s North Pole.  

    To assess the significance of the shift of the histograms shown in Fig. 2.21 away from 

the origin, I performed a two-tailed t-test.  This test returns the probability that the null 
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hypothesis is true i.e. that the histograms in Fig. 2.21 are drawn from a population with a 

mean of zero (topography is isotropic) and that the non-zero mean we see has occurred 

only by chance. Results of this test are reported as a t-value, which (along with the 

number of degrees of freedom in the system) can be converted to this probability. For the 

distribution corresponding to the ruler method results, I calculated a t-value of -6.64, 

which would occur by chance <0.01% of the time if the null hypothesis were true. For the 

distribution corresponding to the box counting method results, I calculated a t-value of -

1.044, which would occur by chance 30% of the time if the null hypothesis were true. 

The box-counting results are not conclusive, as the anisotropy deduced from this 

distribution could easily have occurred by chance.  However, the results from the t-test of 

the ruler distribution show that the chance that Titan’s topography is isotropic is 

vanishingly small, thus the difference between the DNS and DEW is statistically 

significant. This result certainly warrants further investigation and will likely prove to be 

useful in better understanding the results of landscape evolution modeling for Titan’s 

surface.  

    To test the effect of varying the orientation of the lakes on my results, I varied the 

orientation of the shorelines and performed a similar analysis for sections of shorelines 

oriented N-E v/s S-W, N-W v/s S-E, etc. These alternate orientations also showed 

evidence for anisotropy; however, anisotropy was most pronounced in the case of the N-S 

v/s E-W sections. I also checked for differences in the fractal dimensions of East and 

West sections of shorelines, but found no significant indication of anisotropy in the E-W 
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direction (Fig. 2.22). These results suggest a role for anisotropic surface processes in 

sculpting Titan’s landscape.  

 

 

Figure 2.22.  Histograms of box counting fractal dimensions and ruler fractal dimensions 

of East and West sections of shorelines at Titan’s North Pole.  

 

    Figs. 2.23a and b show scatter plots comparing fractal dimensions of orthogonal 

sections of shorelines calculated via the ruler/divider and box-counting methods. Figs. 

2.24(a-d) show variation in the percentage differences between dimensions of orthogonal 

sections over latitude and longitude. Vertical bars in the plots indicate 1σ of the range of 
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values within each bin. The red dashed lines in the plots indicate 0 percentage difference. 

I could not find any trends outside the general scatter of data in the plots. There is a 

sudden dip in the plots in Figs. 2.24b and d over the 60°-90° longitude range, which is 

due to a highly anisotropic shoreline (corresponding to lake number 36 in the 

supplementary online material). Interestingly, this complex shoreline centered at 

77.21°N, 82.07°E and with an area of ~6900 km
2
 (Fig. 2.25) also shows up as the sudden 

increase in the fractal dimension over the 60°-90° longitude range in my spatial variation 

plots (Figs. 2.24b, d).  

 

 

 

 

 

Figure 2.23. Scatter plots showing (a) ruler/divider and (b) box-counting fractal 

dimensions of N-S versus E-W sections of Titan’s lake shorelines. 

 

 

 

 

a b 
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Figure 2.24. Comparison of box counting fractal dimensions and ruler fractal dimensions 

of orthogonal sections of shorelines over latitude and longitude. Vertical bars in the plots 

indicate 1σ of the range of values within each bin. East longitudes are used. Red dashed 

lines indicate 0 percentage difference. 

a b 

c d 
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Figure 2.25.  Highly anisotropic shoreline of lake centered at 77.21°N, 82.07°E and with 

an area of ~6900 km
2
. 
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2.5  Conclusions 

I have carried out a fractal analysis of the shorelines of lakes at Titan’s North Pole to 

extract information about Titan’s topography. The statistical investigations undertaken 

until now provide us information only about relative relief. This study does not describe 

the methods to quantify absolute relief, which is the focus of Chapter 4 of this thesis.  

    The ruler method results were found to be more accurate and reliable than the box 

counting results through comparisons to deterministic fractals.  The ruler method results 

also bring to light the multi-fractal behavior of the Titanian shorelines and the 

longitudinal variability of the fractal dimension as well as show a much stronger 

signature of anisotropic topography than the box counting results, thus reinforcing my 

viewpoint that the ruler method is more precise and consistent.  

    The significant results of this study are listed here: 

[1] The shorelines imaged at the North Pole of Titan by the Cassini RADAR can be 

described as self-similar fractals, similar to the terrestrial coastlines. Their mean fractal 

dimensions (1.32 via box-counting and 1.27 via the ruler method) are similar to the 

dimensions of intricate terrestrial coastlines like the western coastline of Britain (1.25), 

which implies a rugged Titanian landscape.  

[2] Mean value of the slope (β) of the power spectra has been determined using both the 

theoretical relations as well as the empirical relations that I derived from the fractal 

analysis of the contours of synthetically generated power law surfaces. Using the mean of 
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the ruler and box counting dimensions (1.295), I obtain a value for theoretical β as 1.82 

while the average empirical relation for a single contour gives a β value of 1.89. Using 

the more reliable of the two dimensions: the ruler dimension of 1.27, I get the 

theoretical/empirical value of β as 1.92/2.03. I thus conclude that Titan’s β value could be 

lower than that of Earth and Venus (2.0). This may be due to Titan’s lower gravity 

leading to lesser efficiency of diffusive (i.e. smoothing) processes, like mass wasting, on 

Titan. 

[3] Some of the lake shorelines are found to exhibit multi-fractal behavior, with a few 

even displaying multiple breaks in slopes of the power spectra. This implies dominance 

of different surface processes at different spatial scales, with the transition scale between 

different fractal dimensions varying from (2-3.5) km for the larger lakes (area > 250 km
2
) 

and (2.2-7) km for the smaller lakes. 

[4] I did not observe any spatial variation in the fractal dimension with latitude; however 

I do report significant spatial variation of the fractal dimension with longitude (increased 

fractal dimension in the 0-90E zone where the largest lakes are located). 

[5] There is a systematic difference between the ruler as well as box counting method-

derived dimensions of orthogonal sections of lake shorelines, which signifies possible 

anisotropy in Titan’s topography. This asymmetry is the most pronounced in the case of 

the N-S v/s E-W sections. These results seem to indicate modification of the landscape at 

the North Pole of Titan by anisotropic surface processes like aeolian scour and tectonism.  
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    In Chapter 5, I use the results of this fractal analysis to constrain the spatial distribution 

of surface process types on Titan and perform landscape evolution modeling to infer the 

dominant surface processes that sculpt the landscape of Titan. 
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    The material in this chapter was originally published as “Comparison of Titan’s north polar 

lakes with terrestrial analogs.” Sharma, P. and S. Byrne. Geophysical Research Letters, 38, 

L24203, doi:10.1029/2011GL049577, 2011. The text and some of the figures have been updated 

to include more recent results. 

 

CHAPTER 3 

COMPARISON OF TITAN’S NORTH POLAR LAKES WITH TERRESTRIAL 

ANALOGS 

 

3.1  Introduction 

Lacustrine features have been observed in both the north and south polar regions of 

Saturn’s largest moon, Titan, by multiple instruments onboard the NASA Cassini orbiter, 

including the RADAR instrument (Elachi et al., 2004), the Visual and Infrared Mapping 

Spectrometer (VIMS) (Brown et al., 2004) and the Imaging Science Subsystem (ISS) 

(Porco et al., 2005; Turtle et al., 2009). RADAR data collected in the early phase of the 

Cassini mission provided a number of lines of evidence for these features being potential 

lakes, including the very low (noise-floor level) backscatter inside the features, their 

higher brightness temperatures compared to the surrounding region and the presence of 

incoming and outgoing dendritic channels (Fig. 3.1) (Stofan et al., 2007). Conclusive 

evidence for the presence of liquid in these features was provided in the form of ethane 

detection in the south polar Ontario Lacus by the VIMS instrument (Brown et al., 2008) 

and the specular reflection observed in the VIMS dataset corresponding to the north polar 

Kraken Mare (Stephan et al., 2010). Thus, for the first time, we have the opportunity to 

compare lakes on Earth with extraterrestrial examples. 
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Figure 3.1. Radar-dark hydrocarbon lakes in Cassini SAR swath (T16 flyby, 80°N, 92°W, 

420 km × 150 km; Planetary photojournal, product ID PIA08630) . 

 

    A few processes (mainly karst and volcanic), based on morphology, have been 

proposed to be involved in the formation of the liquid-filled depressions at the poles of 

Titan (e.g. by Mitchell et al. (2007); Wood et al. (2007); Kargel et al. (2007)). The 

purpose of this study is to quantitatively compare the shorelines of Titan’s polar lakes to 

terrestrial analogs formed by different processes, and investigate whether the principal 

processes responsible for the origin of the lake basins on Titan can be deduced. 

    My previous study of Titan’s north polar shorelines revealed them to be closely 

approximated by fractal shapes (Sharma and Byrne, 2010), a property also demonstrated 

by terrestrial shorelines (Mandelbrot, 1967; Richardson, 1961; Sapoval et al., 2004) i.e. 

measured lengths of these shorelines increases, as the measuring scale decreases, because 

smaller measuring scales are sensitive to smaller features of the shoreline. I performed a 

similar fractal analysis on terrestrial lake shorelines and created additional statistical 
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descriptors of shoreline morphology in order to compare them to Titan’s lakes. This 

comparative analysis was prompted by the idea that different surface processes may yield 

shorelines with different roughnesses. I investigate the validity of this idea and whether 

we can interpret the fractal dimensions of Titan’s shorelines in terms of the surficial 

processes at work. 
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3.2  Instruments and datasets used 

Titanian lake shorelines were characterized with data from the RADAR instrument 

onboard the Cassini spacecraft, which is a Ku-band (13.7 GHz, 2.17 cm wavelength), 

linearly polarized device (Elachi et al., 2004). I utilized Synthetic Aperture Radar (SAR) 

data in the form of Basic Image Data Record (BIDR) files as the base mapping dataset for 

this analysis. Cassini SAR covered 27% of the surface of Titan during the ‘prime’ 

(nominal) mission period until June 2008 (Lorenz and Radebaugh, 2009). Almost 55% of 

the region above 55°N has been covered (Hayes et al., 2008). The resolution of the SAR 

swaths ranges from ~300m at best to up to 1500m. Using GIS software, ArcMAP from 

ESRI, I mapped the shorelines of 190 radar-dark features, which have perimeters longer 

than 70km. 

    To study the terrestrial lakes, I used data from the Shuttle Radar Topography Mission 

(SRTM), which flew onboard the Space Shuttle Endeavour during an 11-day mission in 

February of 2000 (Farr et al., 2007). This mission mapped ~80% of the Earth’s landmass 

(60°N-56°S) at wavelengths of 5.66 cm (C-band) and 3.1 cm (X-band). The addition of a 

second detector at the end of a 60m boom allowed for elevation determination through 

interferometry (the main goal of the mission). The data collected by the C-band RADAR 

instrument on the SRTM can be classified into three distinct datasets: 1) Backscatter data 

(SIR-C / C-band, wavelength 5.66cm), with a resolution of 1 arc seconds (~30m); 2) 

SRTM Water Body Data (SWBD), which is a vector database of the outlines of water 

bodies. These outlines, which are available in the form of ESRI ‘shapefiles’, were derived 



100 
 

 
 

from the backscatter data through automated algorithms used for identifying and 

delineating the shorelines of the water bodies (Slater et al., 2006). Each SWBD tile 

covers a size of 1°×1°. The features comprising these data are derived from a 

combination of SRTM Orthorectified Image Mosaics (OIM) and Landcover water masks. 

Lakes greater than a 600-meter minimum length and 183-meter minimum width 

requirement are depicted (Slater et al., 2006). I used these outlines for comparison with 

Titan’s lakes; 3) Elevation data, with a resolution of either 1 or 3 arc seconds (~30m or 

~90m at the equator) for products covering US or non-US regions respectively. These 

datasets provide us with an excellent opportunity to characterize the statistical properties 

of terrestrial lakes in different process environments using the same methods that were 

used to study the Titanian shorelines. 

    For this study, I have used only the C-band backscatter data and the shorelines from 

the SWBD. The SRTM is an appropriate choice to characterize the terrestrial lakes for 

comparison with those on Titan, due to its almost global coverage and similar wavelength 

to the Cassini RADAR. In spite of the different resolutions, comparison of data from the 

SRTM and Cassini RADAR is justified since the statistical parameters calculated in this 

study are either invariant or weakly variant with scale (these parameters include a fractal 

and two other measures of the shape of lake shorelines discussed in detail in section 3.4). 

Figure 3.2 shows the SRTM C-band RADAR backscatter data for an example terrestrial 

lake. 
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Figure 3.2. (Left) Google Earth satellite imagery (© 2011 Google) for terrestrial Lake 

Toba (Indonesia) of volcanic origin, with a mean surface area of ~1136 km
2
. (Right) 

SRTM C-band backscatter data corresponding to Lake Toba. 
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3.3  Classification and selection of terrestrial analogs 

Terrestrial lakes can broadly be classified into nine different types on the basis of their 

formation mechanisms (Hutchinson, 1957; Cole, 1975). The basins enclosing lakes on 

Earth can form as a result of glacial erosion/deposition, impacts, volcanism (caldera 

lakes), tectonic uplift/subsidence, fluvial processes (oxbow lakes), aeolian processes 

(interdune lakes), dissolution of limestone (karst), landslide and periglacial/thermokarst 

processes. Figure 3.3 shows SWBD shorelines and corresponding Google Earth satellite 

images of example terrestrial lakes corresponding to each process type excluding 

thermokarst lakes since the SRTM data do not cover the high latitudes where these lakes 

are located. 
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Figure 3.3. Examples of terrestrial lakes formed by different processes. Google Earth 

imagery (© 2011 Google) and SRTM Water Body Data (SWBD) outlines are shown 

corresponding to each lake.  

 

    Many of the surface processes mentioned above create lakes with relatively smooth 

shorelines that, initially, are not fractal. Over time, however, fluvial modification can 

introduce small-scale roughness that leads to more rugged shorelines as channels erode 

and deposit to create embayments along the shoreline. Since it is not yet understood 

which surface processes create the lakes on Titan, I chose to use surface area as the 

criterion for selecting terrestrial analogs for comparison with Titan’s lakes. I calculated 

the surface area for the 190 Titanian lake shorelines (classified as ‘dark lakes’ by Hayes 

et al. (2008)) mapped for my previous study (Sharma and Byrne, 2010) and found the 

lakes to range in size from thousands of square kilometers to as small as 50 km
2
, with a 

mean area of ~1400 km
2 

(Fig. 3.4). The large lakes on Titan are a distinct unit from the 
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small lakes. Larger lakes on Titan differ both in terms of surface area and shoreline 

morphology from the smaller Titanian lakes, with the larger ones having more complex 

and intricate shorelines with dendritic features and the smaller ones with simpler and 

smoother shorelines (Stofan et al., 2007; Hayes et al., 2008). Choosing 5000 km
2 

to be an 

approximate demarcation between the small and large lakes on Titan, I find that a 

majority of the lakes (184) are smaller than 5000 km
2
, while the remaining six are larger. 

 
 

Figure 3.4. (Left) Histogram of surface area of Titan’s north polar lakes (Right) Zoomed-

in view of histogram, focusing on the smaller lakes. These histograms indicate two lake 

populations on Titan. 

    On Earth, although smaller lakes can form by many processes; the largest lakes, like 

the Great Lakes in North America and the Rift Valley lakes in Africa, are formed mainly 

by two predominant processes: glaciation and tectonism. It is possible that on Titan also, 

different processes are forming the smaller and bigger lakes and I will therefore analyze 

the larger lakes separately. I chose 114 terrestrial lakes, which include lakes of each 

process type (excluding thermokarst lakes), as possible analogs to the Titanian lakes for 

my study. Amongst these, 94 lakes have surface areas smaller than 5000 km
2
, while the 
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remaining 20 are amongst the largest lakes on Earth. The 114 terrestrial lakes in my 

database include 20 glacial lakes, 20 volcanic caldera lakes, 6 impact crater lakes (rare on 

Earth, with even fewer having SRTM coverage), 20 tectonically formed lakes, 20 karst 

lakes, 10 fluvial oxbow lakes, 10 aeolian interdune lakes and 8 lakes formed by 

landslides (like the impact crater lakes, very few of these landslide lakes are found on the 

Earth). These terrestrial analogs were chosen based on the classification of Hutchinson 

(1957) and Cole (1975).  

    Although I have classified the terrestrial lakes in my database into different process 

types, it is not a rigorous classification, since after its initial formation, each lake is 

subsequently modified by many processes, including fluvial/aeolian erosion, landslides, 

etc. For example, although the depression housing Lake Manicouagan (Fig. 3.3) was 

initially formed as a result of an impact, it has subsequently been modified by fluvial 

action, which has resulted in the development of deep and intricate drainage networks 

surrounding the lake. Also, the lake exists in a region that has experienced glacial activity 

in the past and thus its shoreline may have been affected by these processes too. Thus, the 

shoreline in such cases does not only reflect a single process, but the effect of many 

processes that have been active in sculpting the landscape surrounding the lake, since the 

time of its formation.  
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3.4  Statistical parameters  

3.4.1  Ruler/Divider fractal dimension 

The fractal dimension can be estimated by the ruler/divider technique where the 

perimeter of the shoreline is measured at many different length scales. A power-law fit to 

perimeter (P) vs. length scale (R) in log-log space has an exponent of 1-DR, where DR is 

the ruler fractal dimension (for details of the calculation, please refer to Sharma and 

Byrne (2010)) (Fig. 3.5a). The range of scale lengths that I used was dependent on the 

size of each individual lake. I used scales as small as 2 radar pixels to as large as ~10% of 

the lake’s perimeter. For the 190 Titanian lake shorelines mapped for my previous study, 

the mean ruler dimension was found to be 1.27 at length scales between 1 and 10 km 

(Fig. 3.6a). Fractal dimension is independent of the dataset resolution since a fractal 

shape by definition is scale-invariant (as long as I do not attempt to map features smaller 

than the resolution). As the results of my previous study (Sharma and Byrne, 2010) 

indicated, both the terrestrial and Titanian lake shorelines are well described as fractal 

shapes.  
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Figure 3.5. Calculation of the (a) ruler/divider and (b) box-counting fractal dimension for 

terrestrial Lake Manitoba 

 

3.4.2  Box-counting fractal dimension 

In this method, the mapped shoreline is covered with boxes of many different sizes R. 

For each value of R, there is a minimum number of boxes (N) that are required to 

completely cover the shoreline. A power-law fit to number of boxes (N) vs. box size (R) 

in log-log space has a slope of –DB  (for details of the calculation, please refer to Sharma 

and Byrne (2010)) (Fig. 3.5b). The range of box sizes that I used was dependent on the 

size of each individual lake. I changed the box size as a power of two and used boxes as 

small as 2 radar pixels to as large as one-half of the lake size. For the 190 Titanian lake 

shorelines mapped for my previous study, the mean box-counting dimension was found 

to be 1.32 at the scales of my investigation (1-10 km) (Fig. 3.6a).  

 

a b 
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Figure 3.6. Histograms of statistical parameters for Titan’s lakes (a) The ruler method 

gives a mean fractal dimension of 1.27, while the box-counting method gives a value of 

1.32 (b) The mean shoreline development index was calculated to be 2.995 and (c) the 

mean linearity index was calculated to be 2.27. 

 

3.4.3  Shoreline development index 

The shoreline development index (DL) is the ratio of the shoreline length or perimeter (P) 

of the lake to the circumference of a circle that has the same area (A) as the lake 

(Hutchinson, 1957; Cole, 1975) expressed as AP 4/ . The closer the shape of a lake is 

to a circle, the smaller will be its DL value (a completely circular lake has the smallest 

a 

b c 
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possible value of 1.0). Karst basin lakes, volcanic caldera lakes and impact crater lakes 

are usually quasi-circular in shape and thus are expected to have DL values approaching 

unity. In contrast, lakes formed through tectonic activity usually have more elongated, 

narrow shapes and are thus expected to have higher values of DL. For the 190 Titanian 

shorelines mapped for my previous study, the mean shoreline development index was 

calculated to be 2.995 (Fig. 3.6b). The shoreline development index depends on the 

relationship between perimeter and surface area, which together vary weakly with 

resolution and can be related to the fractal dimension through power-law relations, as 

shown in previous studies (e.g. Cheng, 1995). The calculation of the shoreline 

development index is thus at most weakly affected by dataset resolution. 

    Apart from the shape of the lake, the value of this index is also affected by the 

irregularity of the shoreline. A lake shoreline that is very rough and intricate will have a 

higher overall perimeter and thus have a higher DL value, but so will a shoreline that is 

highly elongated. For example, the linear Rift Valley lake Abaya (shown in Fig. 3.3), 

formed by tectonic processes, has a high DL value of 2.9, but so does the more circular 

lake Manicouagan (also shown in Fig. 3.3) formed by an impact, due to its very intricate 

shoreline (DL = 4.1). Thus, I introduce another parameter that can be used as an 

independent proxy for the elongation of the lake. 

3.4.4 Elongation index/Aspect Ratio index 

I define the elongation index as the maximum ratio of two perpendicular dimensions of a 

shape (Fig. 3.7). For lakes that are almost circular in shape, the value of this index will be 
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close to 1.0, while lakes that are elongated in shape will have larger elongation indices 

associated with them. I calculated the mean elongation index for Titan’s 190 lake 

shorelines to be 2.27 (Fig. 3.6c). The calculation of the elongation index only depends on 

the overall shape of the lake, which varies very weakly with resolution and thus this 

parameter is also very weakly affected by dataset resolution. 

 

 
 

 

 

 

 

Figure 3.7. Calculation of the elongation index is demonstrated here for one of the 

terrestrial lakes, Manitoba, in my database. Each lake was rotated multiple times and the 

maximum value of the ratio of the perpendicular dimensions was chosen to be the 

elongation index. 
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3.5  Analysis of terrestrial analogs 

3.5.1  Analysis of backscatter data 

The SWBD lake outlines were produced from the SRTM backscatter data by National 

Geospatial Agency contractors through automated techniques (Slater et al., 2006). 

However, the 190 Titanian lake shorelines from my previous study (Sharma and Byrne, 

2010) were manually mapped from Cassini RADAR backscatter data. Before using the 

same statistical techniques to analyze and compare the manually mapped shorelines on 

Titan and the automatically mapped shorelines on Earth, I tested to determine if it would 

be a valid comparison. I selected 16 example terrestrial lake outlines (2 corresponding to 

each process type) from the SWBD (generated through automated routines) and also 

obtained the corresponding SRTM C-band RADAR backscatter data (T. Farr, personal 

communication). I performed some initial processing on the backscatter data, including 

contrast stretching and mosaicking. Next, I manually outlined the shorelines of these 

example terrestrial lakes using the same methods and criteria employed to map Titan’s 

shorelines (Sharma and Byrne, 2010). Before carrying out the fractal analysis, I 

converted these shorelines from latitude and longitude to stereographic coordinates 

centered on each of the lakes.  

    Figure 3.8 compares the manual and automated mapping techniques for an example 

terrestrial lake. As seen in this figure, I find both the mapping techniques to produce lake 

representations that look similar. To quantify this comparison, I compared the ruler 

fractal dimensions, shoreline development indices and elongation indices of the manually 
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mapped shorelines and the shorelines produced through automated routines (Table A.1 in 

Appendix A). Except for the box-counting dimensions, I find good correlation (see figure 

3.9) between the parameters calculated from the manually and automatically mapped 

shoreline data, as indicated by the calculated correlation coefficients (r = 0.73 for ruler 

dimensions, 0.89 for shoreline development indices, 0.97 for elongation indices and 0.41 

for box-counting dimensions). As I concluded in my previous analysis of Titan’s lakes 

(Sharma and Byrne, 2010), the ruler method is more accurate than the box-counting 

method and I will focus on the ruler method results in this study. A possible explanation 

for the poor performance of the box-counting method might be that I am employing an 

easier to implement version (grid method). I thus find that the automated mapping of 

Slater et al. (2006) works as well as manual mapping for producing accurate 

representations of the lake shorelines from the SRTM dataset. 
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Figure 3.8. SRTM C-band backscatter data of volcanic lake Toba with comparison of 

manual (upper) v/s automated (SWBD lower) mapping techniques.  
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Figure 3.9. Comparison of shoreline characterization parameters of terrestrial lakes 

generated from manual v/s automated mapping for various formation mechanisms. 

 

 

 

 

 

a b 
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3.5.2  Analysis of SRTM Water Body Data (SWBD) 

I processed the SWBD outlines corresponding to my chosen 114 lake shorelines, 

including converting multi-part polygons to single polygons and combining data for lakes 

spanning more than a single 1°×1° SWBD tile. I transformed the SWBD from their initial 

geographic projection to a stereographic projection centered on the lake and then 

evaluated the statistical quantities described in section 3.4 (Tables A.2 and A.3 in 

Appendix A). Figure 3.10 compares the calculated ruler and box-counting dimensions for 

all the 114 terrestrial analogs. In general, these are correlated although the ruler method 

has a wider range of values (1.024-1.37 vs 1.012-1.233) when outlier points are 

discarded. This again reinforces the idea that the ruler method is more reliable than the 

box-counting method. 
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Figure 3.10. Comparison of ruler and box-counting dimensions for 114 terrestrial lakes 

(calculated using SWBD lake outlines made through automated routines). The outlier 

data points in the top left of the plot correspond to the lakes shown on the right, which 

have unusual curved shapes and thus very high box-counting dimensions. 

 

    To assess the significance of the differences in the means of statistical parameters 

corresponding to different processes, I performed an analysis of variance (ANOVA) 

statistical test, which is a way of splitting the variance of the entire population into 

variance within sub-groups versus variance between groups.  Results of this test are 

reported as an F-ratio, which can be converted into the probability that variability 

Oxbow lake of Amazon 

river (Brazil / fluvial lake 

/ 6 km2) 

Oxbow lake of Ganga river 

(India/ fluvial lake / 2 km2) 

Lac des Brenets (France/ 

landslide lake / 0.55 km2) 



120 
 

 
 

between groups occurs only by chance. A high value of the F-ratio indicates the 

differences between the sub-groups are statistically significant.  A probability of 

occurrence by chance of 5% is considered the usual cutoff for statistical significance. 

Using the ruler fractal dimensions of the 114 terrestrial lakes, I derive an F-ratio of 5.52, 

which would occur by chance only 0.002% of the time, indicating that the differences 

between the lakes formed by various processes are statistically significant. Using the 

shoreline development indices and the elongation indices, I derive values of F-ratio of 

8.59 (which could occur by chance 2.57e-06% of the time) and 6.47 (which could occur 

by chance 2.3e-04% of the time), respectively. All of these results indicate that the 

terrestrial lakes formed by different processes do indeed belong to different populations 

with different means. Such a statistical analysis can therefore be used to distinguish 

between groups of terrestrial lakes formed by different processes. 

3.5.3  Comparison with Titan’s north polar lake shorelines 

In Fig. 3.11, I compare the fractal dimensions, shoreline development indices and 

elongation indices for the 94 terrestrial lakes and the 184 Titanian lakes, with surface 

areas smaller than 5000 km
2
. I observe overlap between statistical parameters for Titan’s 

lake shorelines and all the terrestrial processes considered here. Another point to be noted 

here is that the same process can form lakes with shorelines with widely varying 

dimensions, e.g. in Fig. 3.11, I observe that glacial processes can form shorelines with 

fractal dimensions ranging from as low as 1.05 to as high as 1.37 (Fig. 3.12). 
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Figure 3.11. Comparison of shoreline parameters for 94 terrestrial and 184 Titanian lakes 

smaller than 5000 km
2
. Vertical lines denote mean values and shaded boxes indicate 1σ 

ranges. 

 

 

 
Lake Pukaki (New Zealand / Glacial / 176 km2 / ruler  

D=1.05)  

 

 

 

 

 
Lake Cedar (Canada / Glacial / 2642 km2 / ruler D = 

1.37) 

 

Figure 3.12. One process can form lakes with shorelines with widely varying dimensions. 

e.g. Lake Pukaki and Lake Cedar are both formed by glacial processes, but Pukaki has a 

low fractal dimension of 1.05, while Cedar has a high fractal dimension of 1.37.  
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    Out of the 190 Titanian lakes that I had mapped for my previous study, six have areas 

larger than 5000 km
2
. I selected 20 of the largest lakes on the Earth (larger than 5000 

km
2
), 10 each formed by glacial and tectonic processes (Table A.3 in Appendix A), for 

comparison with Titan’s large lakes. I calculated their ruler fractal dimensions and 

shoreline development indices and compared them with Titan’s large lakes, as shown in 

Fig. 3.13. I again observe overlap of the large Titanian lakes with both tectonic and 

glacial terrestrial lakes. 

 

 

 

 

 

Figure 3.13. Comparison of shoreline parameters for 20 terrestrial and 6 Titanian lakes 

larger than 5000 km
2
. Vertical lines denote mean values and shaded boxes indicate 1σ 

ranges. 

 

    I also checked for any correlation between the ruler and box-counting fractal 

dimensions versus the shoreline development index and the elongation index for the 

terrestrial lakes. However, I observed no obvious correlation between these parameters, 
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as is shown in the two-dimensional plots in Fig. 3.14 (the figures also include calculated 

values of these parameters for Titan’s lakes for comparison with the terrestrial lakes). 

 

 

 

 

 

 

 

 

 

Figure 3.14. Two-dimensional plots comparing ruler and box counting fractal dimensions 

versus the shoreline development index and linearity index for 114 terrestrial lakes. 

Parameters for Titan’s lakes are also included in the plot for comparison.  

 

 

    To quantitatively examine my observation of overlapping parameters, I performed the 

Kolmogorov-Smirnov (K-S) test for comparing the distribution of parameters for Titan’s 

lake shorelines against each of the terrestrial process datasets and against all the 

terrestrial lakes as one group. This is a non-parametric test, i.e. it does not make any 
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assumptions about the population distribution of the datasets (Press et al., 2007). This test 

can thus be used to examine to a certain required level of significance, the null hypothesis 

that two data sets are drawn from the same population distribution function. Disproving 

the null hypothesis in effect proves that the data sets are from different distributions. 

Results of this test are reported in the form of two parameters: the K-S statistic D, which 

can be converted into the probability (p-value) indicating the significance of the observed 

D value. An estimate of the D statistic higher than the critical value, combined with a 

small p-value, indicates that the two datasets are derived from different distributions. 

Table A.4 in Appendix A shows the results of the Kolmogorov-Smirnov statistical test 

for comparing distributions of roughness parameters (ruler fractal dimensions, shoreline 

development indexes, linearity indexes) of terrestrial lakes of each process type and 

Titanian lake shorelines. Using the ruler fractal dimension, the values of D and p were 

found to be 0.632 and 6.77e-026. Using shoreline development index, the values of D and 

p were found to be 0.349 and 3.3e-008. Using the linearity index, the values of D and p 

were found to be 0.108 and 0.446. 

    The results indicate that the distribution of Titanian shoreline parameters is not 

statistically similar to the distribution of terrestrial lakes formed by any one particular 

process. One must interpret these results with caution, since they are limited by the small 

number of data points per subgroup, as compared to the Titanian lakes. There could be a 

number of possible explanations for this difference in distribution of parameters between 

Earth and Titan, a few of which I have listed here: 
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1) Lakes on Titan may also be divisible into many sub-populations like terrestrial lakes. 

However, using the currently available data, there is no independent way to classify each 

Titanian lake according to process type. Therefore, when I combine all the Titanian lakes 

into one group for comparing with individual terrestrial process types, I do not observe a 

distribution of parameters for Titan that matches any of the individual processes. Even on 

comparing all the terrestrial lakes as one group with all the Titanian lakes, I find the same 

result which could imply that the mix of processes responsible for lake formation differs 

between Earth and Titan.  

2) My statistical analysis is limited by the small number of data points for terrestrial 

analogs in some of the sub-groups, and thus this analysis may not be sufficient to 

differentiate between terrestrial and Titanian lake shorelines. It is possible that a very rare 

form of terrestrial lake (e.g. impact) could be the most dominant lake type on Titan. 

 3) Lake shorelines on Earth may be smoother/less complex compared to the Titanian 

shorelines, because the terrestrial shorelines are influenced by multiple surface processes 

(often in response to long-term climate change) that could smooth them over time 

(although short-term seasonal changes have been observed on Titan in the form of retreat 

of lake shorelines (Turtle et al., 2011a) and varying cloud activity (Turtle et al., 2011b), 

Titan has not been observed on a long enough timescale to detect climate change similar 

to what has been observed in the Earth’s case). 

4) Erosive processes on terrestrial lake shorelines might be subdued due to the presence 

of vegetation (plant roots would hold on to the soil and thus minimize erosion).  
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In conclusion, the difference in the distribution of shoreline parameters for Titanian and 

terrestrial lakes implies that although this statistical analysis can be used to distinguish 

between groups of lakes formed by different surface process on Earth, it cannot be used 

to deduce the process(es) responsible for forming the lake basins on Titan. 
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3.6  Conclusions 

I have carried out a statistical analysis of the lake shorelines (formed by different 

processes) on Earth and Titan to address the question of whether there is a connection 

between the surface processes and the roughness parameters of the lake shorelines 

formed by them. 

1) I carried out an assessment of manual mapping versus automated mapping techniques 

by manually outlining the shorelines of terrestrial lakes using the SRTM C-band 

backscatter data, and comparing them with data generated through automated routines 

(SWBD). I found good correlation between the statistical parameters calculated for both 

the manual and automated data, indicating that the automated routines of Slater et al. 

(2006) produce as good representations of the lake shorelines as the manual mapping in 

the SRTM dataset. 

 2) Shorelines on both Earth and Titan can be described as self-similar fractals. Using 

data from the SRTM for the terrestrial lakes and the Cassini RADAR for the Titanian 

lakes, I calculated ruler/divider fractal dimension, shoreline development index and 

elongation index for 114 terrestrial lakes formed by different processes and for the 190 

Titanian shorelines that I had mapped as part of my previous study. For Titan’s north 

polar lakes, the mean shoreline development index was calculated to be 2.995 and the 

mean elongation index was calculated to be 2.27. The mean ruler fractal dimension for 

Titan’s lakes had been calculated in my previous study to be 1.27. 
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3) I found statistically significant differences in the shoreline parameters of terrestrial 

lakes formed by different surface processes, which suggests that these parameters can be 

related to the surface processes forming the lake shorelines.  

4) However, on comparing the range of values of statistical parameters for Earth’s and 

Titan’s lakes, I found overlap between Titan’s lakes and terrestrial lakes formed by 

multiple processes. Moreover, I determined that the distribution of Titan’s shoreline 

parameters does not match the distribution of any of the terrestrial process datasets. I thus 

conclude that there is no one process or set of processes that I can propose, on the basis 

of shoreline morphology alone, to be responsible for forming the depressions containing 

the lakes on Titan. I separately compared the six largest lakes on Titan (with areas larger 

than 5000 km
2
) with 20 of the largest lakes on Earth, formed through either glacial or 

tectonic processes. Again, I did not find any one process to be more probable than the 

other in forming the large lakes on Titan. 
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CHAPTER 4 

GLOBAL SURFACE ROUGHNESS OF TITAN 

 

4.1. Introduction 

The topography of any planet reflects processes that have shaped it on a global scale and 

thus is of particular interest in the context of the planet's evolution (Smith et al., 1999; 

Senske et al., 1992; Watters et al., 1998; Aharonson et al., 1998, 2001; Zuber et al., 

2012). Using topographic information in conjunction with imagery can greatly help guide 

the identification of geological units, derivation of stratigraphic and temporal relations 

between them and calculation of morphometric measurements (Williams and Phillips, 

2001; Cochrane and Ghail, 2006).  

    Topographic data for Titan have been derived through a number of methods, including 

the altimetry mode of the Cassini RADAR (Zebker et al., 2009), stereo analysis of 

overlapping SAR swaths (Kirk et al., 2005) and images from the Descent Imager and 

Spectral Radiometer (DISR) on the Huygens probe (Soderblom et al., 2007), 

radarclinometry or shape-from-shading (Radebaugh et al., 2007) and SARtopo height 

estimates extracted from SAR backscatter data (Stiles et al., 2009, 2011; Mitchell et al., 

2010). Among these, only the altimetry dataset is currently available on NASA’s 

Planetary Data System (PDS). Another method for deducing statistical properties of 

topography on Titan uses fractal theory to characterize the complexity of the polar lake 
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shorelines on Titan (which represent topographic contour lines) and relate it to the 

roughness of the landscape in which they are embedded (Sharma and Byrne, 2010). Such 

a statistical analysis however, can only be used to provide a measure of relative relief, 

i.e., topography at smaller spatial scales versus that over larger spatial scales.  

    Previous studies of Titan’s surface topography in localized regions (Radebaugh et al., 

2011; Mitchell et al., 2011) have reported only few hundreds of meters of elevation 

variation with very gentle slopes. Zebker et al. (2009) analyzed 18 Cassini altimetry 

profiles and found large regions of smooth, sub-100 m topography on Titan, with overall 

relief not exceeding 1 km in any profile. To examine the range of topography on Titan, 

Lorenz et al. (2011) utilized Cassini SARtopo data and computed hypsograms for Titan 

for comparison to the terrestrial planets. Titan’s unimodal and narrow hypsogram 

indicates a flat surface overall, with a small dynamic range of topography (<2 km). 

However, even though there are 46 spatially well-distributed Cassini altimetry profiles 

that are now available, the Cassini altimetry dataset has been underutilized, with only a 

few of the profiles having been analyzed to study individual surface features on Titan 

(e.g. Ontario Lacus (Hayes et al., 2010; Wall et al., 2010), dune fields (Le Gall et al., 

2011)). In this study, I analyze all 46 profiles with the aim of investigating the spatial 

variation of surface roughness and developing a global view of relief on Titan. 

 

4.2. Instrument and Datasets 

4.2.1 Cassini Radar instrument 
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The Cassini spacecraft carries a Ku-band (2.17 cm wavelength; 13.7 GHz), linearly 

polarized Radio Detection and Ranging (RADAR) Instrument onboard (Elachi et al., 

2004). It can function in four different operation modes: imaging (Synthetic Aperture 

Radar-SAR), altimetry, scatterometry and radiometry, out of which the first three are 

active modes while the last one is passive. For this study, I have used data from the 

altimetry and SAR modes of the Radar instrument, which are described in detail in the 

next two sections. 

4.2.1.1 Cassini Synthetic Aperture Radar (SAR) 

At Titan, the side-looking SAR mode is used at altitudes mostly under ~4,000 km, 

resulting in resolution cell size ranging from ~300 m to >1 km. At each Titan encounter 

for which the Cassini Radar instrument is used in SAR mode, a swath 120-450 km wide 

and ranging from 1000-5000 km in length is created from 5 antenna beams, with 

coverage largely determined by spacecraft range and orbital geometry. Radar backscatter 

variations in SAR images can be interpreted in terms of variations of surface slope at the 

scales of the resolution cell and shorter, surface roughness at the wavelength scale, near-

surface dielectric properties and scattering from the subsurface (volume scattering and 

surface scattering from buried interfaces). Currently, SAR swaths until the T77 flyby 

(June, 2011), that cover ~45% of Titan’s surface (Lopes et al., 2011), are available in the 

form of Basic Image Data Record (BIDR) files on the PDS. 

 

4.2.1.2 Cassini Radar altimetry 
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In the altimetry mode, the RADAR instrument sends microwave pulses towards Titan’s 

surface and records the time it takes for the echo to be returned (Zebker et al., 2009; 

Elachi et al., 2005; West et al., 2008) (for an overview of radar altimetry in general, the 

reader is advised to refer to Brown, 1977). As of the T77 flyby, 46 Cassini radar altimetry 

profiles are currently available on the PDS, in the form of Altimeter Burst Data Record 

Summary (ABDR_SUMMARY) files. The Cassini Radar operates in the nadir-pointing 

altimetry mode at high altitudes of 4000-10,000 km, resulting in typical bandwidth-

limited footprint sizes of 20-35 km. The spacing between the radar footprints varies from 

~0.4-24 km, depending on the position along the altimetry track. These altimetry profiles 

range in length from ~200-4000 km and have a height accuracy of ~ 35-50 m (Zebker et 

al., 2009). Figure 4.1 shows the locations of these 46 altimetry profiles with SAR swaths 

and a global Visual and Infrared Mapping Spectrometer (VIMS) mosaic in the 

background. Despite its smaller areal coverage, the altimetry data match the SARtopo 

data well (Stiles et al., 2009). 
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Figure 4.1. Locations of 46 Cassini altimetry profiles are shown on this map of Titan’s 

surface with Cassini SAR swaths and a global VIMS mosaic in the background. (i) refers 

to inbound altimetry profiles while (o) refers to outbound profiles. 

 

    The topographic information retrieved from the Cassini radar altimetry mode is 

reported in the form of two topographic measures or surface heights: threshold or leading 

edge surface height and first moment or centroid surface height. Another less commonly 

used estimate, the Maximum Likelihood Estimator (MLE) height, has also been 

generated; however, I have not used the MLE height estimate for my study. Each of these 

values is corrected to take into account spacecraft pointing errors and is referenced to a 

2575 km Titan radius (for details of the algorithms used for estimating the different 

surface heights and the incorporated corrections, please refer to Zebker et al. (2008, 

2009)). The threshold or leading edge surface height corresponds to the delay from the 

transmit event until the first echoes are received from the uppermost parts of the observed 

surface (which is estimated as the time when the echo amplitude exceeds one quarter of 
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its peak value). Therefore, the leading edge heights correspond to the highest terrain. 

Meanwhile, the first moment surface heights or centroid heights correspond to the 

‘average’ delay which is obtained by computing the centroid of the observed power 

distribution, as described by the first moment of the echo with respect to time. Thus, the 

centroid heights are more reflective of the mean elevation of the illuminated terrain. For 

my analysis, I have utilized the corrected versions of the centroid and leading edge height 

estimates, which remove the effects of varying incidence angle and altitude. 

    The difference of the centroid and leading edge heights gives an estimate of the intra-

footprint relief within the illuminated RADAR footprint (in contrast to the inter-footprint 

relief, that is obtained from difference between successive elevation points in an altimetry 

profile). The relationship between this difference and the physical relief on the surface 

depends on how the elevation is distributed. For example, for a Gaussian elevation 

distribution, the difference of the leading edge and centroid heights would be ~1.66 times 

the standard deviation of the elevation distribution. In this paper, however, I report relief 

only as the difference of the leading edge and centroid heights, without assuming any 

particular relief distribution. 

    Table A.5 in Appendix A lists the 46 Cassini altimetry profiles that I used for this 

study. 
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4.3. Statistical measures of surface roughness 

4.3.1  Root Mean Square (RMS) and Median absolute slope 

The RMS slope is one of the most commonly reported surface roughness parameters 

(Shepard and Campbell, 1998; Shepard et al., 1995, 2001; Rosenburg et al., 2011). For a 

profile, the RMS slope ( )( xs  ) is the ratio of the RMS difference in height between each 

pair of points (or the RMS or Allan deviation, ν(Δx)) to the baseline length or the 

distance between the pair of points, Δx).  

                                          
  2

1
2

)()(
1)(

)( ii xzxxz
xx

x
xs 










 ,                     (4.1) 

where the angle brackets indicate the mean.                           

    The RMS slope is strongly affected by outliers in the distribution because it depends 

on square of the deviation values. Since the slope-frequency distribution of natural 

surfaces is often non-Gaussian with long tails that would affect the value of the RMS 

slope, another statistical parameter, the median absolute slope, provides a more robust 

way to quantify the roughness of the landscape (Aharonson et al., 2001; Aharonson and 

Schorghofer, 2006). In this paper, I therefore report the median absolute slopes instead of 

the RMS slopes. I calculate the median absolute slope by measuring point-to-point 

absolute slopes between pairs of points along a profile, dividing the points into baseline 

bins and calculating the median within each bin. I report one-dimensional (along profile) 

slopes in this paper, which are lower limits of true slopes of Titan’s surface. 
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4.3.2  Hurst Exponent (H)  

Some topographic characteristics of some terrains are well approximated by a model of 

self-affine random field, which implies that the variation in elevation ΔZ is related to the 

along-profile separation ΔX as 
HXZ   , where H is the Hurst exponent or the 

Hausdorff-Besicovitch dimension (which sometimes goes by different names in different 

fields) and varies between 0 and 1; such behavior is also termed fractional Brownian 

motion (Voss, 1988; Turcotte, 1997; Sharma and Byrne, 2010, 2011; Orosei et al., 2003). 

My previous study of Titan’s north polar shorelines provided evidence for self-affinity of 

Titan’s topography, in the form of linear nature of log-log plots of their perimeter versus 

baseline (Sharma and Byrne, 2010).  

    Slopes (given by ΔZ/ΔX) are proportional to ΔX
H-1

 and so are higher over shorter 

baselines. The Hurst exponent can therefore be used to quantify the relationship between 

slopes at different baselines (Eq. 4.2).  

                                   )log()log()1())(log(

)( 1

BxHxs

xBxs H



 

   ,                                (4.2) 

where B is the median absolute slope at 1 m. The slope of a best-fit line to log(s(Δx)) 

versus log(Δx) thus provides an estimate of the Hurst exponent. H is a measure of relative 

relief over varying length scales. The smaller the value of H, the greater is the short-

wavelength relief compared to the long-wavelength relief. It can also be thought of as 
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quantifying how rapidly slopes increase with decreasing baselines. I calculated the Hurst 

exponent from slopes calculated over baselines of 45 km, 90 km and 180 km (this 

universal set of baselines for all altimetry profiles was chosen based on the calculated 

bandwidth-limited footprint size, described in detail in section 4.4). 
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4.4. Analysis of Cassini Radar altimetry data 

 

Before investigating the surface roughness of Titan from Cassini altimetry data, I 

removed geographically detached points at the beginning and end of profiles. I divided 

Titan’s surface into 20 degree latitude bins and 20 degree longitude bins. From each of 

the 46 altimetry profiles, I then selected points within the spatial extent of each latitude 

and longitude bin. Next, for all the profiles that cross each latitude and longitude bin, I 

calculated the point-to-point absolute slopes between adjacent and ‘interleaved’ points 

(for details of interleaving data for generating plots of a given statistic versus scale, 

please refer to Shepard et al. (2001)).  

    The bandwidth-limited footprint size is given by ~ 4√(Rha/(R+h)), where R is Titan 

radius, h is spacecraft altitude, a is the range resolution (=C/2B), C is the speed of light, B 

is the processing bandwidth (4.25 MHz for Cassini Radar altimeter from Zebker et al. 

(2009)) (Ford and Pettengill, 1992). Pairs of elevation points for which the baselines are 

smaller than the bandwidth-limited footprint size are correlated and thus are not used for 

investigating spatial variation of surface slopes. In order to remove the effect of 

correlated elevation measurements, I disregarded slopes with baselines smaller than the 

bandwidth-limited footprint size, thus ensuring that I used only independent height 

estimates for my slope calculations. Next, I divided these selected absolute slopes into 

logarithmically-spaced baseline bins and calculated the median absolute values for the 

slopes within each bin. Following this, I plotted the median absolute slopes versus the 
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geometric means of the upper and lower baseline limits of each bin (Fig. 4.2a, b). Using 

the common baselines of 45 km, 90 km and 180 km from each latitude and longitude bin, 

I used the variation of median absolute slope with baseline to calculate the Hurst 

exponent based on Eq. 4.2. The linear nature of the median absolute slope versus baseline 

plots shown in Fig. 4.2 provides further support for the self-affine nature of Titan’s 

surface (A few of the latitude/longitude bins exhibit non-linear variation of the slope 

versus baseline. This indicates that different values of H are needed to quantify the 

landscape roughness over different length scales, a property termed multi-fractal 

behavior). 

 

  
 

Figure 4.2. Variation of median absolute slope with baseline for (a) 20 degree latitude 

bins and (b) 20 degree longitude bins on Titan. East longitudes are used. 

 

    Figures 4.3a, c and e show the spatial variation of the median absolute slopes at 45, 90 

and 180 km with latitude on Titan, while Figs. 4.3b, d and f exhibit the same variation 

with longitude. The results for the spatial variation of the Hurst exponent on Titan are 

shown in Figs. 4.4a (versus latitude) and b (versus longitude). Values of H > 1 

corresponding to some of the latitude/longitude bins imply that in some regions, Titan’s 

a b 
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landscape might not be well-approximated by an idealized self-affine surface and these 

values have not been included in the plots shown in Figs. 4.4a and b. Figure 4.4c shows a 

global surface roughness or Hurst exponent map (with 30º×30º bins used to make coarser 

resolution maps to include sufficient number of data points per bin) for Titan derived 

from Cassini altimetry data. Overall, my calculations show median absolute slopes of 

~0.023-0.086º, ~0.013-0.08º and ~0.006-0.069º over baselines of 45 km, 90 km and 180 

km, respectively and Hurst exponents in the range of ~0.07-0.94. 
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Figure 4.3.  Spatial variation of median absolute slope at 45 km, 90 km and 180 km with 

latitude and longitude on Titan. The labels show the number of pairs of points included in 

each band. Error bars are shown in red. 
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Figure 4.4.  Spatial variation of Hurst exponent (H) with (a) latitude and (b) longitude on 

Titan. The labels show the number of pairs of points included in each band. Error bars  

a 

b 

c 
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are shown in red. In accordance with my assumption of fractal landscapes for which 

0<H<1, values of H greater than 1.0 have not been included in these plots. (c) Global 

surface roughness or Hurst exponent map for Titan derived from Cassini radar altimetry 

data. Black pixels correspond to no data. 

 

    The accuracy of the elevation data is 35-50m (Zebker et al., 2009).  In order to 

estimate the error in my reported median absolute slopes and Hurst exponents, I assume 

that the error in baseline is small compared to the baseline itself.  With that assumption 

(and the knowledge of how many points are in each baseline bin) I can calculate the error 

in the mean of the absolute slope.  Converting this to an error in median absolute slope is 

problematic and requires knowledge of the slope distribution itself.  For example, for 

measurements in a Gaussian distribution, the inferred error in the median is 1.25 times 

the inferred error in the mean. I use this factor to convert the calculated error in mean 

slope to error in median slope although in reality we would need to know the slope 

distribution in advance to deduce the true conversion factor.  I propagate these errors in 

median absolute slope to derive the uncertainty in the Hurst exponent when fitting for 

that value. The errors in the median absolute slopes and the Hurst exponents are shown in 

red in Figs. 4.3 and 4.4. Overall, the errors in both the slopes and Hurst exponents are 

found to be small enough to not have a significant effect on my results. However, the 

lingering uncertainty in what the slope distribution is remains. 

    Figure 4.5a shows global hypsograms for Titan (using both centroid and leading edge 

height estimates) that are uncorrected for geoid undulations (Iess et al., 2010). These 

altimetry-derived hypsograms (Fig. 4.5a) are unimodal and narrow in shape (with peaks 

at ~100-200 m), similar to the hypsogram derived from SARtopo data by Lorenz et al. 
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(2011). Moreover, these altimetry-derived hypsograms have standard deviations of 

~252m (centroid) and ~243m (leading edge), which are similar to the 250m standard 

deviation of SARtopo-derived hypsogram.  

    The slight skew to negative elevations noted in the SARtopo data by Lorenz et al. 

(2011) is more prominently expressed in this altimetry hypsogram.  The SARtopo and 

altimetry data are not co-located and both datasets are widely, but sparsely, distributed 

across Titan. By chance, the altimeter has detected more of these low-lying terrains than 

the SARtopo dataset, thus it is likely that further revisions to the shape of Titan’s 

hypsogram will need to be made as additional data fill in the blank patches of the map. 

The overall hypsogram is close to Gaussian in shape with a distinct superimposed 

population of lower-elevation terrains. I found this lower-elevation terrain to be widely 

distributed and not confined to any particular location on Titan and generally 

uncorrelated with geoid lows reported by Iess et al. (2010).  

    I also compared the leading edge and centroid height estimates for each profile to get a 

measure of intra-footprint relief (difference between the two estimates) on Titan over 

scales of tens of kilometers (we ignored the small number of data points for which the 

centroid height was larger than the leading edge estimate). Finding locations where these 

values diverge indicates higher-relief terrain. Intra-footprint relief across Titan’s surface 

(Fig. 4.5b) is distributed in approximately log-logistic fashion with mean, median and 

standard deviation of 100m, 83m and 72m, respectively. As we shall see below, this 

global distribution masks significant regional variation. 
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Figure 4.5. Global (a) hypsogram (presented in similar format to Lorenz et al. (2011) for 

comparability) and (b) histogram of intra-footprint relief from Cassini altimetry data 

over-plotted with a Log-logistic distribution fit. 

 

    I found higher intra-footprint relief (~100-165 m) in the mid-latitudes and polar 

regions compared to the equatorial region (~70 m). Figures 4.6a and b show spatial 

variation of intra-footprint relief with latitude and longitude. Figure 4.6c shows a global 

intra-footprint relief map for Titan (with 30º×30º bins) at the scales of the Cassini 

altimeter footprints (tens of kilometers).  
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Figure 4.6.  Spatial variation of intra-footprint relief with (a) latitude and (b) longitude on 

Titan. The labels show the number of points included in each band. (c) Global average 

intra-footprint relief map for Titan at scales of tens of kilometers, derived from Cassini 

radar altimetry data. Black pixels correspond to no data.  
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    Overall, I find smaller slopes, lesser intra-footprint relief and lower values of Hurst 

exponent in the equatorial regions compared to the mid-latitudes and polar regions 

(except for the north polar region from 70ºN-90ºN, which we have no altimetry data for). 

These results indicate the equatorial regions on Titan, predominantly covered by only one 

kind of surface unit - dune fields, to be the smoothest (at the large scales of tens of 

kilometers that I am investigating). However, the low values of H also indicate that 

slopes in the equatorial regions would increase more rapidly as we approach shorter 

baselines, rendering the equatorial regions potentially rougher at relatively shorter length 

scales (assuming a constant H can be used to describe the landscape roughness at these 

shorter length scales). 

    My measurements of intra-footprint relief within these dune covered areas are different 

from the ~100-150 m pre-published dune heights derived from radarclinometry (Lorenz 

et al., 2006; Lorenz and Radebaugh, 2009), as the large spatial footprint size of Cassini 

altimetry data compared to the dune spacing does not allow extraction of individual dune 

heights. In order to compare altimetry-derived relief with dune relief calculated by 

Lorenz et al. (2006) and Lorenz and Radebaugh (2009) from SAR data through 

radarclinometry, I simulated an altimetry echo from terrain containing longitudinal dunes 

of 150 m height (with both sides at the angle of repose) and 2 km dune spacing (as 

reported from Cassini SAR (Lorenz et al., 2006)). I added normally distributed 

topographic noise with standard deviation of 30 m to this simulated terrain (similar to the 

expected noise for altimetry data (35-50m) (Zebker et al., 2009)) and then calculated the 

intra-footprint relief that the Cassini altimeter would measure (difference between the 
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point at which the elevation distribution exceeds one quarter of its peak value and the 

mean elevation of the distribution). I repeated this 10
5
 times for different variations of 

topographic noise and compared it with the distribution of intra-footprint relief in the 

dune-filled equatorial region (30ºN-30ºS) obtained from altimetry (Fig. 4.7). I observed 

both histograms to have the same peak relief at few tens of meters (~50-60 m). The 

differences in the widths of these histograms may be due to spatial variations in the 

height and spacing of the dunes and presence of other surface features that contribute to 

the overall topography in the equatorial regions. Thus, the low equatorial relief is 

consistent with Titan’s dune fields as characterized by radarclinometry.  

  

Figure 4.7. (a) Longitudinal dunes of ~2 km spacing and ~150 m height on Titan 

observed in Cassini SAR data. (b) Comparison of histograms of simulated intra-footprint 

relief that would be observed by the Cassini altimeter, for a longitudinal dune field (with 

above mentioned properties) versus actual intra-footprint relief in the equatorial zone 

(30ºN-30ºS) that predominantly contains dunes. Both histograms peak at 50-60 m of 

relief. 

 

    I observe no trend in the spatial variation of any roughness parameters with longitude. 
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4.5. Overlap of Cassini altimetry profiles and SAR swaths 

 

Since the altimetry mode is nadir-looking compared to the side-looking SAR mode, the 

Cassini Radar instrument cannot be used in both modes simultaneously. Due to this, the 

altimetry tracks are rarely spatially correlated with SAR imagery. On comparing the SAR 

swaths with the altimetry profiles, I found 28 of the 46 Cassini altimetry profiles overlap 

sections of SAR swaths. Table A.5 in Appendix A lists these altimetry profiles and the 

overlapping SAR swaths. Out of these 28 overlapping profiles, I focus on sections of 12 

profiles that intersect features of interest.  

1) T30-outbound and T64 (SAR) 

The T30 outbound profile crosses a radar-bright, rough (at the SAR wavelength) feature 

centered at 39.15ºN, 145ºE in the T64 SAR swath (Fig. 4.8a). On closer inspection, the 

elevation profile reveals positive inter-footprint relief of ~ 650 m over the bright feature, 

but with gentle slopes (~0.5º) which are lower than even those of typical terrestrial shield 

volcanoes (which have low-elevation slopes of ~2-3º and mid-elevation slopes of ~10
o
 

(Francis and Oppenheimer, 2004)). Such small slopes indicate that if this feature is a 

cryovolcanic construct, it would be composed of lower viscosity flows than terrestrial 

basaltic lava (similar shield-like volcanoes with little relief and very low slopes have 

been noted on Io (Schenk et al., 2004)). Such a feature could also be a pediment, i.e. a 

remnant of a fluvially eroded mountain.  

2) T30-inbound (altimetry) and T29 (SAR) 
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The T30-inbound track is the longest Cassini altimetry profile (~4000 km). Multiple 

sections of this profile cross over features of interest in the T29 SAR swath. One section 

of this profile crosses over 3 bright, rough, linear features (or possibly radar-facing bright 

slopes of mountainous features) that correspond to three ‘elevation bumps’ or positive 

relief ridges in the altimetry profile (Fig. 4.8b). These ridges (and others covered by 

altimetry data; see supplementary material) only exhibit inter-footprint relief of a few 

tens of meters. For comparison, mountainous features observed on Titan have 

radarclinometry-derived elevations of a few hundreds of meters to ~3 km (Radebaugh et 

al., 2007; Liu et al., 2011, 2012).  

3) TA-outbound (altimetry) and T23 (SAR) 

A section of the TA (outbound) altimetry profile passes close to the rim of a 139 km 

diameter impact crater at 25.7ºN, 349.5ºE (cataloged as a ‘certain’ impact crater no. 5; 

N001205 by Wood et al. (2010)) observed in the T23 SAR swath (Fig. 4.8c). Although 

only about half of this unnamed feature is seen on the edge of radar swath T23, it is an 

undisputed impact crater due to its obvious circular shape, radar-bright, rough rim, 

smooth (radar dark) interior floor and a hint of a radar-bright central peak just at the 

image edge. A section of the altimetry profile overlapping the ejecta blanket shows an 

elevation drop of ~150 m with increasing distance away from the rim, with points in the 

altimetry profile closest to the rim exhibiting the highest elevations. The elevation data 

thus support the current interpretation of this feature in the T23 swath as an impact crater. 

4) T36-outbound (altimetry) and T8, T41 (SAR) 
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The T36-outbound profile crosses over what appears to be the radar-bright, rough rim of 

a quasi-circular feature with diameter ~ 350 km (outlined in red in Fig. 4.9b) in the T8 

and T41 SAR swaths (Fig. 4.9a), which could be a previously unrecognized impact crater 

centered at 9.8ºS, 161ºE. The central radar-bright, rough ring of features (outlined in 

green in Fig. 4.9b) within this structure also hints at an impact origin. As shown in Fig. 

4.9b, a section of the profile (outlined in blue) crosses over some radar-bright features 

with relatively higher elevation (~100-200 m) compared to the surrounding region, which 

could be a part of the rim of the circular feature.  Although not forming a straight line for 

convenient plotting, points in the altimetry profile that lie inside the crater exhibit a lower 

elevation. As with the previous case (Fig. 4.8c), the T36-outbound profile exhibits 

increasing elevation closer to the rim (Fig. 4.9b). Unlike peak-ring impact craters on 

terrestrial planets (Melosh, 1989), the diameter of the peak ring of this possible impact 

crater is smaller than half the rim-to-rim diameter. Titan’s exotic surface composition 

and/or the presence of a possible sub-surface liquid ocean could be responsible for this 

distinct crater morphology. Overall, the elevation data, along with the SAR imagery, are 

consistent with an impact origin for this quasi-circular feature.  

5) T3-outbound (altimetry) and T23 (SAR) 

 

The T23 SAR swath is covered by the T3-outbound profile which overlies a dune field 

centered at 12.5ºN, 1.75ºE as shown in Fig. 4.8d.  Dunes on Titan have a typical spacing 

of ~1-2 km, with heights of ~100-150 m and lengths of many tens of kilometers (Lorenz 

et al., 2006; Lorenz and Radebaugh, 2009; Le Gall et al., 2011). Due to the large spatial 
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footprint size of altimetry data compared to the dune spacing, it is not possible to extract 

elevations of individual dunes from the Cassini altimetry profiles. Nonetheless, the 

average relief of dune fields can still be constrained with altimetry data. I find relief of 

tens of meters over the dune field shown in Fig. 4.8d. While examining elevation data 

over dune fields like this one, it is important to note that the observed relief of few tens of 

meters is within the height accuracy of 35-50 m for the Cassini altimeter.  

6) T8-inbound, T13-outbound (altimetry) and T48 (SAR) 

Both these altimetry profiles cross the Shangri-La dune field centered at 0º, 184.5ºE 

(Figs. 4.8e and f). Again, the elevation profiles indicate relief of a few tens of meters in 

this prominent dune field on Titan. For a detailed description of these overlapping 

altimetry profiles and the dune field in the SAR swath, please refer to Le Gall et al. 

(2011).  

7) T30-inbound (altimetry) and T29 (SAR) 

A section of the T30-inbound profile overlaps with the Fensal dune field in the 

corresponding T29 SAR swath (Fig. 4.8g). As was mentioned before, the altimetry data 

cannot be to calculate heights of individual dunes because of the large spatial footprint 

compared to the dune spacing, but the data do provide an estimate of the local elevation 

of the dune field at ~100-150 m. 

8) T39-outbound (altimetry) and T41, T61 (SAR) 
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The outbound altimetry profile from T39 flyby crosses SAR swaths from 2 flybys: T41 

and T61. As shown in Fig. 4.8h, this profile overlaps with multiple radar-bright, rugged, 

linear features, that look similar in morphological appearance to mountainous ridges in 

other locations on Titan, as identified by Radebaugh et al. (2007) and Liu et al. (2011). 

An examination of the overlapping T39-outbound altimetry profile confirms their 

interpretation as mountain chains with relief of 100-200 m and gentle slopes (over tens of 

kilometers of length of altimetry profiles). 

9) T49-inbound (altimetry) and T57, T58, T65 (SAR) 

The T49-inbound profile crosses over the largest and most extensively studied southern 

polar lake on Titan, Ontario Lacus (Fig. 4.8i). This lake has been observed in SAR 

swaths T57, T58 and T65. The altimetry data reveal the lake basin to be several 100s of 

meters deep (for more details of the bathymetry of Ontario Lacus, the reader is advised to 

refer to Hayes et al., 2010 and Wall et al., 2010).  

10)   T44-inbound (altimetry) and T43 (SAR) 

The T44-inbound profile traverses a region that varies in elevation and SAR brightness in 

the along-track direction, beginning from the higher elevation, radar-bright, rough terrain 

to lower elevation, radar-dark, smooth terrain (Fig. 4.8j). Overall, the altimetry profile 

exhibits relief of ~350 m from the radar-bright to the radar-dark sections. 

11)   T56-inbound (altimetry) and T16 (SAR) 

This is a similar scenario to the previous one, in which the profile crosses over a region 

varying in SAR brightness and relief (Fig. 4.8k). The altimetry profile crosses the edge of 
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a previously undiscovered, possible double impact crater with radar-bright, rough rims, 

centered at 27.3ºN, 216ºE.  
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Figure 4.8 (a-k). Examples of overlapping Cassini radar altimetry profiles and SAR 

swaths. 

 

 

 

 

 

 
Figure 4.9. (a) Quasi-circular feature of possible impact origin (diameter ~ 350 km), 

observed in T8 SAR swath. (b) A section of the T36-outbound altimetry profile (outlined 

in blue) crosses over the radar-bright, rough rim of the crater (outlined in red), which 

b 

a 

V.E. ~830:1 
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exhibits higher elevation compared to the surrounding terrain, consistent with an impact 

crater interpretation. The radar-bright central ring of the feature is outlined in green.  

 

 

4.6. Summary 

This work examines the global surface roughness of Titan based on elevation data from 

the Cassini RADAR instrument in altimetry mode. The altimetry dataset has clear 

limitations including restricted spatial coverage (with 46 profiles), large bandwidth-

limited footprint sizes of 20-35 km and low height accuracy (35-50 m). Despite these 

shortcomings, my preliminary investigation of spatial variation of roughness on Titan has 

several results.   

 

[1] I utilized Cassini altimetry profiles to calculate median absolute slopes at scales of 45 

km, 90 km and 180 km and the Hurst exponent for the surface of Titan. Overall, I find 

median absolute slopes of ~0.023-0.086º, ~0.013-0.08º and ~0.006-0.069º over baselines 

of 45 km, 90 km and 180 km, respectively and Hurst exponents in the range of ~0.07-

0.94 (in comparison, the Hurst exponent for the Earth’s Moon varies from 0.76 in the 

maria to 0.95 in the highlands over baselines ranging from ~17 m to ~2.7 km (Rosenburg 

et al., 2011); for Mars, the global median Hurst exponent over baselines of 300 m, 600 m 

and 1.2 km is 0.81 (Aharonson and Schorghofer, 2006)).  
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[2] I compared the centroid and leading edge height estimates from Cassini altimetry to 

extract a measure of local intra-footprint relief and found comparatively higher values 

(~100-165 m) in the mid-latitudes and polar regions compared to the equatorial region 

(~70 m). Equatorial intra-footprint relief is consistent with longitudinal dunes of the 

height and spacing observed by Lorenz et al. (2006) and Lorenz and Radebaugh (2009) in 

Cassini SAR data. I observed the global distribution of intra-footprint relief across 

Titan’s surface to be closely approximated by a log-logistic distribution.  

 

[3] I compared hypsograms of the altimetry and SARtopo elevation datasets (Lorenz et 

al., 2011) for Titan and found them to agree well in terms of their overall unimodal and 

narrow shape, similar peaks and standard deviations and slight skew towards negative 

elevations. 

 

[4] I observed a clear trend with latitude in the roughness parameters for Titan’s surface. 

Equatorial regions have lesser intra-footprint relief and were noted to be smoother (with 

relatively smaller slopes and lower values of H) at my scales of investigation, compared 

to the mid-latitudes and polar regions of Titan. The lesser intra-footprint relief in the 

equatorial regions is consistent with the presence of dunes. I observed no discernible 

trends in spatial variation of surface roughness with longitude.  

 

[5] I examined overlap between 28 altimetry profiles and SAR swaths. I found isolated 

positive relief features to be generally brighter in SAR (rougher) than their surroundings. 
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I reported average inter-footprint relief for a number of interesting topographic features 

covered by SAR data, including positive relief ridges (T30-inbound), a possible 

pediment/low viscosity flow feature (T30-outbound), a potentially previously-

unrecognized impact crater (T36-outbound) and the rim of a ‘certain’ impact crater (TA-

outbound). 
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CHAPTER 5 

MODELING OF TITAN’S DOMINANT SURFACE PROCESSES 

 

5.1  Introduction 

 

Landscape evolution models have proven vital for testing alternative hypotheses for the 

development of landscapes over time and for determining the linkages between form and 

process on both Earth and other solar system bodies. Pelletier (2007), for example, used 

landscape evolution modeling to infer that the necessary conditions for fractal topography 

are: (1) spatial or temporal randomness in the erodibility of the bedrock or substrate, (2) a 

diffusive smoothing mechanism (e.g. hillslope creep), and (3) a nonlinear amplification 

process (e.g. fluvial channel incision). This work followed upon Chase (1992) and Lifton 

and Chase (1992) who documented variations in fractal dimension between erosional and 

depositional terrestrial fluvial landscapes. Howard (2007) used landscape evolution 

modeling to constrain hypotheses for fluvial and aeolian modification of the cratered 

Martian landscapes through time. Using a numerical model of relief generation by impact 

cratering and relief reduction by mass wasting, Richardson et al. (2004) were able to 

determine signatures of both processes in the power spectrum of topography on asteroid 

433 Eros.  

    The work described in this chapter followed a similar approach to these classic studies. 

My goal here was to better understand the relative dominance of different surface 
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processes on Titan, their effect in modifying the surface topography and the resultant 

landforms produced due to their interaction with each other. Quantitatively, the specific 

goal of this study was to constrain ranges of the diffusivity (D) and erodibility coefficient 

(K) parameters (described later) that control the efficacies of processes that smoothen and 

roughen Titan’s topography, respectively. To achieve this, I combined existing models of 

impact cratering, mass wasting and bedrock channel erosion and self-developed models 

of mantling and tectonic activity. Using my integrated model, I simulated some of these 

dominant surface processes active on Titan and generated resultant synthetic landscapes. 

I analyzed the landscapes both qualitatively (through visual inspection) and quantitatively 

(through calculation of slope of the power spectrum, β). Different processes affect 

topographic contours of the landscape in different ways at different scales. These 

differences can allow us to distinguish between processes that are shaping Titan’s 

landscape. The objective is to determine in conjunction with the results from my earlier 

statistical analyses of Titan’s shorelines from Chapter 2 (Sharma and Byrne, 2010), 

comparison with terrestrial analogs from Chapter 3 (Sharma and Byrne, 2011) and global 

surface roughness results from Chapter 4, the statistical signatures of detachment-limited 

versus transport limited landscapes, relief producing (i.e. impact, tectonic) versus relief-

reducing processes (e.g. fluvial erosion and deposition, mass wasting), and specific 

process types.  

    One of the assumptions of the modeling that I have carried out to simulate Titan’s 

topography is that the relief-generating and relief-reducing processes are in balance on 

Titan, leading to a steady-state topography. However, it is not guaranteed that the 
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topographic statistics of Titan’s landscape are in steady state. The interior model of Tobie 

et al. (2006) suggests that Titan’s liquid methane may be episodically emplaced on the 

surface – most recently within the last billion years. One possibility is that significant 

landscape relief builds up through tectonic and impact processes, until methane is 

delivered to the surface, after which fluvial erosion from the continuous evaporation and 

precipitation of liquid methane wears down the landscape to its present form. 

Nonetheless, even if Titan’s current surface is not in steady state, the models presented 

here will improve our understanding of effects of the action of various dominant surface 

processes on the surface roughness of the landscape of Titan.   
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5.2  Models of surface processes 

 

The main processes that I have included in my models to simulate Titan’s steady state 

topography are: 

- Impact cratering 

- Mass wasting / Landslides 

- Bedrock channel erosion 

- Mantling (fallout of atmospheric material that blankets the surface on Titan) 

- Mountain building (tectonic activity) 

    These simulated landscapes are intended to replicate what a typical section of Titan’s 

surface might look like as a result of the interaction of multiple processes. For example, I 

used these simulated landscapes to study the degradation of single mountain ranges on 

Titan. Models like this are not intended to reproduce any specific section of terrain on 

Titan; rather they are supposed to be ‘representative’ of Titan’s entire surface.     

    In terrestrial models, the absolute rates and efficacy of various processes are 

empirically scaled. Although a number of environmental variables like diffusivity, 

erodibility coefficient (defined later) and grain-size distribution for Titan are currently 

unknown, the landscape evolution modeling that I have performed can be used to restrict 

their range of possible values. On Titan, the absolute rate of some processes, such as solid 

hydrocarbon production (Khare et al., 1984; McKay, 1996; Lavvas et al., 2009, 2010, 

2011), impact cratering (Korycansky and Zahnle, 2005; Neish and Lorenz, 2012), fluvial 

incision of the water-ice bedrock (Collins, 2005), sediment transport (Burr et al., 2006), 
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methane precipitation rate (Tokano et al., 2001; Perron et al., 2006) have been 

investigated and are independently constrained to different extents. I have used these 

studies as a starting point in simulating these model processes.  

    For all the simulations described hereafter, I used square grids, 512×512 in size, with a 

resolution of either 100, 200 or 500 meters/pixel, comparable to the Cassini Synthetic 

Aperture Radar (SAR) data (Elachi et al., 2004). Each model was run for 10000 time 

steps, with time steps of either 0.1 or 1 kyr. Additionally, I used doubly periodic 

boundary conditions in all my models, i.e., the model grid wraps around itself. To 

provide initial heterogeneities/elevation differences in the landscape for slope-dependent 

processes to be effective, I used either an initial impact cratered landscape (described in 

detail in section 5.2.1) or an initial power law surface with known slope of the power 

spectrum (for details of generating the initial power law surfaces, please refer to Chapter 

2, Section 2.2 of this thesis).  

    I calculated the slope of the power spectrum (-β) corresponding to each of my 

simulated landscapes to quantitatively analyze their evolution (for details of the 

calculation of the slope of the power spectrum, please refer to Chapter 2, section 2.2 and 

Chapter 4, section 3.4 of this thesis). The value of β is affected by relief across all length 

scales. Figure 5.1 demonstrates the variation of β with roughness of the landscape. For a 

synthetic landscape with a power spectrum shown in Fig. 5.1a, I fix the overall power at a 

reference wavelength of 100m. If some process modifies the landscape in such a way that 

the surface becomes smoother at shorter wavelengths, then the shorter wavelength 

features have lesser power associated with them compared to the longer wavelengths and 
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the resulting power spectrum has a steeper (smaller) slope or a larger value of β (as 

shown in Fig. 5.1b). On the other hand, if the dominant surface process makes the 

landscape rougher at shorter wavelengths, then the shorter wavelength features have more 

power associated with them compared to the longer wavelengths and the resulting power 

spectrum has a shallower (larger) slope or a smaller value of β (as shown in Fig. 5.1c).  

 

 

 
 

 

 

 

 

Figure 5.1. Effect of surface roughness on slope of the power spectrum (β) of the 

landscape. 

 

As we saw in Chapters 2 and 4, the β value for Titan’s surface varies between 1.16 in the 

equatorial regions to 1.942 in the polar regions (using the range of values for the Hurst 

exponent (0.08-0.471) and β = 2H +1), indicating the polar regions to be smoother (at the 

scales of Cassini altimetry data) than the equatorial regions. 

 

5.2.1 Impact cratering 

 

I developed an impact cratering model, based on the rules established by Howard (2007) 

for simulating crater basins in the highlands of Mars, to set up initial heterogeneities in 

a b c 
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my landscape for slope dependent processes to be effective. A few salient features of this 

model include: 

- Only simple bowl-shaped impact craters are modeled (no central peaks or 

complex ring basins are included). 

- Impacting sites are picked at random within the target domain. 

- Power-law crater scaling relations for depth-diameter are used 

2)(1

K
diameterKdepth  , where K1 and K2 are constants.  

-  Each crater diameter is given by   bxDD
1

min 1


 , where Dmin is the minimum 

crater diameter of 2 pixels, x is a random real number derived from a uniform 

distribution between 0 and 1. This function produces a population of craters 

where the total number of impact craters per unit area per unit time, N, greater 

than diameter D can be expressed as a power function of diameter, given by 

N(>D) α D
-b

. The largest crater diameter is restricted to half of the total domain 

size.  

- The crater shape is based upon a power function description of the inner bowl and 

outer ejecta blanket. 

- The material excavated from the bowl is deposited on the rim and ejecta blanket, 

such that the volume of material excavated equals the volume of material 

deposited. 

- The excavated bowl destroys all pre-existing topography, whereas outer ejecta 

deposits are essentially superimposed. Near the center of the modeled craters, the 

interaction of blast processes and gravitational forces governs the topography with 
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the pre-existing topography only determining the mean elevation; in the crater 

rim, both the pre-existing topography and the impact processes affect the surface; 

while in the region of the outer ejecta blanket, only depositional processes are 

dominant. The degree of leveling of the pre-existing topography is governed by 

an inheritance parameter, Ii (which can take any value in the range of 0.5-1). 

 

    I have only described the key features of this model in a qualitative manner here. For 

more quantitative details of the impact cratering model, please refer to Howard (2007). 

Figure 5.2 shows simulated landscapes with impact craters being added at each time step, 

along with their corresponding power spectra. This impact cratering model does not 

replicate the cratering process on Titan; it was only used to provide initial relief variation 

across the entire landscape required for the other processes to operate efficiently and thus, 

it does not operate simultaneously with the other processes in my models. 
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Figure 5.2. Simulated landscapes produced with only the impact cratering model. There 

is no implicit time in the impact cratering model by itself; each time step simply 

corresponds to one more crater being added to the landscape. Simulated landscapes are 

shown in the top 4 panels and corresponding power spectra are shown in the last panel. 

As more impact craters are added to the landscape, β value increases at all wavelengths, 

depending on the size-distribution of craters at each time step.  

Timestep = 0 Timestep = 3000 

Timestep = 6000 Timestep = 10000 
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5.2.2 Mass wasting 

 

The term ‘mass wasting’ can be used to refer to a number of slope-dependent processes 

that cause mass movement of sediments, i.e., processes which lead to a time-averaged 

downslope flux of material proportional to the topographic gradient (Culling, 1960, 

1963). These processes include landslides that act over longer scales and also processes 

that are effective over shorter scales like creep, micrometeorite bombardment, rainsplash, 

frost heaving, wetting/drying and bioturbation.  

    The diffusion equation has been widely used in the terrestrial landscape evolution 

modeling literature to quantify mass-wasting processes (Pelletier et al., 2006; Pelletier, 

2008; Perron et al., 2008a, b, 2009; Rosenbloom and Anderson, 1994). There are two 

main criteria that need to be satisfied for the diffusion equation to be applicable to any 

mass-wasting process: slope-proportional transport and conservation of mass. Slope-

proportional transport implies that the flux of sediment per unit length, q, must be 

proportional to the topographic gradient: 

                                             
x

z
Dq



  ,                                                                     (5.1) 

where q is the discharge, ρ is the sediment density, D is the diffusivity, z is the elevation, 

x is the horizontal length in 1-D and 
x

z




is the local slope. The diffusivity, D, has units of 

T

L2

 and depends on a number of environmental factors including, soil type, grain size, 

bedrock strength, climate, precipitation rate, vegetation cover, etc. The second 
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requirement for the diffusion equation, mass conservation, implies that gradients in 

sediment flux results in either an increase or decrease in the elevation: 

                                              
x

q

t

z












1
,                                                                    (5.2) 

where t is time. Combining Eq. 5.1 and 5.2, I get the classic diffusion equation: 
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    An important limitation of this model is that is it only valid for gentle slopes, since the 

flux, q, starts increasing non-linearly for larger slopes and the model breaks down at 

gradients 0.4 (Roering et al., 1999, 2001a, b, 2007; Pelletier and Cline, 2007). For 

Titan, my analysis of the Cassini radar altimetry data, along with results from earlier 

investigations of stereo SAR data (Kirk et al., 2005), stereo images from the Descent 

Imager and Spectral Radiometer (DISR) (Soderblom et al., 2007), radarclinometry 

(Radebaugh et al., 2007; Liu et al., 2011) and SARtopo (Stiles et al., 2011; Mitchell et al., 

2010; Lorenz et al., 2011), have confirmed that surface slopes on Titan are very gentle, 

within the range of applicability of the linear diffusion model. I can thus use the linear 

diffusion model to simulate mass-wasting processes on Titan. 

    To solve the diffusion equation, I employed a commonly used numerical technique in 

the terrestrial landscape evolution modeling literature, called the Forward-Time-Centered 

Space Method (FTCS), which is based on discretizing the diffusion equation in space and 
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time. The discretized version of the diffusion equation, according to the FTCS numerical 

method, is given by: 

                               )4(
)(

,1,1,,1,12,

1

,

n

ji

n

ji

n

ji

n

ji

n

ji

n

ji

n

ji zzzzz
x

tD
zz 




 

 ,                  (5.5) 

where Δt is the time step, Δx is the grid resolution, 
n

jiz ,  is the elevation at pixel position 

(i,j) and time step (n). As can be seen in Eq. 5.5, in the FTCS technique, the “centered-

space” gradient is calculated by taking the difference between the value of the grid point 

to the left (i.e. at i−1) and the value to the right (i.e. at i+1) of the grid point being 

updated. The model was run for a range of empirically determined terrestrial values of D, 

from (0.1-100) m
2
/kyr (Pelletier, 2008; Perron et al., 2008a, b, 2009). For the model to be 

stable, the time step (Δt) needs to be less than a certain threshold value that depends on 

the grid resolution (Δx) and diffusivity (D): 

                                                   
D

x
t

2

2
                                                                      (5.6) 

    For a thorough description of the FTCS method, including its advantages and 

limitations, the reader is advised to refer to Pelletier (2008), chapter 3. Figures 5.3 shows 

examples of initial cratered synthetic landscapes, modified by diffusion acting at different 

efficacies (depending on the value of the D parameter), while Fig. 5.4 shows the same 

with initial power law surfaces.  
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Figure 5.3. Evolution of synthetic, initial cratered landscape due to modification by 

diffusion/mass wasting acting at different efficacies (D = 0.1, 1, 10, 100 m
2
/kyr). 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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Simulated landscapes are shown in the top 4 panels and corresponding power spectra are 

shown in the last panel. As diffusion acts to smoothen the landscape over time, the β 

value is observed to increase. The larger the value of D, the greater is the smoothing of 

the landscape. 
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Figure 5.4. Evolution of synthetic, initial power-law surface due to modification by 

diffusion/mass wasting acting at different efficacies (D = 0.1, 1, 10, 100 m
2
/kyr). 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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Simulated landscapes are shown in the top 4 panels and corresponding power spectra are 

shown in the last panel. As diffusion acts to smoothen the landscape over time, the β 

value is observed to increase. The larger the value of D, the greater is the smoothing of 

the landscape. 

 

   

5.2.3 Bedrock Channel Erosion 

 

The incision of channels into bedrock landscapes can be described by the advection 

equation (Pelletier, 2008), which in its simplest form can be written as: 
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z
c

t

z









,                                                               (5.7) 

where c is a constant term that depends on the speed of propagation/lateral translation of 

the sediment. In the terrestrial landscape evolution modeling literature, drainage basin 

evolution models have been divided into 2 broad categories: ‘detachment-limited’ and 

‘transport-limited’. The ‘detachment-limited’ (or ‘supply-limited’) models are the ones in 

which the transport rate is limited by the rate of detachment and sediment entrainment 

rather than by the transport capacity, while the reverse is true for the ‘transport-limited’ 

models. Detachment-limited incision rates are proportional to the shear stress exerted by 

the fluid flow on the bed and banks of the channel. Following previous studies (Pelletier, 

2007; Perron et al., 2008, 2009; Howard, 1994, 1997, 2007; Howard et al., 1994; Sklar 

and Dietrich, 2006), I chose to use the detachment-limited model to simulate bedrock 

channel erosion on Titan. The modified version of the advection equation used in 

detachment limited models is given by:  
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where K is the erodibility coefficient, A is the drainage/contributing area, z is the slope, 

c is the critical erosion threshold (assumed to be 0 for my simulations, following Perron 

et al. (2008a, b); Howard (2007)). This model assumes uniform rainfall; the flow 

originating from runoff and carrying less than a capacity load and no infiltration. The 

erodibility coefficient K, has units of 
T

1
 and, like the diffusivity (D) parameter, depends 

on a number of environmental variables like soil type, grain size, bedrock strength, 

climate, precipitation rate, vegetation cover, etc.  

    The drainage area, A, is calculated via a flow routing technique called the Multiple 

Flow Direction (MFD) algorithm, which partitions incoming flow into multiple down-

slope pixels (Freeman, 1991). In this algorithm, pixels are considered in order of 

elevation, starting with the highest elevation pixel. Once a pixel has been selected, its 

elevation is compared with each of the eight surrounding pixels and the total input flux is 

divided between the neighboring pixels weighted by relative slope, i.e. for each pixel at 

position (i,j): 
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where si,j is the slope of the central pixel relative to neighboring pixel at position (i,j). 

    I used a numerical method called ‘upwind differencing’ to solve the advection 

equation. This technique involves calculating the slope along the direction of transport: 
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which is the discretized version (in space and time) of the general advection equation 

(Eq. 5.7) solved using the upwind differencing numerical technique ( 2

1

KAc  ). As can be 

seen in Eq. 5.10, the upwind differencing technique calculates gradients differently from 

the FTCS method used to model diffusion, with gradients being calculated using only one 

adjacent point (i.e. n

i

n

i zz 1  or n

i

n

i zz 1 ), depending on the direction of flux of material. 

The discretized version of the detachment-limited model in Eq. 5.8 is given by: 
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where 
n

jdownidown

n

ji zz ,,   indicates that the slope is calculated along the direction of flow in 

downward direction, i.e. in the direction of lowest neighboring pixel. Collins (2005) 

found that ‘bedrock’ incision rates from fluvial processes on Titan are likely to be similar 

to terrestrial rates. To investigate this, I varied K in the range of (0.0001-0.01) kyr
-1

, 

using empirically determined values from the terrestrial landscape evolution modeling 

literature (Pelletier, 2008; Perron et al., 2008, 2009). I applied the following stability 

criterion while running this model: 

                                                        

2

1

2KA

x
t


                                                           (5.12) 



182 
 

    For more details of the upwind differencing method, please refer to Pelletier (2008), 

chapter 5. Figures 5.5 shows examples of initial cratered synthetic landscapes, modified 

by advection operating at different efficacies, depending on the value of the K parameter, 

while Fig. 5.6 shows the same with initial power law surfaces.  
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 K=0.0001 kyr
-1 

K=0.001 kyr
-1 

K=0.01 kyr
-1 

 

   

 

   

 

   

 

   

 

   
Figure 5.5. Evolution of synthetic, initial cratered landscapes due to modification by 

advection/bedrock channel erosion operating at different efficacies (K = 0.0001, 0.001, 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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0.01 kyr
-1

). Simulated landscapes are shown in the top 4 panels and corresponding power 

spectra are shown in the last panel. As advection acts to roughen the landscape over time 

by incising drainage channels, the β value is observed to decrease. The larger the value of 

K, the greater is the roughening of the landscape. 
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 K=0.0001 kyr
-1 

K=0.001 kyr
-1 

K=0.01 kyr
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Figure 5.6. Evolution of synthetic, initial power-law surface due to modification by 

advection/bedrock channel erosion operating at different efficacies (K = 0.0001, 0.001, 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 



186 
 

0.01 kyr
-1

). Simulated landscapes are shown in the top 4 panels and corresponding power 

spectra are shown in the last panel. As advection acts to roughen the landscape over time 

by incising drainage channels, the β value is observed to decrease. The larger the value of 

K, the greater is the roughening of the landscape. 

 

    Figure 5.7 shows examples of simulated initial cratered landscapes, with diffusion and 

advection acting together, at different efficiencies determined by different combinations 

of D and K parameters. Figure 5.8 shows the same with an initial power law surface. In 

these figures (and the following ones with both diffusion and advection operating 

simultaneously), advection is the dominant mechanism in the leftmost columns 

(corresponding to low D/K ratio), leading to development of more incised channels and 

gullies, overall roughening of the landscape and decrease in the β value with time. In the 

simulations shown in the middle columns, both diffusion and advection are dominant 

(determined by the D/K ratio), leading to both smoothing of the landscape and 

development of incised channels. Finally, in the rightmost columns, landscapes for which 

diffusion is the dominant mechanism are shown (corresponding to low D/K ratio), 

leading to overall smoothing of the landscape and increase in the β value with time.  

 

 

 

 

 

 

 



187 
 

 

 

 

D=0.1 m
2
/kyr; K=0.01 

kyr
-1

; D/K =10.0 m
2
 

D=0.1 m
2
/kyr; K=0.001 

kyr
-1

; D/K =100.0 m
2 

D=100 m
2
/kyr; 

K=0.001 kyr
-1

; D/K 

=10
5
 m

2 

 

   

 

   

 

   

 

   

 

   
Figure 5.7. Evolution of synthetic, initial cratered landscape due to modification by both 

diffusion/mass wasting and advection/bedrock channel erosion acting together. Simulated 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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landscapes are shown in the top 4 panels and corresponding power spectra are shown in 

the last panel.  
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Figure 5.8. Evolution of synthetic, initial power-law surface due to modification by both 

diffusion/mass wasting and advection/bedrock channel erosion acting together. Simulated 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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landscapes are shown in the top 4 panels and corresponding power spectra are shown in 

the last panel.  

 

5.2.4 Mantling 

 

Mantling refers to the process of fallout of atmospheric material that blankets the surface 

on Titan (Atreya, 2007). On Titan, solid complex hydrocarbons (tholins) are constantly 

settling out of the atmosphere and covering the surface (McKay, 1996; Waite et al., 2007; 

Lavvas et al., 2009, 2010, 2011). These solid hydrocarbons provide material that can be 

mobilized and re-deposited by fluvial processes. This constant increase in the elevation of 

the landscape due to fall-out from the atmosphere can be modeled by increasing the 

overall surface elevation by an amount depending on the solid hydrocarbon production 

rate on Titan, at every time step. The average aerosol mass flux (per unit area, per unit 

time) on Titan has been calculated to be ~ 3.0e
-14

 gm cm
-2 

s
-1

 (Lavvas et al., 2010). 

Dividing this value by the average density of solid hydrocarbons on the surface (~1500 

kg m
-3

 or 1.5 gm cm
-3

 from Burr et al. (2006)), I obtain the rate of deposition of solid 

hydrocarbons on Titan’s surface as ~ 6.3 µm/kyr or 0.2 µm per Titan year (1 Titan year 

equals approximately 30 terrestrial years), which is comparable to the estimated rate of 

haze fallout of 0.1 µm per Titan year from Rannou et al. (2002). Thus the model used for 

simulating mantling is: 

                                                  tEzz n

ji

n

ji 

,

1

, ,                                                    (5.13) 

where E is the solid hydrocarbon deposition rate on Titan’s surface (6.3 µm/kyr). 
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    It would appear that including the process of mantling in my model would violate the 

assumption of detachment-limited erosion (or bedrock channel erosion), which implies 

lack of available sediment for fluid to transport. However, since the rate of accumulation 

of solid hydrocarbons on Titan’s surface is very slow (6.3 µm/kyr) over the simulation 

time of my models, mantling is not as significant in modifying Titan’s landscape as the 

other processes. Thus, the models presented here are consistent with detachment-limited 

erosion, even with the inclusion of mantling. 

 

5.2.5 Mountain-building (tectonic activity) 

 

Apart from impact cratering, another relief-generating process relevant for the surface of 

Titan is tectonic activity. Radar-bright mountainous features and ridges, observed on 

Titan with both SAR and VIMS, have been suggested to be of tectonic origin (Barnes et 

al., 2007; Radebaugh et al., 2007; Lui et al., 2011, 2012). To simulate mountain building 

in my synthetic landscapes, I utilized morphological parameters like height (few hundred 

meters to as high as ~3.3 km), average slopes (~30º) and lengths (~15 km) determined for 

Titan’s mountains through radarclinometry by Radebaugh et al. (2007) and Lui et al. 

(2011, 2012). Overall, mountainous and hummocky terrain comprises ~12 % of Titan’s 

surface mapped by SAR (Lopes et al., 2010) and I simulated landscapes with similar 

areal coverage. Random positions and orientations were assigned to each mountain in my 

model. The uplift rate of mountains on Titan is an unknown parameter and I 

experimented with a range of terrestrial empirical values. The uplift rate depends on the 
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final mountain height in my model and I used a uniform distribution of mountain heights 

(from 1-3 km), yielding uplift rates of 1-3 m/kyr. Since mountain-building is the only 

relief-generating process in my models (impact cratering, although a relief-generating 

process, is only being used in my model to provide initial heterogeneities in the landscape 

for diffusion/advection to be effective), I had to use higher rates of uplift than average 

terrestrial rates to balance the relief-reducing effect of diffusion (mass wasting) and 

advection (bedrock channel erosion) and achieve steady-state. I could also achieve the 

same effect by increasing the number and size of mountains in my simulated landscapes. 

However, this would violate the observation of 12% areal coverage of Titan’s surface by 

mountains. Therefore, I only used higher uplift rates to simulate steady-state landscapes. 

The model that I used for simulating tectonic activity can be written as: 

                                               txUzz n

ji

n

ji  )(,

1

, ,                                                   (5.14) 

where U(x) is the spatially variable rate of uplift that leads to formation of mountains. 

    As shown in Fig. 5.9, each individual mountain in my simulations has a triangular 

shape in one direction and half of a sine-wave shape in the other direction. I examined the 

evolution of a single mountain range occupying an entire landscape as well as the 

evolution of a landscape with a constant uplift rate of mountain generation at random 

positions, being simultaneously modified by diffusion and advection. 
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Figure 5.9. Morphology of mountains generated in my model. The parameters shown 

here are taken from published radarclinometry measurements of mountain ranges on 

Titan. 

     

    Figure 5.10 shows examples of the evolution of a single mountain range that occupies 

the entire landscape and is modified by diffusion and advection, operating at different 

intensities (or different D/K ratios). Figure 5.11, on the other hand, shows the evolution 

of landscapes that have multiple mountain ranges being uplifted at a constant rate and 

being simultaneously modified by diffusion and advection.  
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Figure 5.10. Evolution of a single mountain range in an initial cratered landscape due to 

modification by both diffusion/mass wasting and advection/bedrock channel erosion 

T = 0 

T = 300 kyr 

T = 600 kyr 

T = 1 Myr 
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acting together. Uplift rate of mountains is 3 m/kyr in these simulations. Simulated 

landscapes are shown in the top 4 panels and corresponding power spectra are shown in 

the last panel.  
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Figure 5.11. Evolution of an initial cratered landscape, modified by diffusion, advection 

and tectonic activity in the form of mountain building. Uplift rate of mountains varies 

from 1-3 m/kyr in these simulations, depending on the mountain height. The white * 

symbols in the topmost panel of each column indicate the random locations of uplift at 

which the mountains will be generated. Simulated landscapes are shown in the top 4 

panels and corresponding power spectra are shown in the last panel. 

 

    Combining Eq. 5.4, 5.8, 5.13 and 5.14, my overall model that implements mass 

wasting (diffusion), bedrock channel erosion (advection), mantling (constant elevation 

increase) and tectonic activity for simulating the evolution of Titan’s topography can be 

written as: 

                                )()( 2

1

2 xUEzAKzD
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5.3 Quantitative evaluation of simulated landscapes 

 

Table 5.1 lists the range of values for important parameters used in my simulations. 

Parameter Range of values 

Number of pixels 512 × 512 

Resolution 100, 200, 500 (meters/pixel) 

Time step (Δt) 0.1, 1 (kyr) 

Total simulation time  (1-10) Myr 

Diffusivity (D) 0.1-100 m
2
/kyr 

Erodibility coefficient (K) 0.0001-0.01 kyr
-1

 

Solid hydrocarbon deposition rate on 

Titan’s surface (for mantling) 

6.3 µm/kyr 

Mountain heights (1-3) km 

Mountain range length 15 km 

Mountain flank slopes 30° 

Uplift rate of mountains (1-3) m/kyr 

Table 5.1. List of range of values for parameters used in my models. 

 

    Since diffusivity (D) and erodibilty coefficient (K) influence the efficacy of diffusion 

and advection, higher values of these parameters lead to larger variations in the β value of 

the landscape. This effect is observed in the power spectra in Figs. 5.3 and 5.5, that show 

simulated landscapes modified by these processes individually. Figure 5.12 shows the 

variation of the β value with time, for landscapes modified by diffusion at different 

intensities, as determined by the value of the D parameter. I observe that for small values 

of D (0.1-10 m
2
/kyr), β does not vary much with time. But for a large value of D (100 

m
2
/kyr), β increases rapidly with time, indicating greater smoothing of the landscape over 

shorter wavelengths compared to longer wavelengths. 
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Figure 5.12. Role of the diffusivity (D) parameter in variation of slope of the power 

spectrum (-β) of the synthetic landscapes with time. D is in units of m
2
/kyr. 

 

 

    Figure 5.13 shows the variation of the β value with time, for landscapes modified by 

advection at different intensities, as determined by the value of the K parameter. I 

observe that for a smaller value of K (0.0001 kyr
-1

), β does not vary much with time. But 

for a larger value of K (0.01 kyr
-1

), β decreases rapidly with time, indicating greater 

roughening of the landscape over shorter wavelengths compared to longer wavelengths. 
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Figure 5.13. Role of the erodibility coefficient (K) parameter in variation of slope of the 

power spectrum (-β) of the synthetic landscapes with time. K is in units of kyr
-1

. 

 

    When both diffusion and advection act together, the β value of the resultant landscape 

depends on the relative efficacy of these processes, which is determined by the ratio of 

diffusivity and erodibility coefficient, or the D/K ratio. Higher D/K ratios imply 

dominance of diffusion and produce smoother landscapes with higher β values, while 

lower D/K ratios imply dominance of advection, leading to rougher landscapes with 

smaller β values. I simulated landscapes with a wide range of D/K ratios, varying from as 

small as 10 m
2
 to as large as 10

6
 m

2
. Figure 5.11 shows simulations and corresponding 

power spectra of synthetic landscapes modified by both diffusion and advection. Figures 

5.14 and 5.15 show the effect of the D/K ratio on β for these synthetic landscapes.  
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Figure 5.14. Role of the ratio of diffusivity (D) and erodibility coefficient (K) parameters 

(D/K ratio) in variation of slope of the power spectrum (β) of the synthetic landscapes 

with time. D is in units of m
2
/kyr and K is in units of kyr

-1
.  
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Figure 5.15. Same as Fig. 5.14, but with unique values of D/K ratio.  

 

 

    It is to be noted that while landscapes that have only one operating process appear to 

never reach equilibrium or steady-state (as indicated by the continuously increasing β for 

landscapes modified by only diffusion in Fig. 5.12 and the continuously decreasing β for 

landscapes modified only by advection in Fig. 5.13). A mix of processes, both relief-

generating (tectonic activity) and relief-reducing (diffusion and advection) is required to 

simulate steady-state landscapes that achieve equilibrium with time (like the examples for 

which β stabilizes in time, shown in Fig. 5.14 and 5.15).  
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    In Figure 5.16, I have plotted the steady-state β values (values obtained at the final 

time step in my simulations) for synthetic landscapes versus the D/K ratios to investigate 

if there is a relation between β and D/K.  

 

 

 
Figure 5.16. Relation between D/K ratio and slope of the power spectrum (β) of the 

synthetic landscapes after equilibrium is reached. 

 

 

    As expected, I find higher D/K ratios to correspond to higher β values (for higher D/K 

ratios, diffusion would be the dominant mechanism, which would smoothen the 

landscape and increase β) and lower D/K ratios to correspond to lower β values (for 

lower D/K ratios, advection would be the dominant mechanism, which would roughen 

the landscape and decrease β). It is to be noted here that for fractal landscapes, the fractal 
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dimension, D, can only vary between 2 and 3 and consequently their β can vary only 

between 1 and 3 (for details, please refer to Chapter 2, Section 2.2). A β value of ~ 4.8, as 

is shown in Fig. 5.16 for a synthetic landscape with D/K ratio of 10
6
, cannot be measured 

with my approach based on fractal theory. Figure 5.17 examines the effect of D and K 

separately on β of landscapes modified by both diffusion and advection. 

 

Figure 5.17. Map of β versus D and K for synthetic landscapes modified by both 

diffusion and advection. The solid black diagonal lines are contours of constant D/K ratio 

(the contour labels are log10(D/K ratio)). 

 

 

    Plotting contours of constant D/K ratio in Fig. 5.17 reveals that the same D/K ratio can 

produce landscapes with different β values, depending on the values of D and K 

separately. For example, a D/K ratio of 10
3
, which could be a result of 3 different 

combinations of D and K in my range of values (D=0.1/K=0.0001; D=1/K=0.001; 
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D=10/K=0.01), can yield landscapes with β values ranging from 2.15 to 2.37 to 2.11. 

This indicates that the D/K ratio is not uniquely related to the roughness of the landscape 

and is thus not a diagnostic indicator of the β value. Instead, the parameters D and K 

should be considered separately while examining surface roughness of landscapes. 
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5.4 Comparison of simulated landscapes with Titan’s surface 

 

The β value of ~1.975 (mean of theoretical and empirical estimates) for Titan’s North 

Polar region was calculated from my earlier statistical analysis of Titan’s north polar 

shorelines, described in Chapter 2 of this thesis (Sharma and Byrne, 2010). I analyzed 

Cassini altimetry data (described in Chapter 4 of this thesis) to extract a range of values 

of 1.14-2.88 for β for the remainder of Titan’s surface (using the range of values for the 

Hurst exponent (0.07-0.94) and β = 2H +1). The overlap between the range of β  values 

for Titan’s surface with that of my simulations implies that it is possible to extract values 

of diffusivity (D) and erodibility coefficient (K) for Titan through landscape evolution 

modeling. Further modeling with a range of D and K parameters different from the 

empirically determined terrestrial ranges will provide more insights into the complexity 

of Titan’s surface.
 

    One of the significant limitations of my current models is that they do not include the 

process of aeolian erosion, which seems to contribute to surface roughness in the 

equatorial regions of Titan by forming dune fields (see Chapter 4). Moreover, the only 

relief-generating process in my models, tectonic activity, competes with diffusion and 

advection, which are both relief-reducing. Another limitation of my current models is that 

as of now, I have only simulated landscapes that have initial β values of 2.0 and higher. 

Experimenting with generating landscapes with lower initial β values is currently 

underway and could potentially produce rougher landscapes with lower β values. 

Nonetheless, my models provide an essential first step in understanding the complexity of 



207 
 

Titan’s surface under the influence of multiple dominant processes. Future work focused 

on including more relief-generating processes like impact cratering, aeolian action and 

cryovolcanism will enable us to generate more Titan-like synthetic landscapes, that could 

be used to more tightly constrain the range of values of environment variables like D and 

K for Titan. 
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5.5  Conclusions  

The aim of this study was to understand the interaction and relative dominance of 

different surface processes that are active on Titan and restrict the range of diffusivity (D) 

and erodibility coefficient (K) parameters for Titan’s surface. I developed a model that 

includes mass wasting (diffusion), bedrock channel erosion (advection), mantling and 

tectonic activity (mountain-building) acting on an initial cratered landscape. I observed a 

gradual smoothing of the landscapes being modified by diffusion, leading to an increase 

in the β value. At the other end of the spectrum, landscapes being sculpted by advection 

alone were observed to roughen over time with a decrease in the β value. I investigated 

the effect of diffusivity (D) and erodibility coefficient (K) in controlling the efficacies of 

these processes. When both diffusion and advection were simultaneously active, the β 

value of the landscapes was found to depend on the D/K ratio, with higher D/K ratios 

leading to higher β landscapes and lower D/K ratios leading to lower β landscapes. 

However, the D/K ratio by itself was not found to be a sufficiently diagnostic indicator of 

surface roughness. Instead, I found that both D and K values need to be considered 

separately for evaluating surface roughness. My initial models do replicate the roughness 

of Titan’s surface, producing landscapes with β values overlapping with Titan’s actual 

surface. I intend to include more relief-generating processes (especially aeolian erosion) 

in my models, simulate landscapes with initial β values less than 2.0 and experiment with 

a wider range of D and K parameters, to more closely mimic Titan’s landscapes. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

6.1  INTRODUCTION 

The focus of this dissertation was to examine Titan’s topography and surface roughness 

and the role of various processes in shaping it. As part of my research, I developed and 

implemented multiple techniques including statistical investigations of lake shorelines, 

comparison with terrestrial analogs, altimetry data analysis and landscape evolution 

modeling, to study Titan’s surface. 

    The results of my research broadened our understanding of Titan’s surface in the 

following areas: 

 

6.2  TITAN’S TOPOGRAPHY AND SURFACE ROUGHNESS  

 

Topography data for Titan is currently very limited and consequently so is our present 

understanding of its surface roughness. To overcome the paucity of elevation data for 

Titan, I developed a novel technique based on fractal theory to extract topographic 

information from shorelines of lakes embedded in the landscape. The polar hydrocarbon 

lakes on Titan offer a unique opportunity to indirectly characterize the statistical 

properties of Titan’s landscape. Using this approach, I inferred the power-spectral 
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exponent of Titan’s topography (β) in the North Polar region to be ≤ 2, from calculated 

fractal dimensions of lake shorelines (at scales of 1-10 km). This value is lower than the 

values obtained from the global topography of the Earth or Venus, indicating Titan’s 

landscape to be rougher at shorter wavelengths. The lower gravity on Titan (as compared 

to Earth and Venus) could be responsible for lesser efficiency of diffusive (i.e. 

smoothing) processes like mass wasting and lower β value for Titan’s topography.  

    The statistical approach described above only allowed me to examine Titan’s 

topography in the North Polar region. Further analysis of the Cassini altimetry data that I 

carried out provided insights into Titan’s global surface roughness and showed equatorial 

regions of Titan to have lesser intra-footprint relief and to be smoother (with relatively 

smaller slopes and lower values of H) at my scales of investigation, compared to the mid-

latitudes and polar regions of Titan. The lesser intra-footprint relief in the equatorial 

regions is consistent with the presence of dunes. I validated these results by comparison 

with two other separately derived surface roughness estimates. Firstly, the equatorial 

relief data that I derived from altimetry are consistent with longitudinal dunes of 150 m 

height and 2 km spacing observed by Lorenz et al. (2006). Secondly, global hypsograms 

for Titan derived from two different topography datasets, altimetry and SARtopo, agree 

well in terms of their overall unimodal and narrow shape, similar peaks and standard 

deviations and slight skew towards negative elevations.  

    I also investigated spatial variation of the shoreline fractal dimensions and thus the 

surface roughness in the North Polar region and detected significant spatial variation of 

the fractal dimension with longitude (increased fractal dimension in the 0º-90E zone 
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where the largest lakes are located). Larger lakes or ‘mare’ on Titan differ both in terms 

of surface area and shoreline morphology from the smaller Titanian lakes, with the larger 

ones having more complex and intricate shorelines with dendritic features and the smaller 

ones with simpler and smoother shorelines. It is possible that the observed increase in the 

shoreline fractal dimensions (or surface roughness) in the 0º-90ºE region is associated 

with the large lakes with more complex shorelines. Other possible explanations for this 

variability include variation in fluvial erosion due to regional variations in methane 

precipitation, variable aeolian erosion due to fluctuating wind activity or inconsistent 

mantling related to deviations in atmospheric structure/dynamics. 

    More than half of the Cassini altimetry profiles overlap with SAR swaths, which 

provide visual context for interpreting the elevation data. I focused on few of the 

interesting SAR features covered by these profiles and reported topographic data for 

them, including a possible pediment/low viscosity flow feature, positive relief ridges, 

dune fields and crater-like features. I also detected a quasi-circular feature that could be a 

previously undiscovered impact crater, based on elevation data and SAR context. 

 

6.3  ORIGIN OF TITAN’S POLAR LAKE BASINS  

 

Although a few processes (mainly karst and volcanic), based on morphology, have been 

proposed to be involved in the formation of the liquid-filled depressions at the poles of 

Titan, none of these propositions completely explain the origin of Titan’s lake basins. In 

order to investigate this, I calculated and compared terrestrial and Titanian shoreline 
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statistical parameters including fractal dimension, shoreline development index and an 

elongation index. My comparison of Titan’s North Polar lakes with a variety of terrestrial 

analogs formed by different processes revealed that different lake generation mechanisms 

on Earth produce ‘statistically different’ shorelines. However, I did not find the 

distribution of Titanian shoreline parameters to be statistically similar to the distribution 

of terrestrial lakes formed by any one particular process, hinting at differences between 

the mix of dominant processes forming the terrestrial and Titanian basins. It is also 

possible that terrestrial lake shorelines are influenced by long-term climate change and 

subdued erosion due to vegetation, which could affect shoreline complexity. 

 

6.4  DIVERSITY AND INTERACTION OF SURFACE PROCESSES ON TITAN 

 

My results from the statistical analysis of Titan’s lake shorelines provide evidence for a 

mix of processes modifying Titan’s landscape. The multi-fractal nature of some of 

Titan’s lake shorelines, indicated by the break in slope of the log-log plots of perimeter 

versus baseline, signifies a transition from one set of dominant surface processes to 

another. I also observed evidence for the role of processes that produce anisotropic 

topography like tectonism and aeolian erosion, manifested in the form of a systematic 

difference between the fractal dimensions of N-S v/s E-W sections of Titan’s lake 

shorelines. This anisotropic behavior could also be a result of greater wave action on one 

side of lakes, depending on the dominant wind direction in the North Polar region. I 

detected overlap between statistical parameters for Titan’s lake shorelines and all the 
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terrestrial processes that I considered for my investigation of the origin of Titan’s lake 

basins. This again hints at the action of multiple processes in modifying Titan’s 

landscape. 

    Although Cassini SAR data has provided substantial evidence for the modification of 

Titan’s landscape by varied mechanisms, the relative dominance of these surface 

processes, their global distribution, variation with time and interaction with each other on 

Titan, is currently not well understood. To further advance our understanding of the 

interplay of different surface processes on Titan, I used steady state models of relief 

generation through impact cratering and tectonics and relief reduction through diffusive 

soil creep (mass-wasting) and advective stream incision, to generate synthetic landscapes 

and simulate Titan’s topography. Apart from visual inspection, I quantitatively analyzed 

the simulated landscapes through calculation of the slope of the power spectrum. I 

observed a gradual smoothing of the synthetic landscapes modified by diffusion alone 

(corresponding to increasing β) and roughening of the landscapes modified by advection 

alone (corresponding to decreasing β). I noted that instead of the D/K ratio, separately 

considering individual values of the diffusivity (D) and erodibility coefficient (K) 

parameters provides a more diagnostic approach to predicting surface roughness of 

landscapes. Examination of power spectra of the simulated landscapes enabled me to 

investigate the ranges of D and K parameters for Titan’s surface.  These models provide 

an essential first step in understanding the complexity of Titan’s surface under the 

influence of multiple dominant processes. 
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6.5  FUTURE WORK 

 

There are still many unanswered questions about Titan’s topography and surface that 

need to be addressed. Although we are beginning to understand the global view of Titan’s 

topography, more data at higher resolution is required to be able to examine local 

variations in topography. We have not yet been able to determine locations of major 

sources and sinks of sediments and major drainage basins on Titan (e.g. as done for Mars 

by Smith et al. (1999, 2001)) due to insufficient high resolution topographic information. 

In the future, identification of these basins will provide insights into the methane 

inventory on Titan and help us better understand how methane routes through the 

atmosphere, the surface and the sub-surface.  

    The relative age of different surface units on Titan has not been explored in great 

detail. Relative timing of different processes could be assessed through possible 

superposition relationships derived from high resolution topography and imagery data 

(e.g. the observation of active dunes wrapping around high topography features on Titan 

indicates the dunes to be relatively young), interpretations of state of surface preservation 

(degree of erosion) as well as context. Undertaking cluster analysis of impact features is 

another technique that could be useful for investigating age variations across Titan’s 

surface (e.g. as done for Venus by Schaber et al. (1992)).  

    More in-depth landscape evolution modeling is required to examine the association 

between different surface units and the interplay between different processes in 

influencing Titan’s topography. Such modeling will also be instrumental in limiting the 
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range of a number of loosely constrained environmental variables for Titan like 

precipitation rate, grain-size distribution, surface uplift rates, wind speeds, sediment 

production rates, solid hydrocarbon production rates, impact cratering rates, diffusivity 

and bedrock erodibility. Knowledge of accurate values of these parameters will have 

implications for our understanding of not only Titan’s surface processes but also surface-

atmosphere interactions. Detailed modeling of all active surface process will also enable 

us to either confirm or refute the assumption of Titan’s steady state topography, resulting 

from a balance of relief-generating and relief-reducing processes.  

    Future missions that have been proposed for exploration of Titan include a wide 

variety of options, from balloons (Lorenz, 2005), to airplanes (Barnes et al., 2012) to 

landers and rovers. With the selection of the Titan Mare Explorer (TiME) (Stofan et al., 

2010) as one of the three NASA Discovery Mission finalists, knowledge of Titan’s 

surface roughness, topography, shoreline processes, trafficability of different terrains and 

the interaction of different geologic units and geomorphological features will be critical 

for future robotic exploration of the Titanian surface. The research that I have carried out 

as part of my PhD has produced results in the form of quantitative estimates of Titan’s 

local surface roughness and topography, global surface roughness maps and models of 

landscape evolution that will aid plans for future mission development for exploring 

Titan. 
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APPENDIX A 

TABLES 

 

Table A.1:  Comparison of manual mapping v/s automated mapping techniques. Manual mapping of SRTM C-band 

backscatter data was carried out, for comparison with the SRTM Water Body Data (SWBD) lake outlines generated through 

automated routines. Statistical parameters calculated for terrestrial lake outlines generated through both mapping techniques 

are listed in this table. Different text colors in the table correspond to different formation mechanisms of the lakes.  

 

 

Lake name 

and 

dominant 

formation 

mechanism 

 

Location 

 

Location 

coordinates 

 

Ruler Fractal Dimension 

 

Box-counting Fractal 

Dimension 

 

Shoreline development 

index (DL) 

 

Linearity index 

Manual 

mapping of 

backscatter 

data 

Automated 

mapping 

(SWBD) 

Manual 

mapping of 

backscatter 

data 

Automated 

mapping 

(SWBD) 

Manual 

mapping of 

backscatter 

data 

Automated 

mapping 

(SWBD) 

Manual 

mapping of 

backscatter 

data 

Automated 

mapping 

(SWBD) 

Manitoba 

(glacial) 

Canadian 

Prairies 

(Manitoba) 

51N, 98W 1.104 1.127 1.14 1.089 3.303 2.273 2.014 2.089 

Nahuel 

Huapi 

(glacial) 

Argentina 41S, 71W 1.36 1.37 1.191 1.151 7.159 5.603 1.716 1.713 

Toba 

(volcanic) 

Indonesia, 

Sumatra 
2N, 98E 1.225 1.234 1.16 1.092 5.962 3.824 2.385 2.462 

Crater 

(volcanic) 

Oregon, 

USA 
42N, 122W 1.174 1.05 1.2 1.06 2.127 1.391 1.109 1.200 



217 
 

Manicouagan 

(impact) 

Quebec, 

Canada 
51N, 68W 1.293 1.383 1.242 1.184 7.533 4.135 1.374 1.412 

Karakul 

(impact) 
Tajikistan 39N, 73E 1.207 1.16 1.130 1.103 2.935 2.978 1.255 1.380 

Abaya 

(tectonic) 
Ethiopia 6N, 37E 1.203 1.135 1.096 1.071 3.168 2.903 2.829 2.833 

Ohrid 

(tectonic) 

Albania, 

Macedonia 
41N,20E 1.045 1.04 1.102 1.09 1.601 1.652 2.013 2.016 

Blue Cypress 

(karst) 

Florida, 

USA 
27N, 80W 1.029 1.031 1.08 1.07 1.463 1.176 1.648 1.656 

Trasimeno 

(karst) 
Italy 43N,12E 1.062 1.0741 1.069 1.102 1.434 1.737 1.323 1.316 

Chicot 

(fluvial) 

Arkansas, 

USA 
33N, 91W 1.029 1.08 1.224 1.17 5.574 3.489 1.288 1.288 

Oxbow lake 

of Manu 

river (fluvial) 

Peru 9S, 70W 1.205 1.17 1.189 1.03 3.352 2.467 1.204 1.297 

Crescent 

(interdune) 

Nebraska 

hills, USA 
41N, 103W 1.164 1.29 1.141 1.145 2.280 2.373 2.110 2.138 

Ototoa 

(interdune) 

New 

Zealand 
36S, 174E 1.32 1.128 1.065 1.108 2.864 1.964 1.761 2.285 

Clear lake 

(landslide) 

Warner 

range, 

California, 

USA 

39N,123W 1.127 1.17 1.178 1.12 3.564 2.529 2.402 2.373 

Sarez 

(landslide) 
Tajikistan 38.2N,72.7E 1.133 1.125 1.163 1.143 5.2997 5.344 2.243 2.276 

 

 

 



218 
 

 

Table A.2:  List of terrestrial lakes with surface area smaller than 5000 km
2
, used as analogs for Titan’s lakes. Their statistical 

parameters (also listed in table) were calculated using the SRTM Water Body Data (SWBD), which were generated through 

automated routines. Different text colors in the table correspond to different formation mechanisms of the lakes. 

 

 

Lake name 

 

Location 

 

Dominant 

formation 

mechanism 

 

Location 

coordinates 

 

Calculated 

area (km
2
) 

 

Calculated 

perimeter 

(km) 

 

Ruler 

Fractal 

Dimension 

 

Box-

counting 

Fractal 

Dimension 

 

Shoreline  

Development 

index 

 

Linearity 

Index 

Manitoba Canadian 

Prairies 

(Manitoba) 

Glacial 51N, 98W 2790 425 1.122 1.104 2.27 2.08 

Cedar Canadian 

Prairies 

(Manitoba) 

Glacial 53N,100W 2642 1146 1.37 1.233 6.29 2.14 

Leech lake Minnesota, 

USA 

Glacial 47.15N, 

94.38W 

419 271 1.36 1.141 3.74 1.32 

Lake Mille 

Lacs 

Minnesota, 

USA 

Glacial 46N, 93W 516 128 1.115 1.093 1.59 1.20 

Lake 

Memphre

magog 

 

Vermont 

(USA), 

Quebec 

(Canada) 

Glacial 45N, 72W 92 142 1.145 1.13 4.20 3.22 

Nahuel 

Huapi 

Lake 

Argentina Glacial 41S, 71W 570 474 1.37 1.151 5.60 1.71 
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Argentino 

Lake 

 

Argentina Glacial 50S, 72W 962 386 1.18 1.14 3.51 3.21 

Viedma 

Lake 

Chile, 

Argentina 

Glacial 49S, 72W 1179 339 1.104 1.09 2.78 2.33 

Lake 

Pukaki 

New 

Zealand 

(south 

island) 

Glacial 44S, 170E 176 85 1.05 1.08 1.82 3.82 

Vättern Sweden Glacial 58N,14E 1907 555 1.101 1.133 3.58 4.37 

Lake Toba Indonesia, 

Sumatra 

Volcanic 

(crater 

lake) 

2N, 98E 1137 457 1.21 1.11 3.82 2.46 

Crater lake Oregon, 

USA 

Volcanic 

(crater 

lake) 

42N, 122W 54 36 1.05 1.06 1.39 1.20 

Lake 

Atitlan 

Gautemala 

(Central 

America) 

Volcanic 

(crater 

lake) 

14N, 91W 123 105 1.14 1.12 2.69 1.32 

Lake 

Tuapo 

New 

Zealand 

Volcanic –

tectonic 

38S, 175E 612 164 1.163 1.06 1.87 1.38 

Lake 

Bolsena 

Italy Volcanic 

(crater 

lake) 

42N,11E 114 53 1.041 1.08 1.40 1.16 

Kurile 

Lake 

Russia Volcanic 

(crater 

lake) 

51N,157E 76 48 1.13 1.07 1.58 1.14 

Taal Lake Philippines Volcanic 

(crater 

lake) 

14N,121E 263 87 1.094 1.08 1.52 1.38 

Lake Japan Volcanic 42N,141E 78 40 1.045 1.035 1.29 1.41 
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Shikotsu (crater 

lake) 

Rotorua New 

Zealand 

Volcanic-

tectonic 

38S, 176E 81 40 1.07 1.07 1.25 1.23 

Yojoa Honduras Volcanic 14.8N, 

87.9W 

79 62 1.07 1.08 1.98 1.73 

Vico Italy Volcanic 

(crater 

lake) 

42.31N, 

12.17E 

12 21 1.071 1.088 1.72 1.09 

Assal Djibouti Volcanic 

(crater 

lake) 

11.65N, 

42.41E 

64 52 1.096 1.112 1.84 1.24 

Bracciano Italy Volcanic 

(crater 

lake) 

42.12N, 

12.23E 

57 39 1.05 1.072 1.47 1.07 

Gunung 

Tujuh 

Indonesia Volcanic 

(crater 

lake) 

1.7S,101.4

E 

10 13 1.04 1.021 1.18 1.46 

Lagoa das 

Sete 

Cidades 

(Lagoa 

Azul) 

Azores, 

Portugal 

Volcanic 

(crater 

lake) 

37.74N, 

25.67W 

4 16 1.115 1.113 2.30 1.94 

Laacher 

See 

Germany Volcanic 

(crater 

lake) 

50.42N, 

7.27E 

3 9 1.024 1.085 1.39 1.25 

Lake 

Wisdom 

(Long 

Island) 

Papua New 

Guinea 

Volcanic 

(crater 

lake) 

5.35S, 

147.12E 

69 41 1.08 1.053 1.38 1.33 

Coatepequ

e Caldera/ 

Lago de 

El Salvador Volcanic 

(crater 

lake) 

13.87N, 

89.55W 

24 26 1.05 1.063 1.51 1.37 
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Coatepequ

e 

Ilopango El Salvador Volcanic 

(crater 

lake) 

13.67N, 

89.05W 

67 59 1.125 1.15 2.03 1.31 

Quilotoa Ecuador Volcanic 

(crater 

lake) 

0.86S, 

78.89W 

3 9 1.04 1.09 1.39 1.13 

Lake 

Manicoua

gan 

Quebec, 

Canada 

Impact 

crater lake 

51N, 68W 3713 893 1.3 1.16 4.13 1.41 

Lake 

Bosumtwi 

Ghana Impact 

crater lake 

6N, 1W 49 35 1.031 1.08 1.42 1.07 

Lonar 

crater 

India Impact 

crater lake 

19N, 76E 0.98 5 1.04 1.07 1.28 1.21 

Lake 

Mistastin 

Canada Impact 

crater lake 

55N, 63W 153 90 1.12 1.12 2.060 1.94 

Kara-Kul Tajikistan Impact 

crater lake 

39N, 73E 418 215 1.16 1.103 2.97 1.38 

Clearwater 

lake 

Quebec, 

Canada 

Impact 

crater lake 

56N,74W 1368 713 1.3 1.233 5.44 2.08 

Lake 

Abaya 

Ethiopia Extensional 

tectonic  

(rift valley 

lake) 

6N, 37E 1110 342 1.12 1.085 2.90 2.83 

Lake 

Chamo 

Ethiopia Extensional 

tectonic  

(rift valley 

lake) 

5N, 37E 312 132 1.095 1.114 2.10 1.83 

Ziway/Zw

ay 

Ethiopia Extensional 

tectonic  

(rift valley 

lake) 

8N, 38E 420 162 1.08 1.114 2.22 1.50 
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Chilwa Malawi/Mo

zambique 

Extensional 

tectonic  

(rift valley 

lake) 

15S, 35E 1119 275 1.1 1.114 2.31 1.56 

Malombe Malawi Extensional 

tectonic  

(rift 

valley lake) 

14S, 35E 311 108 1.064 1.07 1.73 1.52 

Kivu Democratic 

Republic of 

Congo, 

Rwanda 

Extensional 

tectonic  

(rift 

valley lake) 

2S,29E 2720 1052 1.27 1.215 5.69 1.89 

Tahoe California, 

Nevada 

(USA) 

Extensional 

tectonic 

(graben 

lake) 

39N, 120W 496 121 1.083 1.075 1.54 1.69 

Ohrid Albania, 

Macedonia 

Extensional

/compressi

on-al 

tectonic 

41N,20E 354 110 1.04 1.09 1.65 2.01 

Iznik Turkey Extensional 

tectonic 

40N, 29E 300 109 1.06 1.076 1.77 2.41 

George Australia Extensional 

tectonic 

35S,149E 33 36 1.07 1.17 1.78 3.18 

Blue 

Cypress 

lake/ Lake 

wilmingto

n 

Florida, 

USA 

Karst 27N, 80W 26 21 1.024 1.06 1.17 1.65 

Lake 

Istokpoga 

Florida, 

USA 

Karst 27N, 81W 102 53 1.09 1.035 1.48 1.43 

Lake 

Kissimme

Florida, 

USA 

Karst 27N, 81W 135 89 1.174 1.09 2.15 2.17 
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e 

Scutari 

(Skadarsk

o Jezero) 

Montenegr

o/Albania 

Karst 42N, 19E 383 246 1.164 1.148 3.54 1.50 

Stymphali

a 

Greece Karst 38N,22E 0.61 5 1.16 1.09 1.80 1.79 

Trasimeno Italy Karst 43N,12E 120 67 1.0741 1.102 1.73 1.31 

Placid Florida, 

USA 

Karst 27N,81W 13 18 1.08 1.025 1.39 1.55 

Jackson Florida, 

USA 

Karst 27N,81W 13 15 1.045 1.04 1.22 1.49 

Arbuckle Florida, 

USA 

Karst 27N,81W 12 20 1.064 1.044 1.63 2.72 

Weohyaka

pka 

Florida, 

USA 

Karst 27N,81W 29 22 1.03 1.024 1.13 1.19 

Lake of 

Banyoles 

Spain karst 42.12N, 

2.76E 

1 7 1.073 1.094 1.94 2.53 

Prolosko 

Blato 

Croatia karst 43.46N, 

17.11E 

2 8 1.099 1.065 1.69 1.27 

Marian Florida, 

USA 

karst 27N, 81W 18 26 1.036 1.045 1.70 3.58 

Hatchineh

a 

Florida, 

USA 

karst 28N, 81W 22 36 1.109 1.078 2.15 2.06 

Vransko Croatia karst 43.89N, 

15.57E 

29 45 1.042 1.082 2.34 3.88 

Cypress Florida, 

USA 

karst 28N, 81W 12 14 1.031 1.045 1.19 1.13 

Lochloosa Florida, 

USA 

karst 29.52N, 

82.12W 

22 23 1.046 1.053 1.35 1.26 

Orange Florida, 

USA 

karst 29.52N, 

82.12W 

20 32 1.066 1.08 2.01 2.44 

Santa Fe Florida, 

USA 

karst 29.74N, 

82.07W 

14 17 1.1 1.044 1.28 1.60 
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Miccosuke

e 

Florida, 

USA 

karst 30.57N, 

83.979W 

14 21 1.077 1.102 1.63 1.82 

Lake 

chicot 

Arkansas, 

USA 

Fluvial 

oxbow lake 

33N, 91W 18 52 1.08 1.17 3.48 1.28 

Horse-

shoe lake 

Arkansas, 

USA 

Fluvial 

oxbow lake 

34N, 90W 8 24 1.17 1.09 2.45 1.42 

Manu 

river (lake 

1) 

Peru Fluvial 

oxbow lake 

9S, 70W 0.25 4 1.17 1.03 2.46 1.29 

Manu 

river (lake 

2) 

Peru Fluvial 

oxbow lake 

9S, 70W 0.21 3 1.22 1.08 2.29 2.14 

Oxbow 

lake of 

Songhua 

river 

China Fluvial 

oxbow lake 

45N, 

125.8E 

0.29 4 1.19 1.09 2.33 1.84 

Catahoula Louisiana, 

USA 

Fluvial 

(lateral 

levee lake) 

31.5N,92W 62 69 1.22 1.12 2.47 3.40 

Oxbow 

lake of 

Ganga 

river 

Bihar, 

India 

Fluvial 

oxbow lake 

25N,86E 2 21 1.051 1.34 3.92 3.26 

Oxbow 

lake of 

Amazon 

river 

Brazil Fluvial 

oxbow lake 

3S,66W 6 37 1.07 1.27 4.24 1.43 

Another 

oxbow 

lake of 

Mississipp

i apart 

from 

Arkansas, 

USA 

Fluvial 

oxbow lake 

33N, 91W 9 43 1.08 1.17 4.12 1.59 
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Chicot 

Carter lake Nebraska, 

Iowa (on 

Missouri 

river), USA 

Fluvial 

oxbow lake 

41N,95W 1 9 1.107 1.17 2.49 1.48 

Ototoa New 

Zealand 

Interdune 36S, 174E 0.86 6 1.128 1.108 1.96 2.28 

Swan lake Nebraska 

Hills, USA 

Interdune 41N, 103W 1 9 1.16 1.11 2.17 2.12 

Blue Lake Nebraska 

Hills, USA 

Interdune 41N, 103W 1 5 1.055 1.05 1.45 2.62 

Crescent 

lake 

Nebraska 

Hills, USA 

Interdune 41N, 103W 4 16 1.23 1.145 2.37 2.13 

Island lake Nebraska 

Hills, USA 

Interdune 41N, 103W 2 8 1.108 1.06 1.49 1.33 

Nebraska 

Hills (lake 

1) 

Nebraska 

Hills, USA 

Interdune 41N, 103W 2 7 1.095 1.07 1.24 1.33 

Nebraska 

Hills (lake 

2) 

Nebraska 

Hills, USA 

Interdune 41N, 103W 1 4 1.105 1.012 1.24 1.40 

Nebraska 

Hills (lake 

3) 

Nebraska 

Hills, USA 

Interdune 41N, 103W 2 6 1.06 1.07 1.22 1.58 

Nebraska 

Hills (lake 

4) 

Nebraska 

Hills, USA 

Interdune 41N, 103W 1 6 1.18 1.11 1.50 2.37 

Nebraska 

Hills (lake 

5) 

Nebraska 

Hills, USA 

Interdune 41N, 103W 1 5 1.07 1.05 1.33 1.24 

Clear lake Warner 

range, 

California, 

Landslide 39N,123W 156 112 1.17 1.12 2.52 2.37 
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USA 

Quake 

lake 

Montana, 

USA 

Landslide 44.8N,111.

4W 

2 14 1.14 1.11 2.66 3.27 

Sarez lake Tajikistan Landslide 38.2N,72.7

E 

78 167 1.125 1.143 5.34 2.27 

Manzanita California, 

USA 

Landslide 40.5N, 

121.5W 

0.19 2 1.13 1.0 1.42 2.27 

San 

Cristobal 

Colorado, 

USA 

Landslide 37.97N, 

107W 

1 7 1.15 1.11 1.75 3.81 

Lac de 

Sylans 

France Landslide 46N,5.66E 0.42 5 1.22 1.09 2.35 4.01 

Waikarem

oana 

New 

Zealand 

Landslide 38.7S,177E 47 80 1.27 1.16 3.30 1.43 

Lac des 

brenets 

France, 

Switzerlan-

d 

Landslide 47N,6.69E 0.55 10 1.156 1.34 3.89 3.26 
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Table A.3:  List of terrestrial lakes with surface area larger than 5000 km
2
, used as analogs for Titan’s large lakes or seas. 

These terrestrial lakes are formed either through glacial or tectonic processes. Their statistical parameters (also listed in table) 

were calculated using the SRTM Water Body Data (SWBD), which were generated through automated routines. Different text 

colors in the table correspond to different formation mechanisms of the lakes. 

 

 

 

Lake name 

 

 

Location 

 

Dominant 

formation 

mechanism 

 

Location 

coordinates 

 

Calculated 

area (km
2
) 

 

Calculated 

perimeter 

(km) 

 

Ruler 

Fractal 

Dimension 

Box-

counting 

Fractal 

Dimension 

 

Shoreline 

Development 

index 

 

Linearity 

index 

Athabasca Canada Glacial 59N,109W 7519 1346 1.18 1.17 4.37 2.86 

Erie 
Canada, 

USA 
Glacial 42N,81W 25864 1565 1.11 1.11 2.74 3.62 

Michigan 
Canada, 

USA 
Glacial 44N, 87W 58368 2205 1.14 1.08 2.57 2.53 

Ontario 
Canada, 

USA 
Glacial 

43.7N, 

77.9W 
19288 1460 1.11 1.12 2.96 3.01 

Huron 
Canada, 

USA 
Glacial 

44.8N, 

82.4W 
63299 3908 1.15 1.14 4.38 1.24 

Superior 
Canada, 

USA 
Glacial 

47.7N, 

87.5W 
83512 3263 1.16 1.12 3.18 2.08 

Winnipeg 
Canada, 

USA 
Glacial 52N,97W 24908 2364 1.2 1.15 4.22 3.14 

Winnipegosis Canada Glacial 52N,100W 5356 1613 1.32 1.18 6.21 2.22 

Reindeer Canada Glacial 57N, 102W 6302 2881 1.36 1.3 10.24 3.05 

Vänern Sweden Glacial 58N, 13E 5504 1669 1.31 1.23 6.34 1.85 

Balkhash 
Kazakhstan

, China 
Tectonic 46N,74E 16913 3350 1.18 1.18 7.26 2.59 

Tanganyika Burundi,  6.5S,29.5E 32862 2641 1.07 1.1 4.11 5.59 
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Dominican 

Republic, 

Tanzania, 

Zambia 

 

Tectonic 

Titicaca 
Bolivia, 

Peru 
Tectonic 

15.8S, 

69.3W 
7590 1580 1.3 1.15 5.11 2.33 

Victoria 

Tanzania, 

Uganda, 

Kenya 

Tectonic 1S,33E 69537 5170 1.27 1.19 5.53 1.42 

Baikal 
Russia, 

Mongolia 
Tectonic 

53.5N, 

108.2E 
32574 2729 1.08 1.1 4.26 4.10 

Malawi 

Tanzania, 

Mozambiq

ue, Malawi 

Tectonic 
12.18S, 

34.3E 
29560 2126 1.05 1.09 3.48 4.79 

Issyk Kul Kyrgyzstan Tectonic 42.5N,77.5E 6196 766 1.1 1.12 2.74 2.94 

Turkana 
Ethiopia, 

Kenya 
Tectonic 

3.58N, 

36.11E 
7520 1147 1.1 1.12 3.73 3.68 

Nicaragua Nicaragua Tectonic 
11.6N, 

85.35W 
8211 676 1.07 1.07 2.10 2.23 

Albert 

Democratic 

Republic of 

Congo, 

Uganda 

Tectonic 1N,30E 5537 930 1.07 1.1 3.52 3.39 
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Table A.4:  Results of the Kolmogorov-Smirnov statistical test for comparing distributions of roughness parameters (ruler 

fractal dimensions, shoreline development indexes, linearity indexes) of terrestrial lakes of each process type and Titanian lake 

shorelines. Results are reported in the form of two parameters: D statistic and probability (p-value). An estimate of the D 

statistic higher than the critical value, combined with a small p-value, indicates that the two datasets are derived from different 

distributions.  

 

  

Ruler fractal 

dimension (D,p) 

 

Shoreline 

Development Index 

(D,p) 

 

Linearity Index 

(D,p) 

Glacial 0.445, 0.00094 0.389, 0.0056 0.316, 0.047 

Volcanic 0.818, 1.09e-11 0.734, 1.73e-9 0.563, 1.43e-5 

Impact 0.535, 0.0445 0.342, 0.418 0.433, 0.168 

Tectonic 0.763, 3.225e-10 0.234, 0.238 0.264, 0.145 

Karst 0.824, 7.83e-12 0.726, 2.7e-9 0.209, 0.389 

Fluvial 0.642, 0.00035 0.247, 0.542 0.261, 0.4809 

Interdune 0.694, 8.05e-05 0.721, 3.68e-05 0.235, 0.619 

Landslide 0.565, 0.00819 0.218, 0.807 0.5, 0.029 
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Table A.5:    List of 46 Cassini radar altimetry profiles and overlapping SAR swaths, until June 2011, that are publicly 

available on NASA’s PDS. ‘i’ refers to inbound flybys, while ‘o’ refers to outbound flybys. 

 

Cassini 

Titan radar 

altimetry 

profile 

Lon(E)/ 

Lat(N) range 

Profile 

length 

(km) 

# of 

points 

in 

profile 

Cassini 

Titan 

SAR 

swath 

Features of interest 

TA-o 
(357.9-349.5)/ 

(23.9-28.8) 
420 408 T23  

Near rim of ‘certain’ 

impact crater (Fig. 4.8c) 

T3-i 
(225.4-219.7)/ 

(8.2-11.4) 
314 109 T4  

T3-o 
(5.4-0.0)/ 

(10.9-13.7) 
279 111 T23  

Unnamed dune field 

(Fig. 4.8d) 

T8-i 
(187.5-179.1)/ 

((-0.1)-0.2) 
399 152 T48  

Shangri-La dune field 

(Fig. 4.8e) 

T8-o 
(51.9-41.0)/ 

(0.6-0.9) 
501 174 T19  

T13-o 
(194.0-180.1)/ 

(0.3-0.34) 
629 251 T48  

Shangri-La dune field 

(Fig. 4.8f) 

T16-i 
(205.9-204.3) 

/(12.2-28.5) 
1008 628 T43  

T16-o 
(25.1-24.5)/ 

(12.8-20.4) 
357 218   

T19-i 
(224.4-219.9)/ 

(35.5-45.6) 
536 255 T16  

T19-o (33.4-29.2)/ 975 459   
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((-16.8)-(-1.2)) 

T21-o 
(56.8-49.3)/ 

(-26.8)-(-14.9) 
803 424   

T23-i 
(267.3-245.0)/ 

(55.9-62.2) 
624 405   

T23-o 
(37.9-33.7)/ 

(-34.3)-(-28.3) 
335 182 T50  

T25-i 
(321.8-319.9)/ 

(-34.9)-(-30.9) 
194 57   

T28-i 
(333.9-328.2)/ 

(-25.9)-(-11.3) 
869 784   

T28-o 
(134.7-128.2)/ 

(48.3-54.9) 
374 375 T21  

T29-i 
(334.6-331.8)/ 

(-14.5)-(-3.9) 
576 246   

T29-o 
(144.9-137.1)/ 

(33.3-48.6) 
961 472 

T64, 

T21 
 

T30-i 
(359.9-331.6)/ 

(-10.7)-(67.3) 
3877 2837 T29 

Fensal dune field (Fig. 

4.8g); positive relief 

ridges (Fig. 4.8b) 

T30-o 
(146.4-143.7)/ 

(29.1-41.3) 
599 274 T64 

High topography 

feature with gentle 

slopes (Fig. 4.8a) 

T36-i 
(337.3-328.7)/ 

((-17.3)-(-4.9)) 
881 718   

T36-o 
(171.9-162.5)/ 

((-20.9-(-7.4)) 
1067 1060 T8, T41 

Possible, previously 

unrecognized impact 

crater (Fig. 4.9) 

T39-i 
(325.9-323.9)/ 

(-38.7)-(-32.4) 
300 102 T36  
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T39-o 
(152.8-149.4)/ 

((-5.1)-8.9) 
806 399 

T41, 

T61 

Positive relief ridges 

(Fig. 4.8h)  

T41-i 
(302.7-295.1)/ 

(-36.9)-(-33.4) 
341 125   

T41-o 
(155.1-148.5)/ 

(8.6-15.1) 
435 150 T64  

T43-i 
(286.9-280.2)/ 

(-22.8)-(-19.7) 
335 115 T41  

T43-o 
(147.6-129.1)/ 

(31.3-34.9) 
903 433 

T30, 

T64 
 

T44-i 
(276.2-263.9)/ 

(-22.7)-(-18.1) 
572 182 T43 

Region with varying 

roughness (Fig. 4.8j) 

T44-o 
(141.7-127.4)/ 

(28.5-29.7) 
649 274   

T48-i 
(259.1-250.5)/ 

(-39.0)-(-38.7) 
313 110   

T49-i 
(192.1-146.6)/ 

(-74.2)-(-65.9) 
769 448 

T57, 

T58, 

T65 

Ontario Lacus (Fig. 

4.8i) 

T49-o 
(101.1-98.8)/ 

(20.3-27.1) 
333 128   

T50-i 
(309.3-290.1)/ 

(-66.8)-(-60.4) 
508 174 T36  

T50-o 
(83.5-78.1)/ 

(24.8-35.0) 
524 188   

T55-i 
(224.3-218.3)/ 

(35.6-41.5) 
359 135 T16  

T55-o 

(section 1)  

(92.2-86.6)/ 

(-60.2)-(-59.8) 
135 67   

T55-o  (103.6-94.3)/ 212 70   
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(section 2) (-61.0)-(-60.3) 

T56-i 
(219.4-214.6)/ 

(26.6-33.1) 
359 141 T16  

Region with varying 

roughness; possible 

double-impact crater 

(Fig. 4.8k) 

T56-o 
(84.7-75.6)/ 

(-61.3)-(-59.0) 
231 80   

T57-o 
(72.5-57.5)/ 

(-60.4)-(-52.6) 
525 184   

T61-i 
(193.4-187.6)/ 

(0.07-2.6) 
292 113   

T64-i 
(333.1-332.3)/ 

(21.7-27.9) 
301 278 

T29, 

T25 
 

T64-o 
(155.2-154.5)/ 

(9.5-15.8) 
299 263 T44  

T77-i 
(251.4-194.3)/ 

(0.41-0.24) 
2568 1573 

T48, 

T55, 

T56, 

T57, 

T58  

 

T77-o 
(326.1-319.5)/ 

(0.1-0.19) 
299 115 T29  
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