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Abstract

By using a mountain model and distribution of Titan, a statistical distribution

of the topographical elevations of the moon, its hypsometry, is attained. A

comparison with data hypsometry and similarly modeled hypsometry for Earth

show resemblance between the two, though such comparison for Titan makes for

inconclusiveness in the validity of the approach. Both cases of hypsometry are

then used to show coverage of the body’s area as a function of volume. Values

for hydrogen escape is then used to calculate a minimum time at which a given

percentage of Titan would be covered with liquids. The predictions are that

900-1,200 million years ago, 50% of the surface of Titan was covered with an

ocean. Some 60-80% of the surface of Titan was covered with liquid methane

2000 million years ago.
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Chapter 1

Introdction

The work of this master thesis took place at NASA Ames Research Center in

Mountain View, CA. Our general field of interest as we arrived at Ames was

that of astrobiology. As such, this introduction is dedicated to inform the reader

about the NASA Ames Research Center and to scratch the surface of the field

of Astrobiology.

1.1 NASA Ames Research Center

One of ten National Aeronautics and Space Administration (NASA) field in-

stallation, Ames was founded in 1939. However, it had to wait to receive its

current name until the year of the formation of NASA (1958). NASA Ames is

a versatile organization, not only working with space missions and aerospace

technology, but also a leader in astrobiology and information technology.

Current missions conducted by Ames include the LCROSS, Kepler and

small satellite missions. The LCROSS mission had the objective of attaining

Table 1.1: Short list of facts about NASA Ames.

Location: Silicon Valley

Annual Budget: $600 million

Research Personnel: 2,300

Capital Equipment: >$3.0 billion
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information about the existence of water and other material in a permanently

shadowed crater on the Moon. This was achieved by impacting the Moon with

the satellite. The small satellite missions are about inexpensively, quickly and

efficiently developing and flying satellites. These satellites weigh 90-200 kg and

gives NASA the opportunity to test new technology and science in the environ-

ment of space. The Kepler satellite is a project devoted to finding exoplanets. It

is designed to be able to detect earth-like planets orbiting distant stars (source:

http://www.nasa.gov/).

Figure 1.1: NASA Ames Hangar One. Picture credited to F. Persson.

1.2 Astrobiology

The field of astrobiology, which is of major interest of this thesis, is vast. It

encompasses parts of fields ranging from chemistry and biology, to geology and

astrophysics. It might be easy, in this world of specialization, to look at the

broadness of the field and grumble a bit. To educate oneself to the level of an

expert in each of these fields, would take a lifetime. Do not panic, though, for
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astrobiology is truly a field where each can contribute to the whole. The times

when the lone genius could contribute to vastly change our knowledge of the

Universe, are likely gone.

Table 1.2: A list of goals for the field of astrobiology, as stated by Lunine (2005).

The italics is an addition, as the book was in print before Cassini-Huygens

started delivering some amazing photos and data from Enceladus.

1. Understand how life arose on Earth.

2. Determine the general principles governing the organization of matter

into living systems.

3. Explore how life evolves on the molecular, organismal, and ecosystem

levels.

4. Determine how the terrestrial biosphere has co-evolved with the

Earth.

5. Establish limits for life in environments that provide analogues for

conditions of other worlds.

6. Determine what makes a planet habitable and how common those

worlds are in the universe.

7. Determine how to recognize the signature of life on other worlds be-

yond our solar system.

8. Determine whether there is (or once was) life elsewhere in our solar

system, particularly on Mars, Europe, Enceladus, and Titan.

9. Determine how ecosystems respond to environmental change on

timescales relevant to human life on Earth.

10. Understand the response of terrestrial life to conditions in space or

on other planets.

So what questions will an astrobiologist find him/herself pondering? Or, in

other words, what are the objectives of astrobiology? In his book, Astrobiology;

A Multidisciplinary Approach (2005), J.I. Lunine sums the goals of astrobiology

in a list reproduced as Table 1.2. These points can, of course, only serve as an

overview of the field, but it is a good starting point. As it stands, quite central

to the field of astrobiology, as the name might hint at, is the question of our
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solitude — are we (the Earth) alone, or is there life elsewhere? Is this life alien,

or did it part with our ancestors after a joint abiogenesis?

When the questions of our solitude and origin are answered, astrobiology is

over. As for now, we still lack an experimental theory of abiogenesis - mankind

have yet to manufacture life from scratch. And the details of our solar system?

The oceans predicted at the depths of Europe and Enceladus urge exploration.

Every stone on the Martian ground is yet to be turned and the rich chemistry in

the thick atmosphere of Titan, and its interaction with the diverse landscaping of

this moon, have yet to be mapped to satisfaction. Mapping of exoplanets is still

in its infancy, but when it becomes possible to gain insight into the composition

of the atmospheres of the large amount of planets out there, orbiting the stars

of our galaxy, this will warrant increased attention. For now, there is no end in

sight to the field of astrobiology. There is still lots of science left to do, there

are experiments to run.
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Chapter 2

A Brief Overview

In this thesis, the question attempted to be answered is one about past oceans of

Titan, and when these might have existed. It is also a question about drainage

of liquids and what role topography, with the main focus on mountains (see

Section 3.2, Mountains), plays in determining this drainage. If the question is

condensed into a one-liner it would be: “How much liquid is necessary to settle

a substantial amount of liquids at the surface of the equator of Titan?”

This is not as simple for Titan as it is for Earth or Mars, where the to-

pographies are known and have been studied to great detail. It requires some

modeling, since only a limited part of the surface of Titan has topographical data

(see Section 2.1, Titan). It is interesting, because part of the mapped regions

around the equator have indications of liquid landscaping (see Subsection 2.1.1,

The Surface of Titan).

2.1 Titan

At a distance of about 1.2 million km, the second largest moon of our solar sys-

tem, Titan, circles the second largest planet, Saturn. The moon was discovered

in 1655 by dutch astronomer Christiaan Huygens and the name for the moon

was taken from the Greek mythology of the old gods. Titan has an orbital

period of 16 days and is tidally locked to Saturn, that is, Titan has the same

side facing Saturn at all times. The moon is known to have a thick and hazy
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Figure 2.1: A map of Titan. This map is a projection of all available Radar

Swaths (at time of writing/downloading of image) on a map of relative bright-

ness of Titan at 938 nm. This map was taken from http://pirlwww.lpl.

arizona.edu/~perry/RADAR/.

atmosphere consisting of mainly nitrogen (∼ 95%) and methane (∼ 5%), with

traces of other gases, such as heavier hydrocarbons.

The surface temperature, at about 94 K, is very low compared to Earth,

with the surface consisting of water ice and clathrates (e.g., a chemical cage of

hydrates trapping xenon). Surface pressure on Titan is 1.5 bar, 1.5 times larger

than that on Earth. It has a radius of 2,575 km and is thought to contain a

liquid ocean underneath the ice crust.

2.1.1 The Surface of Titan

The surface of Titan is varied, with mountains, dunes, fluvial features and (most

notoriously) liquid-filled lakes. Titan might be the place most similar to Earth

in our Solar system. Even though a major part of the Cassini-Huygens mission

to the Saturn system is about this moon, Titan is still relatively unmapped,

with only about 20% mapped with radar (Lopes et al., 2010) and yet less of

the surface is mapped with elevation data (which stands at 1.3%; Lorenz et al.,

2011). In the beginning of 2005, the Huygens probe landed on Titan, shattering

any hopes of finding the methane ocean predicted as a result of Voyager data

6
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(by e.g., Sagan and Dermott, 1982). Images from the descent of Huygens can

be seen in Figure 2.2.

Figure 2.2: The view of Huygens, in various directions, as it descended towards

the surface of Titan on January 14, 2005. This picture was taken from www.

esa.int/esaMI/Cassini-Huygens/.
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Mountains of Titan

Identified by Radebaugh et al. (2007) as units with increased elevation and

slopes, the mountains of Titan are presumed to be made of ice, which acts as

a silicate at the low temperatures of Titan. These mountains might have been

formed through crustal compression, secondary ejecta of blocks or a preexist-

ing layer being stripped away. Regardless of the scenario of these mountains’

formation, each mountain is subsequently subjected to erosion. The average

height of the mapped mountains of Titan is about 900 meters and the highest

peak is around 1900 meters (Radebaugh et al., 2007). The rate of erosion can

be used as an indicator of the age and if earth-like erosional rates are assumed,

the highest mountains should be 20-100 million years old (Radebaugh et al.,

2007).

Figure 2.3: Radar image of the terrain of Titan taken during the T3 pass of

Titan by Cassini in February 2005. The mountains form a ring-like structure

in the middle of the figure. T3 RADAR SAR Swath was found at http://

pirlwww.lpl.arizona.edu/~perry/RADAR/.
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Figure 2.4: Dunes of Titan found in the T21 pass by Cassini of Titan in De-

cember 2006. The dunes are clearly changing directions around the differ-

ent (elevated), light terrain. T21 RADAR SAR Swath was found at http:

//pirlwww.lpl.arizona.edu/~perry/RADAR/.

Dunes of Titan

The dunes of Titan can be up to 150 meters high. They are between 1-2 kilome-

ters wide, are separated by between 1-4 kilometers and can stretch farther than

100 km (Radebaugh et al., 2008). The vast majority of dunes are found near

the equatorial region (<30° both north and south; Radebaugh et al., 2008) but

occasional observations have been made at higher latitudes (< 1% of the total

dune area is at 30°N − 60°N, the rest is at 30°S − 30°N according to Lopes et

al., 2010).

The implication of the dunes on Titan is diverse. Eastern winds are indi-

cated by the dune-direction, as well as erosional debris visible next to what is

identified as elevated terrain. Also visible are local variations in direction, in-

dicative of seasonal variations and/or topographic hindrance, such as mountains

(Figure 2.4; Radebaugh et al., 2007). The dunes also implicates that there need
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to be ample supply of the sand (small particles) that makes up the dune, which

means that erosion and other sedimentary processes take place to a sufficient

extent on Titan (Radebaugh et al., 2008). This sand should be 100–300 µm in

size and seems to be comprised of a mixture of mostly organics and some water

ice (Soderblom et al., 2007). The dunes are estimated to contain (2− 8)× 105

km3 of hydrocarbons (Lorenz et al., 2008).

Lakes of Titan

A mix of liquid methane, ethane and nitrogen is thermodynamically stable in

the environment on Titan, and when Cassini discovered radar dark spots across

the northern hemisphere of Titan, these spots were widely accepted as lakes

(Stofan et al., 2007). An analogy to this radar darkness is the optical darkness

of water oceans/lakes on Earth, where sometimes even after just a few meters

of depth, there is complete darkness and no returning optical information. The

observed lakes on Titan are located around the poles (above 60°N and below

60°S) with a south : north distribution of around 1 : 11 (Lopes et al., 2010).

Another analogy is used by Lorenz et al. (2008), which states that the

depth of the lakes of Titan approximates the formulation d =
√

A
106 of Earth,

where the area of a lake is A, and d is the depth of that lake in meters. Hence

an estimate the depth of the lakes become possible. The area of the lakes vary

quite a bit, with a median size of 100 km2 and the largest lakes around 80,000

km2. The median depth should thus be around 10 meters for the lakes of Titan,

with the largest lakes being around 300 meters deep. A conservative estimated

mean depth of 20 meters can be induced if the difference in darkness of the lakes

are accounted for. The total amount of liquids in the lakes of Titan can thus be

estimated as 3× 104 − 3× 105 km3 (Lorenz et al., 2008).

Evidence of Liquid Activity on Titan

One evidence on the surface that there are liquids in meteorological systems on

Titan is that there are fluvial features. These remains of rivers tell us there

must have been raining at some time in the history of Titan. Since there are

observations of cloud formation (e.g., Brown et al., 2002) and because ther-

modynamical calculations show that rain and hail can reach the surface (e.g.,
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Figure 2.5: A lake on the northern hemisphere of Titan. The picture was taken

in the T29 pass of Titan by Cassini in April 2007. Visible to the left of the

dark, central shape (the lake) is a branched channel that seems to connect

with the dark feature in the lower left. T29 RADAR SAR Swath was found at

http://pirlwww.lpl.arizona.edu/~perry/RADAR/.

Graves et al., 2008), these features might be produced continuously.

Another evidence of liquid activity might be the landing-site of Huygens.

The ground where Huygens landed is most possible damp (Lorenz et al., 2006).

The landing of Huygens was a soft splat, and the inlet for the Gas Chromato-

graph Mass Spectrometer (GCMS), which likely is embedded in the ground,

measures a change in mass of gaseous methane, probably caused by the heat of

the GCMS evaporating methane in the ground (Lorenz et al., 2006).

Yet a third evidence for activity of liquids (or at least the presence of such

some time ago) is the remains of lake-shaped features spread all over Titan,

and not as the radar dark lakes, which are taken to contain liquids, and which

can only be found near the poles. These non-dark lakes, once thought of as

cryovolcanic flows, are distributed in such a way that Titan should have had

substantial amounts of liquids even in its equatorial region (Moore and Howard,

2010).
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Figure 2.6: River features on Titan. Taken at the T13 pass of April 2006. It

is clearly visible how the river networks join up at the lower half of the figure,

which is a typical behavior of rivers. T13 RADAR SAR Swath was found at

http://pirlwww.lpl.arizona.edu/~perry/RADAR/.

2.1.2 The Atmosphere of Titan

Titan has a thick atmosphere and cloud formation takes place, making it an in-

teresting object to observe from an astrobiological point of view. Large storms

are also known to occur on occasion, possibly producing large amounts of pre-

cipitation.

Haze

A haze was first indicated to exist on Titan when a very low UV albedo was

observed from the Saturn moon. This observation was evidence that absorption

of the UV radiation was taking place in the atmosphere, possibly due to a haze

(Brown et al., 2009). The haze is derived from the photochemical reactions

occurring in the atmosphere, and over time a haze of hydrogen, carbon and

nitrogen compounds is produced.

When the Voyager mission passed by Titan, an optically thick and red haze

was found, which made it difficult to attain images of the surface. Titan had
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Figure 2.7: Equatorial dry lakes of Titan. Arrows indicate the general direction

of the downstream (Moore and Howard, 2010).

variations in color accounted at the time to variations in haze density, particle

size and/or composition. To determine the vertical haze distribution, micro-

physical models were constructed, which indicated that no haze would exist

below about 70 km height from the surface (Brown et al., 2009).

In Tokano et al. (2006), a different possibility is described. Because of

methane’s freezing point of 90.6 K, Tokano et al. (2006) discusses that a mix-

ture of nitrogen dissolved into methane can be stable in the atmosphere up to

about 15 km altitude. The increased methane count rate at 16 km supports

this theory. As seen in Figure 2.8 one cloud of a nitrogen-methane mixture is

thought to exist below 16 km and a few kilometers higher up a methane ice

cloud exists.

Tomasko et al. (2005) analyzed measurements from the Huygens probe.
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Figure 2.8: The atmosphere of Titan with an upper cloud consisting mostly of

solid methane and a lower cloud consisting of a binary liquid of methane and

nitrogen. The general structure displayed here might be representative of the

half of Titan that experiences slow large-scale updraft (Tokano et al., 2006).

They found that during flight the Downward-Looking Infrared Spectrometer

(DLIS) observed an increase of average brightness by a factor of 2 from the sur-

face to 30 km at 830 nm. The average brightness found by the Huygens probe

can be found in Figure 2.9. An increase in intensity at 830 nm is almost exclu-

sively because of scattering by haze between 30 km and the surface (Tomasko et

al., 2005). This shows that a measurable haze opacity exists all the way down

to the surface.

Cloud Formation

There is primarily two kinds of cloud systems appearing around Titan. The

first one is thought to be a convective, tropospheric cloud system consisting

of primarily methane. The second is a stratiform system composed of ethane

but also other trace organics such as hydrocarbon and nitrile ices. Atmospheric

up-welling is believed to produce the tropospheric clouds, while a more intri-
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Figure 2.9: Average intensity as a function of wavelength in nanometers for a

number of heights (Tomasko et al., 2005). Low intensity is indicative of low

optical depth.

cate process involving photochemistry and atmospheric down-welling that bring

photochemical byproducts down near the colder tropopause causes the strati-

form clouds. These stratiform clouds consist mainly ethane, and a ∼5400 km

stratiform cloud has been observed near the north pole (Griffith et al., 2009).

During the years, only a few ground based observations of clouds on Titan

have been made. Most of the cloud systems are found at high latitudes and

especially on the southern hemisphere. In 2008, clouds were spotted as close to

the equator as 12°S latitude. This one cloud system was visible for several days

and instigated more cloud activity on the southern hemisphere. It is believed

that cloud systems like this are connected to heavy precipitation (Schaller et

al., 2009).
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Figure 2.10: Cassini ISS surface maps showing the distribution of clouds on

Titan as observed in April and May of 2008 (Shaller et al., 2009). The colored

rings indicates areas and time of cloud observations.

Drizzle

The hydrology of Titan is very interesting. A key to solving its mystery is

understanding if drizzle is a recurring feature on Titan, perhaps on a diurnal

cycle, or if it may not occur at all. Due to the vertical methane humidity change

measured during the descent of the Huygens probe, drizzle on a global scale has

been proposed by Tokano et al. (2006). The drizzle is believed to originate from

a tropospheric liquid methane-nitrogen cloud, and if this is the case drizzle on

a global scale will have large effects on the geology of Titan.

Regions with increased atmospheric opacity was found in the morning at

equatorial regions, and this was interpreted as drizzle caused by a temperature

drop during the night (Adamkovics et al., 2007). However, this work has been

disputed by another study saying that the morning drizzle thought to be ob-

served was not spectroscopically verifiable (Kim et al., 2008).

Methane mole fraction in the atmosphere stays constant for the 6 km closest

to the surface (Niemann et al., 2010). The vertical profile of methane in Titan’s

atmosphere can be seen in Figure 2.11. An interpretation of this observation

is that a slow drizzle occurs at these altitudes. The amount of precipitation

reaching the surface at the Huygens landing site is thought to be in the region

of 50 mm/a (Tokano et al., 2006).
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Figure 2.11: The vertical profile of the methane mole fraction obtained by the

Huygens probe during its descent through the Titan atmosphere (Niemann et

al., 2010).

The Methane Cycle

The methane in Titan’s atmosphere is critical for maintaining the current at-

mospheric conditions. Without methane the nitrogen in the atmosphere would

condense and the atmosphere would collapse (Lorenz et al., 1997, 1999; Brown et

al., 2009). It seems like methane acts in a similar way in Titan’s atmosphere as

water does in Earth’s atmosphere. Clouds have been detected occasionally, lakes

are indicated to exist near the poles, and fluvial features have been spotted by

Cassini observations, suggesting precipitation might be occurring periodically.

All of this is compelling evidence for a cyclic behavior of the methane in Titan’s

atmosphere (Lunine and Atreya, 2008).

Methane is constantly destroyed in the stratosphere by photochemical re-

actions, turning methane into ethane and other hydrocarbons, while hydrogen is

removed from the atmosphere. If the atmosphere is stable, this methane/hydrogen

loss must be counter-acted by methane being resupplied from a source. Water-
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rock reactions in the interior of Titan might produce the methane needed

(Atreya et al., 2006). The methane produced can then be stored as a clathrate-

hydrate on the surface of Titan. Lakes on Titan are believed to only produce

about 1% of the methane needed to balance the loss of methane through pho-

tochemistry (Brown et al., 2009). Therefore another source to replenish the

hydrogen might be necessary, as shown in Figure 2.12, where the methane is

supposed to come from Titan’s interior.

Figure 2.12: An illustration representing the fate of methane when it gets pho-

tochemically destroyed in Titan’s atmosphere (Atreya et al., 2006).

Another possibility is that cryovolcanic outbursts (e.g., Hallgren, 2006) acts

as a supplier of methane from the interior of Titan. It is the observation of

radiogenic argon (40Ar) by the Huygens GCMS instrument (Niemann et al.,

2005) and the Cassini Orbiter Ion and Neutral Mass Spectrometer (Waite et

al., 2005) that fueled this theory. As we know, 40Ar is a product of the decay of
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40K, which has a half-life of about 1.3 billion years. Since potassium is thought

to have existed in the rocks at the core of Titan when it was formed, the half-life

of 40K indicates that 40Ar was produced at the center of Titan several billion

years ago (Aterya et al., 2006).

What we are seeing right now on Titan might be the end of a long drought,

and all of Titan’s liquid might soon be gone. Titan might have dried up and

gotten resupplied by some process several times over geological time. However,

it is not likely that all of Titan’s liquid would disappear at one point in time

and then be resupplied at another time, considering the amount of liquid at

play (Brown et al. 2009).

2.2 The Hypothesis

The general idea of this thesis is that the limits of relief of a planetary body

can be used to determine how and where a liquid can settle. Using only the

peaks of mountain ranges, is it possible to make predictions about the general

topography of a body?

It is put forth that the statistical distribution of topographical elevations1 of

a planetary body is partly determined by the peaks of the mountains of the body.

Perhaps somewhat more controversial, it is also proposed that the integration

of a topography based solely on mountains will resemble the integration of the

real hypsometry1. Predictions about how much of a body some known amount

of liquid will cover, can be made by a peaks-only model. These two assumptions

are at the center of the rest of this thesis.

In mathematical terms, given that H(x) is a set of sorted (from low to

high) elevations with area coverage of a planetary body, dx, and P (x) is a set of

elevations of the above model sorted in the same way as H(x). Then the latter

assumption, that the integration of a mountain model hypsometry will resemble

the integration of the real hypsometry, can be stated as∫ 1

x

[H (ξ)−H (x)] dξ ≈
∫ 1

x

[P (ξ)− P (x)] dξ x ∈ (0, 1], (2.1)

1A statistical distribution of topographical elevations is also known as a hypsometry.
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where the first term [H(ξ), P (ξ)] represent the topographic details and the sec-

ond term [H(x), P (x)] give the highest elevation reached by the liquid. For a

more detailed explanation of Equation 2.1, see Section 3.1.3.

We need to know some things to test the assumptions presented above.

First of all, we need a general idea of how a mountain looks (Section 3.2) and

secondly we need to know how hypsometry is determined from a map or general

topography (Section 3.1). When these general features of the hypothesis are

defined, local limitations need to be identified before a model can be built to

test the theories (Chapter 4, The Model).

Both assumptions are tested for Earth and Titan to compare the fully

known hypsometry of Earth with the somewhat extrapolated hypsometry of

Titan (Lorenz et al., 2011). The assumption that the hypsometry of a planet

is partly determined by its peaks, is tested by comparing the model and data

high extremes of elevations. The second assumption, that the integration of a

mountain model hypsometry will resemble the integration of the real hypsome-

try, is tested by comparing the resulting curves at both low extremes and high

extremes.

After an introduction to the general features of Titan (Section 2.1), first a

theory of mountains will be described (based on work by Ahnert, 1984). Then

the mathematics of hyposometry is presented and the hypsometry of Earth and

Titan, as good as the latter is determined, will be shown. The result of the

model based on the above features is then presented in Chapter 5, Results.

This chapter will also contain a brief look at the implications of the hypsometry

of Titan regarding its possible coverage with an ocean of liquid methane. At

the the end (Chapter 6, Discussion and Conclusions), the validity and various

future prospects of this model are discussed. Thus the general outline of this

thesis should be clear.

Before moving on to the theory though, a short reiteration of the main

problem of interest might be useful: “How much liquid is necessary to settle a

substantial amount of liquids at the surface of the equator of Titan?” As seen

in the introductory section about Titan, the mapped percentage of Titan with

radar is relatively low. Only 1.3% of the surface area have altimeter data. Be-
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cause there is a lack of elevation data on Titan, it is just not possible to put

the topography of Titan into a computer and see what happens if a source of

new liquid is added. Using statistics and hypsometry thus become a good way

to probe the entirety of Titan’s surface at present time.
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Chapter 3

Theory

This chapter will go over the main parts necessary to build the model used

to generate the hypsometry. It starts with an introduction to hypsometry and

presents the hypsometric curve of Titan and Earth. Then it explains how these

hypsometric curves can be used to derive the amount of liquid necessary to cover

some percentage of a planetary body. The chapter then continues to discuss

mountains and the results of Ahnert (1984), regarding the limits on relief of

mountain ranges. After this, a short test of his results in lieu of the problem at

hand is presented. Last of all follows a brief presentation of the data used by

the model, leaving it up to the next chapter to give a detailed description of the

model itself.

3.1 Hypsometry

To describe the topography of a planetary body, quite a varied approach can be

taken. A planet can be described by its features, e.g., the height of its mountains

(see, e.g., Radebaugh et al., 2007), the asymmetry of its poles, or by its spherical

harmonics (see, e.g., Zebker et al., 2009).

One simple method to get a grasp of the topography of a body is to plot

its hypsometric curve. A hypsometric curve of a planetary body is its elevation

plotted against the cumulative area contribution of higher elevations. This area

contribution is taken to be the area of a projected sphere or ellipsoid, as viewed
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by satellites, high flying birds or, for instance, a Mercator World Map. More

precisely, the area contribution of each point of data is ∆φ∆θ, or dφdθ, if the

curvature of the planet is defined.

3.1.1 The Hypsometric Curve of Earth

To generate a hypsometric curve for Earth from elevation data, we need to know

how the data is represented. Figure 3.1 contains elevation data on Earth sorted

as a 640×498 matrix (meaning that these data are represented as a rectangular

projection). What follows is a short tutorial on how to generate the hypsometric

curve of Earth from this set of data.

Figure 3.1: A topographic map of Earth used to demonstrate a hypsometric

curve of the planet. The dataset is taken from GeoMapApp (www.geomapapp.

com).

A sphere of radius R⊕ = 6378.1 km will be used as the shape of our planet.

This is not really the case, but it is close enough and simplifies the mathematics
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considerably. The area of an element on a sphere is

dA = r2 sin (θ) dθdφ, (3.1)

where θ is the latitude, φ is the longitude and r is the radius of the sphere.

Defining a finite element elevation matrix as

E =



E11 E12 E13 E14 · · · E1Φ

E21 E22 E23 E24 · · · E2Φ

E31 E32 E33 E34 · · · E3Φ

E41 E42 E43 E44 · · · E4Φ

...
...

...
...

. . .
...

EΘ1 EΘ2 EΘ3 EΘ4 · · · EΘΦ


, (3.2)

where Θ is the number of vertical elements and Φ is the number of horizontal

elements. Following Equation 3.1, each element Eij is accompanied by an area

coverage element

Aij =
R2
⊕ × 2π

Φ ×
[
cos
(
j−1
Θ π

)
− cos

(
j
Θπ
)]

4πR2
⊕

, (3.3)

or

Aij =
1

2Φ

[
cos

(
j − 1

Θ
π

)
− cos

(
j

Θ
π

)]
, (3.4)

such that these Aij can be found at the same place as their contemporaries in

a matrix A.

We almost achieve a hypsometric curve using a function Sh, which sorts

each element of E from highest to lowest in a vector ~EK . Using the very same

sorting function on A (sorting these into ~aK), such that

~EK = Sh(E) (3.5)

and

~aK = Sh(A). (3.6)

All that remains is to take the cumulative sum of ~aK ,

~AK =

K∑
n=1

an K ∈ [1,Φ×Θ] . (3.7)

The hypsometric curve of Earth is a plot of ~EK versus ~AK . In other words, the

hypsometry of Earth is the planets elevations plotted against the relative area
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covered by higher or equal elevations.

From Figure 3.2, it can be seen that the hypsometry of Earth is bimodal. If

the data would be presented as a histogram, it shows that there is an increased

chance that a random area on Earth has an elevation of either ≈ −4000 meters

or ≈ 500 meters. The bimodality of Earth’s hypsometry can be explained by

the two crusts, because both the oceanic and continental crust can be used as a

base for local height differences, Earth’s hypsographic curve is bimodal (see, e.g.,

Lorenz et al., 2011). As is seen later on with Titan, a unimodal crust will have

a 50% chance to have an elevation above 0. The 50% for Earth’s hypsometry

is about −2800 m, which imply that the oceanic crust covers a larger area than

the continental crust. This is a byproduct of defining 0 elevation for Earth at

sea surface height. Since the oceans of Earth cover about 70% of the planet,

the median height will negative.

Figure 3.2: The hypsometry of Earth derived using the methods and data of

Section 3.1.1 (Figure 3.1 and Equations 3.1-3.7). The y-axis shows the elevation

of an area element and the x-axis shows the probability that a random area

element of the body is higher elevated.
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We can also see the tails at the extremes. These are mainly shaped by

peaks and depressions. The peak of the mountainous regions at the resolution

of Figure 3.2 is about 5, 700 meters and the low at the depression is at about

−8, 200 meters, meaning there is about 13, 900 meters difference between the

minimum and maximum elevation for the hypsometry of Earth.

3.1.2 The Hypsometric Curve of Titan

Recently, data have become available to specify the hypsometry of Titan (Lorenz

et al., 2011). The data might be sparse, covering only 1.3% of the surface area

(or 10% of Titan if the 1.3% area data are extrapolated to a binning of 1°×1°),

but it provides a first estimate of the statistical distribution of the topography

of Titan.

Figure 3.3: The hypsometry of Titan as derived by Lorenz et al. (2011). The y-

axis shows the elevation of an area element and the x-axis shows the probability

that a random area element of the body is higher elevated.
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The hypsometry of Titan, see Figure 3.3, is unimodal. It is most common

on Titan that an area has an elevation of around 0 meters. This, in contrast to

Earth, can to be taken as if Titan is based on a single crust. The tails on the

hypsometry of Titan shows a peak of about 700 meters and a minimum of about

−1000 meters, leaving us with a total difference of about 1700 meters. That

is nearly one-eigth the value of Earth, so Titan is considerably flatter than our

world. For a more detailed discussion on the hypsometry of Titan, see Lorenz

et al. (2011).

3.1.3 Covering the Surface with Liquids

The hypsometric curve represent a statistical distribution of elevation of the

planetary body, so it is usable to derive how much liquid is necessary to fill a

certain percentage of the topography of the body with liquids.

To fill the planetary body with liquids to some elevation EN . It is taken

that we need to fill each element of elevation below EN . This is not the real case

as some elements might be surrounded by higher elements, making them un-

reachable from the perspective of a large central body of liquid (i.e. an ocean).

However, this simplification will have to do, as the surroundings of each element

cannot be deduced from a hypsometric curve. Besides, this simplification will

not cause too much error, as we will see from the results of the following algo-

rithm on the hypsometric curve of Earth. If the body is filled to the height of

EN , AN will be covered with liquids. So how much liquids are required to cover

AN of a planetary body?

It can be shown that the volume, VN , necessary to fill AN of the planet is

VN = APB

[
ANEN −

N∑
n=1

(anEn)

]
, (3.8)

where an is the relative area coverage of the element with elevation En (see,

e.g., Equation 3.6). Another way to present the volume of liquid required, is to

divide by the area of the planetary body APB , such as to use the average height
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of the liquid above a uniform surface. The average column volume becomes

FN = ANEN −
N∑
n=1

(anEn) . (3.9)

The first term, ANEN , can be viewed as the amount of liquid required to

fill a rectangular box of area AN and elevation EN . Since this is not the best

way to represent a body, the Riemann sum,
∑N
n=1 anEn, corrects for the first

term by using the hypsometry of the body. The second term can thus be viewed

as such that each element anEn represents a small volume of the rectangular

box already filled with something else.

It is always possible to explore the situation from a pure mathematical view,

instead of as above: a case of data processing. If the reversed1 hypsometric curve

is defined as H(x), x ∈ (0, 1], then

V (x) = APB

∫ x

1

[H (x)−H (ξ)] dξ, (3.10)

where ξ ∈ (0, 1] is the relative area and APB is the area of the planetary body.

Note that the above equation follows the same logic as Equation 3.9 in the

meaning of each term. By reversing the integration order, because of a habit

to integrate from low to high, we can determine the height above the uniform

surface a liquid would need to rise to cover x of the real topography, if it settles

in the lowest regions. Thus we get the height above a uniform surface of the

liquid

F (x) =

∫ 1

x

[H (ξ)−H (x)] dξ, (3.11)

where F is used because this expression could be interpreted as a flux of vol-

ume per square meter, or more easily as a column volume. The reader might

recognize that this is, in fact, the basis of Equation 2.1.

3.2 Mountains

The main question of this thesis requires a grasp of the structure and shape

of mountain ranges. In particular, this model requires an understanding of the

1H(x) goes from high to low as x increases, thus the reversed integration.
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lowest points around a mountain range, i.e., the places where a liquid would

settle. A liquid body can form in the following places:

1. At the foot of the mountain range, and/or,

2. In the valleys of the mountain range.

Only the first of these will be discussed in the following chapter, and for

the remainder of this. The second possibility leads to somewhat interesting

mathematics, but the techniques needed to predict how much liquid would be

required to flood the equator were not fully developed during this thesis and as

such cannot be presented herein.

The structure of the rest of this section will be such that the most interesting

bits, for this thesis, of the 1984 paper by Ahnert will be reviewed. Then a short

survey performed using GeoMapApp (www.geomapapp.com) on mountains with

pseudo-random foreland is presented. Finally, the mountain constant for Titan

will be limited, using mountain profiles presented by Radebaugh et al. (2007).

3.2.1 The Limits of Relief

In a 1984 paper, Local Relief and the Height Limits of Mountain Ranges, Ahnert

proposes that the limiting height of a mountain range follow the relationship

Hm = Lamm , (3.12)

where Hm is a main peak of the mountain range in meters above the foreland,

Lm is the shortest distance from the peak to the foreland in meters and am is a

constant whose maximum lies somewhere between 0.775 and 0.8, such that the

limiting height of a mountain range becomes

Hlim = L0.775 - 0.8
m . (3.13)
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In order to demonstrate the validity of Equation 3.13, Ahnert (1984) first

sets up six possibilities

logH = logK1 +K2 logL (3.14a)

logH = logK3 −
K4

logL
(3.14b)

logH = logK5 −
K6

L
(3.14c)

H =K7 +K8L (3.14d)

H =K9 +K10 logL (3.14e)

H =K11 −
K12

L
(3.14f)

He tested these equations in Schleiden in the Northern Eifel and found that the

equation that best fitted the curve was

H = K1L
K2 . (3.15)

This was as such employed to get data from a number of locations by using

various methods, including area profiling and linear profiling.

On several mountain ranges, Equation 3.15 is used and the constants deter-

mined. In addition, each swap of data is beforehand subdivided into 4−8 groups

of data. Example: the data of Kitchioko, Kenya, consist of 24 samples divided

in 4 groups of 6 data points. These 6 data points are then used to determine the

value of K1 and K2. The subdivision becomes useful as a characteristic curve of

an area is determined using the intersection of the curves of the various groups

of data. The characteristic curve is given by

H = Lac . (3.16)

One should note that Equation 3.16 can be written

HP −HV = Lac , (3.17)

where HP is the elevation of the peak and HV is the elevation of the valley. For

the rest of this work, the peak minus the valley will be represented by Pi. If the

heights of the peaks are known and the depth of the valley is of interest, there

is a possibility to find one from the other. Since the model is employed on a

virtual surface of elevation 0 meters, only the peak height (Pi) is of interest.
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Pseudo-Random Foreland

Since the mountain constant from Ahnert (1984) need a defined foreland, it is

necessary to know what happens with it, as a random foreland is used. Some

precaution in choosing the constant, aT of PT = LaTT , for Titan is necessary.

In order to test the validity of using the results of Ahnert (1984) on Titan to

generate a mountain topography, we need to know how the constant varies when

some random element of the distance between foreland and peak is introduced.

The purpose of such a test is two-fold: it will inform the about the procedures

necessary to find the constant, and to test if the data for Titan can be directly

Figure 3.4: Mountains of Earth used in the pseudo-random description. (A) is

from the Alps, (B) is from the Andes, (C) is from Caucasus and (D) is from

eastern CA. The pictures were found using GeoMapApp (www.geomapapp.com).
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used to determine the constant or if there are some other indications.

Defining the process by which the four mountain profiles were ascertained, it

can be called pseudo-random. This is because it is random except for selecting a

peak from a region known to host plenty of mountains, and connecting this peak

to what seems like a foreland. In such a case, it is not necessary to connect the

peak to an actual foreland, let alone connect it to its foreland via the shortest

route. Example: Figure 3.4 shows how far from connecting to its foreland the

flat ground of the Alps really is. Anyway, after having found a high point on the

map, it is quite easy to connect it to a relatively even ground using GeoMapApp

(www.geomapapp.com).

Figure 3.5: Profiles of mountains of Earth used in the pseudo-random descrip-

tion. The profiles were generated using GeoMapApp (www.geomapapp.com).

In the subsequent analysis, in order to arrive at the values of Table 3.1,

the profiles of Figure 3.5 are put through a simple analysis consisting basically

of just finding the highest and lowest point on the profile. These points are
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presented in Table 3.1, together with the pseudo-random mountain constant

ap =
log10 Pp
log10 Lp

, (3.18)

where Pp is the elevation of the highest point minus the elevation of the lowest

point and Lp is the distance between these points.

Table 3.1: Values from the various mountains on Earth. The peak height of

the mountain is Pp, the length from the peak to the lowest point in the profile

is Lp, the peak is located at (φ, θ) and the mountain constant ap =
log10 Pp

log10 Lp
.

The index p stands for the “pseudo”-element for this set of data.

Region Pp Lp ap φ θ

Andes 4691.8 m 129.44 km 0.718 -68.415° -20.941°

Caucasus 4184 m 38.515 km 0.790 44.514° 42.697°

Alps 2274.3 m 9.8271 km 0.841 7.1441° 46.240°

Eastern CA 3055.5 m 100.60 km 0.697 -118.18° 36.419

What can be deduced from Table 3.1 is that there is some variability of

the limiting constant when random elements are introduced. This should not

be surprising, but it serves as a reminder that the constant shown below for

Titan might change quite a bit once more detailed studies of the mountains of

Titan are made. For now, as is seen in the subsection below, the variations of

the constant found on Titan are smaller than the variations in Table 3.1, so the

value found might not be too far off the real one.

3.2.2 Indications for a on Mountains of Titan

To determine the constant for the limits of relief (aT ) for Titan, the mountains

presented graphically by Radebaugh et al. (2007) are used. There where two

sets of mountains presented as simple profiles in the aforementioned paper,

reproduced as Figure 3.6. The relevant data for the model in the mountain

profiles in the next chapter, are presented in Table 3.2.

The constant for the mountains of Figure 3.6 is calculated for each slope.

The variation in the constant is quite high between the mountains, with all
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Figure 3.6: Mountains of Titan as presented by Radebaugh et al. (2007). The

y-axis denotes height above the left and right foreland and the x-axis describes

the distance from the start point. The right pictures depict the data used to

derive these profiles by Radebaugh et al. (2007).

Table 3.2: Data from mountain profiles on Titan by Radebaugh et al. (2007).

The peak of the Titan mountain is PT , LT is the length from the peak to the

lowest, left- or rightmost point in the profile and aT = log10(PT )/log10(LT ) is

the mountain constant. The index stands for “Titan”, and the different slopes

under measurement details indicates either direction of foreland from the peak

or that the lowest point on the profile is used.

Measurement details PT LT aT

Figure 3.6 A left slope 410 m 3,800 m 0.730

Figure 3.6 A right slope 410 m 3,700 m 0.732

Figure 3.6 B left slope 840 m 6,400 m 0.768

Figure 3.6 B right slope 830 m 3,400 m 0.827

Figure 3.6 B highest slope 880 m 5,400 m 0.789
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values above 0.76 for the high mountain and well below for the smaller mountain.

The only thing we can tell about the limiting value of aT for mountain ranges

on Titan is that it should be around 0.827. This value is thusly adopted for the

model of Titan. It should be noted that this value is not certain for Titan at all,

given both the limited measurements used in this analysis (only two mountains!)

and that the height of these mountains were not measured directly but derived

as part of a model from stereo images. See Radebaugh et al. (2007) for more

details on the techniques used to acquire the mountain profiles.
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Chapter 4

The Model

The methods used to build the topographic model of this master thesis are

in accordance with the theory of Ahnert (1984). These mountain ranges are

limited in height by their width. This limitation on height is used in the model

to predict the length of the base of the mountain as described in Subsection 4.1.

At the end of this chapter there will be a short guide and justification of how

to generate the results.

4.1 Mountain Range Model

Mountain ranges will be modeled in two ways: (1) as triangles and (2) with

a concave shape true to the equation below (as depicted in Figure 4.1). The

formulation used for the limiting width of mountain ranges is

L = P
1/ai
i , (4.1)

where Pi is the main peak. The highest numerical value of the constant found

using the mountain data presented by Radebaugh et al. (2007), aT = 0.827

(see Subsection 3.2.2), and am = 0.8 for Earth, which is the numerical value of

the constant found by Ahnert (1984) (see Subsection 3.2.1). The base of the

mountains is subsequently 2×L. The angle of relief for the triangular mountain

is arctanLai−1. The concave mountain does not have a clear angle.

It is clear that modeling every mountain range 1 : 1 on the meter scale will

cause some computational problems. If this mountain range model is used to
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Figure 4.1: A mountain in the model of peak 1000 meters. This is expected

from how the constants (am, aT ) vary for Earth and Titan. The various colors

are different version of the mountain models. They represent the triangular or

the concave mountain model, as well as changing constants due to the planetary

body.

build a mountain topography of Titan, it would require 16 million plus data

points only to properly resolve the equator once in longitudinal coordinates.

It is required to multiply this by some number, Nθ, to get just Nθ latitudinal

coordinates for the mountain ranges (or a latitudinal resolution of 16 million

over Nθ meters). This is way too much for a normal desktop computer. So we

need to change the model if we wish to create any usable topography.

The limits imposed by the model on each mountain range is as follows;

1. Limiting each mountain range to NΦ ≥ 3 pixels minimum. A consequence

is that dpx ≥ L/3, where dpx is the length of each pixel, or the resolution

of the model.

2. Limiting each mountain range toNΦ ≤ 2L/dpx pixels, such that dpx should
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be 2πRT /Φ, where RT is the mean radius of Titan (2575 km) and Φ is

the number of longitudinal pixels available on the grid.

3. Limiting each mountain range to the length of one latitudinal coordinate.

Each pixel is subsequently generated using a simple algorithm to generate

a length profile of the width of the mountain range consisting of the shortest

distance to the foreland

~L = P
1/ai
i

[
~N1, 1, ~N ′1

]
, for odd NΦ, (4.2a)

~N1 =

[
1

nΦ + 1
,

2

nΦ + 1
· · · nΦ

nΦ + 1

]
, nΦ =

NΦ − 1

2
, (4.2b)

~L = P
1/ai
i

[
~N2,

1 + nΦ+1
nΦ+2

2
,

1 + nΦ+1
nΦ+2

2
, ~N ′2

]
, for even NΦ, (4.2c)

~N2 =

[
1

nΦ + 2
,

2

nΦ + 2
· · · nΦ

nΦ + 2

]
, nΦ =

NΦ − 2

2
, (4.2d)

and ~Ni = ~N ′i if the numerator order is reversed to [nΦ, nΦ−1 · · · 1].

For the above algorithm, Pi is the height of the peak, each element of ~L is the

shortest distance for that element to the modeled foreland and ~Ni are fractions

to evenly divide the elements in distance. The
1+

nΦ+1

nΦ+2

2 -term is there because

there is no clearcut peak with an even number of pixels, yet we do not wish to

lose information about the peak. The algorithm might appear complicated, but

it is necessary to convert the idea into the language of desktop computers. To

get a vector of elevations for the triangle mountain, the model processes each

element of ~L as

~ET = ~L · tanα, (4.3)

where tanα = 2Pi

NΦ×dpx is the angle between the foreland and the peak. To get

the elevation of each element for the concave mountain, the model processes

element-wise as

~EC = ~Lai , (4.4)

which makes the concave model very similar to Equation 3.12. A mountain

range in this model is mirrored at the peak.

To create a mountain topography of the mountains below for Earth and

Titan, the model just places one mountain next to another until the topography
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defined is filled. The peaks for Titan are those presented by Radebaugh et al.

(2007) and the peaks for Earth are the limits used by Ahnert (1984) to decide

am. A quick survey of the ocean floor has been made using GeoMapApp (www.

geomapapp.com) to complement the Earth distribution. These distribution of

mountains can be found in Figure 4.2. No consideration whatsoever is thus

given to features other than mountains in the topographic model.

Figure 4.2: The distributions of mountains used in the model. The distribution

for Earth is a combination of mountains on the ocean floor, as found using

GeoMapApp (www.geomapapp.com), and the original data from Ahnert (1984)

used to ascertain am. The distribution for Titan is the one found by Radebaugh

et al. (2007).

4.2 Resolution

In order to get good resolution, each mountain of the distributions (Figure 4.2)

are generated only once with dpx = 1 m. The elevations generated in the model

are then sorted and plotted as seen in Chapter 5. It is possible to run the
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model in a two-dimensional matrix (as discussed above). To increase the grid

size of such a run to levels necessary to give a smooth result is beyond your

average desktop computer and is not recommended. There should be no loss

of information in this kind of model run, and it eases the calculations for the

integration quite a bit as no concern for the individual area elements is necessary.

Figure 4.3 shows this, for the above resolution, by plotting the local hypsometry

of a 1000 meter high mountain for a = (0.6, 0.8, 0.827, 1, 1.5, 2). Note that the

mountains of Figure 4.3 follow Equation 4.4.

Figure 4.3: Example of what the calculation processes will do for a 1000 meter

high concave mountain model at various ai. We see both that the hypsometry

is forced at 1000 meters, and that the influence of a higher ai is proportional to

a lower hypsometry and a higher need for liquids per square-meter to flood the

region. The upper plot is the hypsometry of the mountain. The y-axis represents

the elevation of the mountain, and the x-axis represents the relative area of the

mountain. The lower plot is the integrated hypsometry. The y-axis represents

the average column volume of liquids necessary to flood the mountain, and the

x-axis represents how much of the mountain the liquid will cover.
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Chapter 5

Results

In this chapter, the results of the model is presented. First, there will be a short

comparison with the hypsometry predicted by the model vs. reality, and then

there will be a comparison between the integrated hypsometry of the model

and data. The chapter will end with a note on oceans of the past, and give an

estimated time for when the integrated hypsometry predicts that the equator

was flooded.

5.1 The Hypsometric Curves

As can be seen in Figure 5.1, there is quite a difference between the modeled

hypsometry and the data on the hypsometry. It is also quite clear that the

model hypsometry completely fails to take into account the bimodality of the

crust of the Earth, and that craters and other depressions create a right-end

drop of the data, which is mostly ignored by the model. Despite all this, it

appears as if the tangent of the curves around 0− 0.1 and 0.5− 1 of the relative

area is similar between model and data. The concave model seems to emulate

the drop at the right-end relative area of the data, but it is far from being close

to drop-off rate shown in the data.

For Titan (see Figure 5.2), there is a far greater disagreement between data

and model. There can still be a case made that in the region of 0.5 − 1 of the

relative area, there is somewhat of a resemblance between model and data. The
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Figure 5.1: The averaged hypsometry of Earth from model and data. The aver-

aging process force the curves to be 0 at 50%. The y-axis shows the elevation,

and the x-axis shows the relative area.

drop at the right-end relative area is greater for Titan than for the Earth data,

so between 0.9 − 1 of the relative area there is subsequently farther between

model and data for Titan than for Earth. What is most puzzling though is that

the model and data are not even close to one-another in the 0 − 0.1 relative

area region, although the only thing the model really forces, is that the peaks

of the mountain ranges should remain the same (see, e.g., Figure 4.3). All the

rest depends on Equation 3.12. For such a model to incorrectly depict the left

side of a hypsometric curve is problematic and shows that either

1. There is something wrong with the model;

2. The data for the hypsometry do not take these mountains into account;

3. Mountains are unimportant for the hypsometry of Titan; or

4. That the highest mountains are located at the lowest average depression.
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Out of these options, number 4 seems unlikely. There should almost no chance

that the highest mountains of a planetary body are all located at the deepest

depression. From Figure 4.2 it was seen that if the tallest mountains on Titan

are around 2000 meters high, they must be located on an area of depression that

is smaller than a fraction of a percent of Titan’s area. Since this is statistically

difficult to begin with, either there is some process that makes mountains grow

taller at these depressions, or option 4 is void. Option 3 seems unlikely as well.

According to Lopes et al. (2010), 12.1% of the area within the 20.1% mapped, is

hummocky and mountainous. Due to the high coverage of mountainous terrain,

these should have some influence on the left-hand tail of the hypsometry of

Titan. Options 1 and 2 remain. There is either something inherently wrong

with the model, or the data for the hypsometry are not diverse enough to take

the mountains into account.

Figure 5.2: The averaged hypsometry of Titan from model and data. The aver-

aging process forces the curves to be 0 at 50%. The y-axis shows the elevation,

and the x-axis shows the relative area.
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5.2 The Integrated Hypsometric Curves

Figure 5.3 shows the integrated hypsometry of Earth. The method used for the

integration is described by Equation 3.9. What can be seen in this figure is

what is expected. In order to fill a planet the liquid must grow exponentially

as the coverage goes to 100%. The model and data curves agrees well in the

first half of the planetary area, and in the last 10%. The bimodality is in the

remaining area, which is assumed why the curves disagree. One reason why

these integrations are as close, even though the bimodality is ignored by the

model, can be intuitively understood by imagining an artificial base at a uniform

depth. In such a case, the only thing that is important is the distribution of

mountains. As is seen, Earth resembles such a model. Herein lies also the reason

that no implementation of bimodality was done in the model of the Earth: the

introduction of any bias on the distribution from a bimodal artificial surface

is hard to predict. The area of each mode would depend on the height of the

Figure 5.3: The integrated hypsometric curve for Earth for model and data.

The y-axis is the average column height, and the x-axis is the liquid coverage.
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Figure 5.4: The integrated hypsometric curve for Titan; model and data. The

y-axis is the average column height, and the x-axis is the liquid coverage.

mountains in the distributions (i.e., L = P 1/ai). In such a case, the distribution

selection must fit the data, or the distributions of the modes must be weighed

by their area contribution. The first option is void for the current thesis since

such a bias on the mountain distribution would lack any comparative value to

other planetary bodies. The second case has the problem that the resolution of

the modes would differ, introducing the bias discussed above.

As seen in Figure 5.4, for the first 40% of the surface area, the model and

data predicts about the same amount of liquid coverage. After this, there is quite

a divergence between model and data though. This divergence is intuitively

understandable by considering that this type of curve is exponential, so the 25%

of difference in absolute height difference from Figure 5.2, can become 50% after

the integration process. From the results of Figure 5.3, it can be seen that there

is a reasonable agreement with the hypothesis as formulated by Equation 2.1.

As such this model provides actual insight into Titan’s liquid coverage, if in

the past, there were more methane on the moon. From the integration plot of
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Titan, though, there is no reasonable agreement with the hypothesis. Either

the hypothesis is shown wrong, or one of the reasons mentioned in Section 5.1,

are at play.

The escape of hydrogen on Titan, and the constant supply of hydrogen

in Titan’s atmosphere due to UV radiation breaking apart hydrocarbons (e.g.,

CH4 + hν → CH2 + H2; Yung et al., 1984), means that there must be a

constant decrease of methane on Titan, if there is no source of new methane.

Some straight-forward calculations with an outgoing flux of methane at 5× 109

particles/cm2 per second (McKay, private communiacation; see Appendix A),

yields a constant of methane loss flux of about 0.1 m/Ma (or 0.1 m3/m2 per

Ma). If the 4000 kg/m2 of methane in the atmosphere is the only methane

available, and if the integrated hypsometry is divided by the loss flux constant,

we get the results in Figure 5.5. The predicted time for loss of all methane is

Figure 5.5: The time it would take for Titan to reach the current coverage if no

new source of methane is available. The y-axis is the liquid coverage, and the

x-axis is the time it would take for the liquid to drain. The negative values on

the x-axis represent the future.
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roughly 100 million years. The hydrocarbons in lakes might increase this value

with as much as 50% (Lorenz et al., 2008).

We see that the data predict a complete coverage of Titan within 4 billion

years ago and that the model predict that Titan was never completely covered

with liquids. Considering that the Sun was weaker in the past will surely change

these predictions. Some 2 billion years ago the data predict about 80% coverage,

while the models predict about 60% coverage. It cannot deduced how long ago

the equator was flooded (Moore and Howard, 2010), since this is up to the

local topography. If somewhere around 50% coverage is necessary to cover the

equator, the models predicts this time to be about 1.2 billion years ago, while

the data predict about 900 million years. Estimations of the age of the surface

(e.g., Radebaugh et al., 2007) place it at 100 million years, and at this time the

coverage was about 18-22%.
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Chapter 6

Discussion and Conclusions

6.1 On the Modeled Hypsometry

Apparently, the model produce nice results for Earth, but for some reason, the

results for Titan show a clear difference between model and data hypsometry.

The following list is an attempt to answer or dismiss the problems the model

seems to be in for Titan.

1. The resolution in the hypsometry presented by Lorenz et al. (2011) is

not high enough to show the mountains. This implies that the peaks got

averaged out when the data hypsometry of Titan was constructed.

2. The mountains from Radebaugh et al. (2007) are not representative of the

average height of mountains on Titan. This implies that the importance

of the tall mountains of Titan might have been exaggerated by the model.

3. Titan is just too flat for the mountain model. This implies that mountains

on Titan are statistically unimportant for the hypsometry.

4. The distribution of mountains for Earth was a shot in the dark, which

happened to hit the target. This implies that everything relating to this

thesis is wrong.

Out of these options, number 4 is the most severe. The model cannot be

reconciled with reality if it only works as a statistical fluke. Number 4 is also

the least likely because there should be a pretty low chance that a fluke caused
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the correlation between Earth model and data. A possible error, though, is that

about half of the Earth distribution was quickly put together by hand and eye

in GeoMapApp (www.geomapapp.com), so the inclination of the profile might be

towards higher peaks, which are easier to detect and profile. But if the mountain

distribution of Earth is biased towards higher than average mountains, why is

not the model hypsometry on Earth higher than the data, when the model

hypsometry on Titan clearly is? Problem 4 serves as a reminder that the error

for Titan might be systematic rather than an anomaly.

Option 3 is perhaps the most likely of the four. Data hypsometry (Lorenz

et al., 2011) and spherical harmonics (Zebker et al., 2009) of Titan both suggest

that it is flatter than the tallest mountain found by Radebaugh et al. (2007).

It provides a real problem for the model, if the mountainous areas on Titan

are rare enough, such that any distribution of their peaks will bias the model

towards a higher profile. What if Titan is just too flat for this mountain based

model to depict correct information about its hypsometry? If so, the left side

of Figure 5.2 is too high.

Option 2 is quite obvious. If the distribution of mountains used in the model

is not representative of the distribution of mountains on Titan, it should not be

surprising that a model using such a distribution returns some faulty results.

However, this problem is difficult to analyze. The mountains of Radebaugh et al.

(2007) must in this case be higher than the average, something most certainly

true for the Earth distribution (as discussed above). Yet the model gives quite

good results for Earth. So the only conclusion possible is that the model does

not work for some other reason than a high bias of the mountain distribution for

Titan. This means that point 2 is an unlikely cause for the difference between

modeled and data hypsometry at the far left of the curve.

The data presented by Lorenz et al. (2011) is gridded to a 1°×1°-grid. This

means that mountains of 2 km height, assumed to have a uniform baseline, will

cover about one-half of a data point1, and smaller mountains will cover even

less. If the mountainous regions of Titan are generally not concentrated as they

1This can be seen, because NAM
AT

≈ 0.5, where N = 180 × 360, AT = 25750002 × 4π is

the surface area of Titan and AM = 2000
2

0.827 × 2π is the area of a mountain considered as

a circle.
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are on Earth in local regions, there will be no resolution on the high-end of a

body’s hypsometry. Lopes et al. (2010) tell us that the mountainous regions of

Titan cover about 12.1% of the mapped area and are spread around the area

of Titan quite a bit, with a majority of the terrain mapped located around

the equator. Are the mountains of Titan spread around so much as to give a

negative bias at the left tail of a low resolution hypsometry? Option 1 is highly

related to option 3, but represents another side of that problem.

So the problems for the Titan case can be limited to three basic ones. Either

(1) the data hypsometry is somehow low-biased on the left, (2) the modeled

hypsometry is biased too high, or (3) Titan show that the model does not work,

or need to take the geographical distribution of mountains into account. The

results for Earth indicate that it is somewhat likely that a model based purely on

mountains can give good indications for the hypsometry of a planet. In any case,

the liquid coverage in the past should be somewhere between the interval of the

integrated data hypsometry and the integrated mountain model hypsometry.

6.2 The Mountain Constant: Future Work

The limiting mountain constant, ai of P = Lai , is much better defined for Earth

(Ahnert, 1984), than for Titan. The latter was shown in Subsection 3.2.2, and is

limited to only two profiles of mountain data. As Figure 4.3 shows, if the value

of the constant for Titan, aT , is lower than what is measured, the integration

would subsequently be lower as well. Defining aT properly will not fix the

problem of Titan’s modeled hypsometry altogether. The hypsometry will still

be forced to stop at 2 km due to the mountain distribution used. However, in

combination with some of the above options, it might help explain the difference

between model and data. Anyway, one clear path to take is to precisely define

aT , if propagating the idea of a mountain hypsometry so central to this thesis.

Another problem with the mountain constant is that there is quite a few

worlds to compare it with. Identifying the constant for other bodies, such

as Mars, Venus and the Moon, would have been interesting in its own right.

Especially as the values are so close to one another for Titan and Earth. It

would also be interesting to test the hypsometry model for these other worlds

53



to see if it works and produces results similar to those for Titan or Earth. To

specify the constant for other bodies is most certainly one of the step to take

next, if the work herein is to be continued.

54



Bibliography

Adamkovics, M. et al., 2007, Widespread Morning Drizzle on Titan, Science

318, 962.

Ahnert, F., 1984, Local relief and the height limits of mountain ranges, Am.

J. Sci. 284, 1035.

Atreya, S.K. et al., 2006, Titan’s Methane Cycle, Planet. Space Sci. 54, 1177.

Brown, M. E., Bouchez, A.H. and Griffith, C.A., 2002, Direct Detection of

Variable Tropospheric Clouds Near Titan’s South Pole, Nature 420, 795.

Brown, R.H., Lebreton, J.P. and Waite, J.H., 2009, Titan from Cassini-

Huygens, Springer Publishing Company.

Fulchignoni, M. et al., 2005, In Situ Measurements of the Physical Charac-

teristics of Titan’s Environment, Nature 438, 785.

Graves, S.D.B. et al., 2008, Rain and Hail can Reach the Surface of Titan,

Planet. Space Sci. 56, 346.

Griffith, C.A. et al., 2009, Characterization of Clouds in Titans Tropical

Atmosphere, Astrophysical Journal 702, L105.

Hallgren, K., 2006, The Behavior of Methane Plumes on Titan, Lule̊a Uni-

versity of Technology Master thesis, LTU-EX–06/195–SE.

Kim, S.J. Trafton, L.M. and Geballe, T.R., 2008, No Evidence of Morning

or Large-scale Drizzle on Titan, Astrophysical Journal 679, L53.

Lopes, R.M.C. et al., 2010, Distribution and Interplay of Geologic Processes

55



on Titan from Cassini Radar Data, Icarus 205, 540.

Lorenz, R.D., Lunine, J.I. and McKay, C.P., 1997, Titan under a red giant

sun: a new kind of ”habitable” moon, Geophys. Res. Lett. 24, 2905.

Lorenz, R.D., McKay, C.P. and Lunine, J.I., 1999, Analytical Investiga-

tion of Climate Stability on Titan: Sensitivity to Volatile Inventory, Planet.

Space Sci. 47, 1503.

Lorenz, R. D. et al., 2006, Titan’s Damp Surface: Constraints on Titan Sur-

face Thermal Properties from the Temperature Evolution of the Huygens

GCMS Inlet, Meteorit. Planet. Sci., 41, 1405.

Lorenz, R.D. et al., 2008, Titan’s inventory of organic surface materials,

Geophys. Res. Lett. 35, L02206.

Lorenz, R.D. et al., 2011, Hypsometry of Titan, Icarus 211, 699.

Lunine, J.I., 2005, Astrobiology: A Multi-Disciplinary Approach, Ben-

jamin/Cummings Publishing Company Inc.

Lunine, J.I. and Atreya, S.K., 2008, The Methane Cycle on Titan, Nature

Geoscience 1, 159.

McKay, C.P., Private Communication.

Moore, J.M. and Howard, A.D., 2010, Are the Basins of Titan’s Hotei Regio

and Tui Regio Sites of Former Low Latitude Seas?, Geophys. Res. Lett. 37,

L22205.

Niemann, H.B. et al., 2005, The Abundances of Constituents of Titan’s At-

mosphere from the GCMS Instrument on the Huygens Probe, Nature 438,

779.

Niemann, H.B. et al., 2010, Composition of Titan’s Lower Atmosphere and

Simple Surface Volatiles as Measured by the Cassini-Huygens Probe Gas

Chromatograph Mass Spectrometer Experiment, Journal of Geophysical Re-

search 115, E12006.

Radebaugh, J. et al., 2007, Mountains on Titan Observed by Cassini Radar.

56



Icarus 192, 77.

Radebaugh, J. et al., 2008, Dunes on Titan Observed by Cassini Radar,

Icarus 194, 690.

Sagan, C. and Dermott, S.F., 1982, The tide in the seas of Titan, Nature

300, 731.

Schaller, E.L. et al., 2009, Storms in the tropics of Titan, Nature 460, 873.

Soderblom, L. et al., 2007, Correlations between Cassini VIMS Spectra and

RADAR SAR Images: Implications for Titan’s Surface Composition and the

Character of the Huygens Probe Landing Site, Planet. Space Sci. 55, 2025.

Stofan, E.R. et al., 2007, The Lakes of Titan, Nature 445, 61.

Tokano, T., 2005, Meteorological Assessment of the Surface Temperatures

on Titan: constraints on the surface type, Icarus 173, 222.

Tokano, T. et al., 2006, Methane Drizzle on Titan, Nature 442, 432.

Tomasko, M.G. et al., 2005, Rain, Winds and Haze During the Huygens

Probe’s Descent to Titan’s Surface, Nature 438, 765.

Waite Jr. et al., 2005, Ion Neutral Mass Spectrometer Results from the First

Flyby of Titan, Science 308, 982.

Wilson, E.H. and Atreya, S.K., 2009, Titan’s Carbon Budget and the Case

of the Missing Ethane, J. Phys. Chem. A 113, 11221.

Yung, Y.L., Allen, M. and Pinto, J.P., 1984, Photochemistry of the Atmo-

sphere of Titan: Comparison Between Model and Observations. Astrophys.

J. Suppl. 55, 465.

Zebker, H.A. et al., 2009, Size and Shape of Saturn’s Moon Titan, Science

324, 921.

57



58



Appendix A

Deriving the Methane

Drainage Constant

There is a loss flux of CH4 out of the atmosphere of Titan due to UV radiation.

One example of this is CH4 + hν → CH2 + H2, where the photon energy, hν,

is high enough to break the bonds between the carbon and the hydrogen. Since

Titan simply cannot hold on to hydrogen, there will be a loss of CH4 from the

atmosphere of Titan (see, e.g., Yung et al., 1984; Wilson and Atreya, 2009).

Calculations of the flux of loss of CH4, FCH4 =
FH2

2 , indicates 5 × 109 CH4

molecules lost per cm2 and second from Titan’s surface.

A.1 Calculating the Drainage Constant

To convert FCH4 to kilograms per cm2, the weight of hydrogen and carbon on

Titan is used:

Hm =
1

NH
× [ND × 2 +NH ] (6.1a)

Cm =
1

NC
× [NC12 × 12 +NC13 × 13] , (6.1b)

with NH = ND + NH , NC = NC12 + NC13. The ratios ND

NH
= 2.3 × 10−4 and

NC12

NC13
= 82.3 are taken from Niemann et al. (2005). The flux in kilograms per

second is given by

FCH4
× Cm + 4Hm

Ac
. (6.2)

59



Table 6.1: Parameters used to determine the drainage constant. The variables

are: the surface temperature Ts, the liquid density of methane at 93.7 K ρCH4
,

the loss flux of hydrogen FH2
, the average unit mass of carbon on Titan Cm,

the average unit mass of hydrogen on Titan Hm, the column mass of methane

in the atmosphere of Titan σatm, the column mass of hydrocarbons in the lakes

of Titan σlake and Avogadro’s constant Ac.

Parameter Value Source

Ts 93.7 K Fulchignoni et al., 2005

ρCH4
443.34 kg/m3 Tokano, 2005

FH2
∼ 1010 s−1cm−2 McKay, private communiacation

Cm 12.012 g/mole Niemann et al., 2005

Hm 1.0002 g/mole Niemann et al., 2005

σatm 4000 kg/m2 Lorenz et al., 2008

σlake 200-2000 kg/m2 Lorenz et al., 2008

Ac 6.02× 1023 mole−1 Avogadro’s Constant

Since this thesis is mostly interested in the volume of liquids, the density is

needed. Tokano (2005) gives ρCH4 = 612 − 1.8 × Ts, which can be used to

convert to volume per second per area unit using

FCH4

ρCH4

× Cm + 4Hm

Ac
. (6.3)

To get a drainage constant directly convertible to the results presented in Sec-

tion 5, it has to be multiplied by some time constant to get understandable

numbers. The result is

vCH4
= tc ×

FCH4

ρCH4

× Cm + 4Hm

Ac
, (6.4)

where tc is some time. A factor might be necessary to in order to convert the

units of Table 6.1 to the right ones. Note that vCH4 is constant for all of Titan,

if the temperature and incoming UV radiation is assumed constant over the

surface. For Ts = 93.7 K and tc = one million years, vCH4
≈ 0.1 m/Ma. This

number is of course an overestimation of the past loss and an underestimation of

the future loss, since the UV radiation output from the Sun is a function of its

age — the Sun was weaker in the past than it is today, and it will still continue
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to increase its strength. This estimation will, however, do for this thesis, with

the above warning for anyone interested in using these calculations.

A.2 Countdown for Liquid Methane

Since there is a constant outgoing flux of CH4, and since there are no shown

sources of methane, it is no stretch of imagination that Titan might one day be

without CH4. The amount of hydrocarbons present today on Titan is presented

by Lorenz et al. (2008) as σatm = 4000 kg/m2 (only methane) and σlake =

200−2000 kg/m2. The lakes contain other substances than CH4, e.g., C2H6. In

order to understand this in terms of volume, it should be divided by ρCH4
, and

in order to understand this in terms of years, it should be divided by vCH4
,

tdry =
(σatm + nσlake)

ρCH4
vCH4

, (6.5)

where n is the CH4 fraction in the lakes of Titan. If we assume n = 1 as an

extreme and Ts = 93.7 K, there will be no methane left in 100-143 million years.

As another extreme, with n = 0 there will not find any methane on Titan in

about 95 million years. The latter value is used to plot the results of Chapter 5.
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