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The dif fer ences in the evo lu tion of rivers on Earth and on Ti tan are in ves ti gated. Dy nam i cal anal y sis of the rivers was per -
formed us ing a nu mer i cal pack age CCHE2D de vel oped by the Na tional Cen ter for Com pu ta tional Hydroscience and En gi -
neer ing, Uni ver sity of Mis sis sippi. The model is based on the Navier-Stokes equa tions for depth-in te grated two-di men sional
tur bu lent flow and the three-di men sional con vec tion-dif fu sion equa tion of sed i ment trans port. The model en ables in ves ti ga -
tion of the evo lu tion of rivers as a func tion of to tal dis charge and other pa ram e ters of the river. Se ries of short (from one to
sev eral hours) and long (up to 67 days) sim u la tions were per formed. We have found that three dif fer ent liq uid hy dro car bons
con sid ered for Ti tan’s rivers give sim i lar ve loc ity fields. It was also found that the sus pended load is the main means of trans -
port in Ti tan’s rivers, while in ter res trial ones, for the same dis charge, the bedload could be of the same or der as sus pended
load. More over, we sup pose that for spe cific bound ary con di tions, the evo lu tion of rivers on the Earth pro motes the de vel op -
ment of braided rivers, while for the same con di tions evo lu tion on Ti tan fa vours reg u lar me an der ing rivers. 
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INTRODUCTION

Our knowl edge about Ti tan in creased sub stan tially since
2004 when the space craft Cassini reached the Satur nian Sys -
tem and the probe Huygens landed on the sur face of this sat el -
lite. On Ti tan, there is not liq uid wa ter on the sur face, but liq uid
meth ane and other hy dro car bons. Wa ter ice is the main com -
po nent of the sur face Titanian rocks and of its regolith
(Tomasko et al., 2005), i.e. its role is sim i lar to that of the sil i -
cates and other rocks on Earth. More over, the Cassini-
 Huygens mis sion in di cates the ex is tence of a meth ane cy cle
an a log i cal to the ter res trial hydrologic cy cle. There fore, we can
as sume that the sur face of Ti tan is shaped by anal o gous (e.g.,
ae olian, flu vial) pro cesses like on Earth. These pro cesses form
sim i lar types of geomorphologic fea tures, such as dunes, river
val ley, lakes, and so on (Lunine and Lorenz, 2009). The ra dar
im ages sent by Cassini show a num ber of such fea tures rec og -
nized on the ba sis of dif fer ent ra dar albedo and to pog ra phy
(Barnes et al., 2007; Lorenz et al., 2008).

Most of the data used here are from the Cassini sys tems:
RADAR (ra dar in 13.76 GHz), ISS (cam eras of the Im ag ing Sci -
ence Sub sys tem), and VIMS (Vis i ble and In fra red Map ping
Spec trom e ter). The pres ent res o lu tion of the global maps of Ti -
tan is too low to  de ter mine many de tails of river val ley mor phol -
ogy (VIMS and ISS data – a few km/pixel, RADAR data – from

350 m/pixel to 1.7 km/pixel – e.g., Burr et al., 2013b). How ever,
the res o lu tion is good enough to rec og nize the gen eral pat tern
of well-de vel oped river val leys and large depositional bod ies
(e.g., al lu vial fans). The char ac ter is tic time of evo lu tion of a
given river’s fea ture var ies from days to doz ens of years, and
de pends on the dis charge and other pa ram e ters, in clud ing li -
thol ogy and erodibility; for ex am ple, dur ing flood ing the change
of me an der is faster. Be cause pre cip i ta tion de pends on sea -
son, it is still pos si ble that sig nif i cant changes of some river val -
leys will be ob served dur ing the Cassini mis sion. 

The mod els of Ti tan’s rivers could help with un der stand ing
their evo lu tion. Note that the rate of evo lu tion de pends also on
fea tures not ob serv able by Cassini, e.g. de tails of to pog ra phy of 
a chan nel bed, size and dis tri bu tion of de pos its, dis charge, and
its tem po ral changes and so on. Un der stand ing their roles in
evo lu tion would make it pos si ble to de ter mine at least some of
these unobservable fea tures. For ex am ple, con sider D50.  The
sense of D50 is that the to tal mass of grains smaller than D50 is
equal to half of the to tal mass. The knowl edge of the role of D50
of any grain dis tri bu tions (bedload, sus pended load or bed sed i -
ments) will help to de ter mine the value of D50 from the Cassini
ob ser va tion of the rate of chan nel changes. Note that the lack of 
vis i ble changes af ter heavy pre cip i ta tion also gives some lim its
for unobservable pa ram e ters. Con clud ing, we hope that nu mer -
i cal mod els of Ti tan’s rivers will help to de ter mine some im por -
tant pa ram e ters of the rivers and to un der stand their evo lu tion.
This is the aim of our re search.  

Me an der ing-like chan nels are ob served for var i ous con di -
tions. They are ob served on the sur face of Mars (e.g., Carr and
Clow, 1981) where the den sity and the grav ity are dif fer ent than
on Earth. Mar tian rivers show many sim i lar geomorphological
fea tures to ter res trial ones, in di cat ing sim i lar in ter ac tions with
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the Mar tian en vi ron ment (e.g., Craddock and Maxwell, 1993).
Carved riverbeds and val leys have been ob served, in clud ing is -
lands (Baker and Kochel, 1979), cur va tures, and char ac ter is tic
val ley shapes (e.g., Kereszturi 2003, 2005). More over, such
chan nels are found on the oce anic floor of Earth (Abad et al.,
2010; Sequeiros et al., 2010). Me an der ing chan nels could also
be a re sult of lava flow, e.g. on the Moon (Hulme, 1973). There -
fore, we be lieve that our in ves ti ga tions could have some value
not only for un der stand ing pro cesses on Ti tan but also for gen -
eral knowl edge of flu vial pro cesses. 

There are sev eral in ter est ing pub li ca tions re gard ing Tita -
nian rivers (e.g.,Tomasko et al., 2005; Burr et al., 2006; Lorenz
et al., 2008; Lunine and Lorenz, 2009; Langhans et al., 2012);
they are dis cussed in the text. How ever, ac cord ing to our best
knowl edge, our re search is the first model of flu vial pro cesses
on Ti tan us ing a dy nam i cal model based on phys i cal equa tions
of mo tion, con ti nu ity, and sed i men ta tion. The pres ent pa per is
an ex ten sion of the con fer ence pre sen ta tion of Misiura and
Czechowski (2013). Witek and Czechowski (2015) pre sented
sim i lar re search con cern ing the evo lu tion of river del tas. 

GENERAL INFORMATION ABOUT RIVERS

The flow of liq uid on the sur face of a planet re sults in var i ous 
forms of ac cu mu la tion and ero sional fea tures found in river val -
leys. Their for ma tion de pends on the type of flow, prop er ties of
the liq uid, method of trans port, and char ac ter is tics of the trans -
ported material.

Gen er ally, ac cu mu la tion and ero sion change in a dy namic
way, both in tem po ral and spa tial as pects. The main sub jects of 
this re search are the river val leys, where ac cu mu la tion dom i -

nates over ero sion. We choose this type of river be cause ac cu -
mu la tion is eas ier to rec og nize by re mote sens ing than by ero -
sion. If we know the pro cesses form ing val leys on Earth, we
could – by anal ogy – dis cover what kind of processes operate
on Titan. 

The typ i cal ter res trial low land river val ley, where ac cu mu la -
tion dom i nates over ero sion, has the fol low ing ba sic el e ments:
a riverbed, a floodplain, and a flu vial ter race (or ter races). A
well-de vel oped low land river val ley, es pe cially a meandering
river, has:

– a few ter races;

– a floodplain with struc tures in di cat ing past flood ing (e.g.,
bro ken lev ees, cre vasses);

– signs of con tin u ous changes of chan nel po si tion (e.g.,
ox bow lakes and bogs in old river beds);

– the chan nel’s sed i men tary struc tures (dif fer ent ex am -
ples of point bars).

We dis tin guish a few dif fer ent types of river, de pend ing on
the cho sen cri te ria. Ac cord ing to the chan nel sin u os ity, the
num ber of chan nels, and their lat eral mi gra tion, one can dis tin -
guish the fol low ing types of river: straight, me an der ing, braided,
and anastomosing (Fig. 1).

Our nu mer i cal model could be used for any river type, how -
ever, the time that would be re quired for a com pre hen sive mod -
el ling of all the river types is out side the pos si bil ity of this re -
search. There fore, in this study, we fo cus on the chan nels of
sim ple mor phol ogy, i.e. me an der ing rivers. We ex plore sed i -
ment trans port in a river chan nel un der con di tions rel e vant to Ti -
tan and we com pare them with sim i lar mod els in ter res trial con -
di tions. The knowl edge of the ter res trial pro cesses and their dif -
fer ences com pared to Ti tan will en able us to infer the analogous 
processes on Titan. 
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Fig. 1. River types based on their sin u os ity, num ber of chan nels and lat eral move ment
(based on Schumm, 1981; Nichols, 1999)



BASIC INFORMATION ABOUT TITAN

Ti tan is the larg est moon of Sat urn and the sec ond larg est
moon in the So lar Sys tem.  It is the only ce les tial body, be sides
Earth, where cur rent p-T con di tions al low for the per ma nent
pres ence of liq uid on its solid sur face. The av er age sur face
tem per a ture on Ti tan is ~93.7 K and the av er age sur face pres -
sure is ~1496 hPa (Atreya et al., 2009). Ti tan’s sur face liq uids
are com posed mostly of ni tro gen and light hy dro car bons (i.e.
meth ane, eth ane). They form a num ber of lakes and rivers,
usu ally in the po lar re gions (Hayes et al., 2008; Lopes et al.,
2010; Moore and Howard, 2010; Langhans et al., 2012; Burr et
al., 2013b). 

The Ti tan year lasts 29,423 ter res trial years, which is equal
to the or bital pe riod of Sat urn. The in cli na tion of Ti tan’s ro ta -
tional axis with re spect to the plane of Sat urn’s or bit is sim i lar to
the ter res trial in cli na tion axis with re spect to the plane of the
eclip tic (26.7° ver sus 23.45°). There fore, the dis tri bu tion of cli -
ma tic re gions and sea sonal changes on Ti tan are sim i lar to ter -
res trial ones.  

Pic tures from the Cassini mis sion made in 2007 dur ing win ter 
on the north ern hemi sphere in di cate the ex is tence of lakes and
seas. Some of them are very large (e.g., Kra ken Mare
~400 000 km2, Ligeia Mare ~100 000 km2).  At the same time,
lakes ob served on the south ern hemi sphere were smaller. How -
ever, some ob ser va tions in di cate that these lakes were larger in
the past (Moore and Howard, 2010; Tur tle et al., 2011a). This
fact could be ex plained by a lower tem per a ture on the win ter
north ern hemi sphere (con den sa tion and pre cip i ta tion are ex -
pected in re gions of low tem per a ture – Langhans et al., 2012). 

Since 2004, when the Cassini probe reached Sat urn’s sys -
tem, the sur face of Ti tan has been ob served sev eral times ev -
ery ter res trial year. Our dis cus sion is based on the in ter pre ta -
tion of data by other sci en tists. We pres ent a short sum mary of
their con clu sions only. Com par i son of the ra dar pic tures ac -
quired for dif fer ent times in di cates that the sizes of
some lakes are chang ing (Mitri et al., 2007). More -
over, it is also found that the sur face of On tario Lacus
changed its bright ness be tween con sec u tive ob ser -
va tions. These changes of size and bright ness of the
dark area could be ex plained as a re sult of evap o ra -
tion (e.g., Cor net et al., 2012). Note that “bright ness”
or “albedo” of ten re fer to re sults of RADAR data.
There are also ob ser va tions of the op po site pro cess,
for con den sa tion. This can be linked with ob ser va -
tions of clouds in the south ern po lar re gion. The dis -
ap pear ance of these clouds co in cided with the de -
creas ing albedo of the sur face (Tur tle et al., 2011b).
This phe nom e non could be ex plained as a re sult of
in tense pre cip i ta tion, which leads to wet ting/moist en -
ing of the sur face. It could be treated as proof of ex is -
tence of a meth ane cy cle on Ti tan (Grif fith et al.,
2000; Lunine and Atreya, 2008), anal o gous to the ter -
res trial hy dro log i cal cy cle (Atreya et al., 2009).

The meth ane cy cle can be de scribed in the fol low -
ing way: meth ane causes a no tice able part of Ti tan’s
at mo sphere to form clouds at the cold po lar re gion.
Later, in the form of the rain, it reaches the moon’s
sur face (Jaumann et al., 2008). Next, the liq uid, ac -
cord ing to grav ity, flows from an up per to a lower re -
gion, even tu ally form ing streams, rivers, and lakes
(Lunine and Lorenz, 2009). Dur ing run off, the liq uid
could in fil trate the regolith and form “groun d wa ter”
(Tomasko et al., 2005; Czechowski and Kossacki,
2012). 

For nu mer i cal sim u la tions we use the pack age CCHE2D
de vel oped by the Na tional Cen ter for Com pu ta tional Hydro -
science and En gi neer ing (Uni ver sity of Mis sis sippi), adapted for 
the spe cific con di tions on Ti tan (Wu, 2001; Zhang, 2006). The
pack age solves the Navier-Stokes equa tions for depth-in te -
grated two-di men sional tur bu lent flow and the three-di men -
sional con vec tion-dif fu sion equa tion of sed i ment trans port (Jia
and Wang, 2001). 

CHARACTERISTICS 
OF THE RIVERS STUDIED

EAST FORK RIVER

For our sim u la tions we used some Earth an a logue data
con cern ing East Fork River (Fig. 2). This river is sit u ated in Wy -
o ming (USA); its to tal length is ap prox i mately 72 km. It is a trib u -
tary of New Fork River and is ori ented south-west. In our model
we con sider its 2 km sec tion (Fig. 3). In the model we use the to -
pog ra phy of the river bed given by Wu (2001), Jia and Wang
(2001), and Zhang (2006). We chose this par tic u lar ge om e try
as an ex am ple of a me an der ing river with a well-de vel oped river 
bed. Note that start ing from the nat u ral ini tial to pog ra phy has
some ad van tages be cause in an ar ti fi cial chan nel some tran -
sient ar ti fi cial phe nom ena could be stron ger. We want to con -
cen trate on the phys i cal con di tions of sim u la tions, so we use
the same ge om e try for ter res trial and Ti tan’s mod els. In fact, we 
don’t know the ge om e try of any of Ti tan’s rivers, so the use of a
ter res trial one is jus ti fied. Note that the pres ent res o lu tion of Ti -
tan pic tures is not good enough to de ter mine the chan nel
courses of Ti tan’s rivers; we know only the course of their val -
leys. 

Be low we de scribe the to pog ra phy of the cho sen frag ment
of the river bed. The low est point of its to pog ra phy is on the level 
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Fig. 2. The sec tion of East Fork River used in our sim u la tions –
pho tog ra phy of the river by Google Maps

Red ar row in di cates the di rec tion of flow in the river



of 4.37 m (river bed in the lower course) with re spect to the cho -
sen frame of ref er ence, and the high est point is on the level
8.77 m (bank of the up per course; Fig. 3). In short sim u la tions
(from one to sev eral hours) we as sume hy drau lic head as 1 m
and in long sim u la tions as 2 m – these are the low est hy drau lic
heads for which sim u la tions pro ceed quickly enough. The ini tial
wa ter sur face changes lin early for long sim u la tions from 7.5 m
(on the in flow) to 5.5 m (on the out flow), and for short sim u la -
tions from 8–10 and 11 m (on the in flow) to 7–9 and 10 m, re -
spec tively (on the out flow). The Man ning co ef fi cient, de ter min -
ing the rough ness of the bed, is cho sen as 0.03 for the whole
riverbed, be cause a sim i lar value is usu ally used for ter res trial
chan nels filled with coarse sand (Jaromin et al., 2008;
Arcement and Schnei der, 2013). In our sim u la tion we also used 
mainly coarse sand.

In our work we per formed two types of sim u la tions: short
(from one to sev eral hours) and long (from one day to 67 days).
The ba sic pa ram e ters of the river used for long sim u la tions,
which could be con trolled by the user, are shown in Ta ble 1.
Other pa ram e ters are dis cussed fur ther in the text. 

RIVERS ON TITAN

On Ti tan there are many river val leys. They have ei ther high 
ra dar bright ness (prob a bly pres ently dry river beds) or low
bright ness (prob a bly with some liq uid hy dro car bons) (Lorenz et
al., 2008; LeGall et al., 2010; Langhans et al., 2012; Burr et al.,
2013a, b). They are placed in many re gions, e.g. Shangri-La
(land ing place of the Huygens; Fig. 4; Langhans et al., 2012;
Burr et al., 2013b), in both of the po lar re gions, and in the
Xanadu re gion (i.e. an equa to rial re gion; Fig. 5). Some of these
river val leys have trib u tary sys tems (Tomasko et al., 2005;
Soderblom et al., 2007), al though be sides the po lar re gion, they 
are prob a bly dry un der the cur rent cli mate (Kereszturi, 2010).

MATERIAL PROPERTIES

PROPERTIES OF LIQUIDS

Con sider now the liq uids flow ing on Earth and on
Ti tan (Cordier et al., 2009; Lorenz et al., 2010; Cze -
chowski and Kossacki, 2012). The wa ter is the liq uid in 
ter res trial rivers; its pa ram e ters are given in Ta ble 2. 

For Ti tan we have a slightly more com pli cated sit -
u a tion. At least 5 dif fer ent liq uids are con sid ered
(Lunine and Atreya, 2008; Atreya et al., 2009; Strobel 
et al., 2009; Cordier et al., 2009; Czechowski and
Kossacki, 2009, 2012; Lorenz et al., 2010). They are
mix tures of light hy dro car bons (meth ane, eth ane,
pro pane) and ni tro gen N2 (Ta ble 2). The fol low ing
com po si tions are the most prob a ble:  

– 75% meth ane + 25% ni tro gen –  cor re spond -
ing to Ti tan’s rain;

– 74% eth ane + 10% meth ane + 8.5% bu tane +
7% pro pane + 0.5% ni tro gen – cor re spond ing
to the liq uids of the lakes;

– 100% meth ane.
This un cer tainty is a re sult of chang ing com po si -

tions dur ing the meth ane cy cle, e.g. the ini tial com -
po si tion is chang ing as a re sult of evap o ra tion
(Lunine and Atreya, 2008; Atreya et al., 2009). This
could cause prob lems for sim u la tions be cause sim -
u la tions should be per formed with all liq uids. For tu -
nately, our pre lim i nary cal cu la tions give sim i lar ve -

loc ity fields for all the liq uids men tioned (e.g., Fig. 6). There -
fore, for later cal cu la tions we choose one liq uid only that cor re -
sponds to the ex pected com po si tion of rains on Ti tan (Perron
et al., 2006; Strobel et al., 2009). 

PROPERTIES OF SOLIDS

Be low, the pa ram e ters of the trans ported ma te rial are con -
sid ered. It is dif fi cult to se lect the par ti cle size dis tri bu tion as we
do not have enough in for ma tion con cern ing the regolith of Ti -
tan, so we choose sand and fine gravel which are eas ily trans -
ported by a river. These frac tions are found in most of the me -
an der ing rivers on Earth. Note that most of our cal cu la tions are
for such rivers. Be cause of the lack of spe cific in for ma tion about 
rivers on Ti tan, we used the same grain-size dis tri bu tion for Ti -
tan as for Earth, as men tioned be fore. We used a mod i fied dis -
tri bu tion of Leopold and Emmett (1976) for grain-size dis tri bu -
tion. Ta ble 3 shows the granulometric com po si tion that they
pro posed.

For Wis³a River, the au thors of nu mer i cal pack age CCHE2D
(Wu, 2001; Jia and Wang, 2001; Zhang, 2006) used finer frac -
tions. Note that pho tos made dur ing the land ing of the Huygens
probe in di cates the ex is tence of large stones (up to ~15 cm in
size) on the bed of the dry lake (e.g., Tomasko et al., 2005).
Even tu ally, fol low ing these three sug ges tions, we used
grain-size dis tri bu tion in the bed of the con sid ered sec tion of the
river given in Ta ble 4. This dis tri bu tion re sults in fast ero sion and
sed i men ta tion (im por tant be cause of the lim ited speed of sim u la -
tion), and cor re sponds to the grain dis tri bu tion in the bed of me -
an der ing rivers. The same dis tri bu tions are used for bedload and
sus pended loads at the in flow. The choice of dis tri bu tions at the
in flow is not cru cial be cause �nat u ral� dis tri bu tions (i.e. dis tri bu -
tions cor re spond ing to cur rent ve loc ity fields) will be es tab lished
in a few tens of metres from the be gin ning of the sec tion of the
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Fig. 3. Ini tial to pog ra phy of the bed of East Fork River
used in sim u la tions

To pog ra phy is given with re spect to the cho sen frame of ref er ence; dots mark
ap prox i mate places of mesh nodes: no. 886 – red, no. 5620, 5633 and 5728 –
blue, no. 15084 – yel low; thick, black line marks cross-sec tion J = 172 dis -
cussed in Fig ure 14
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T a  b l e  1

The list of long sim u la tions (to tal 18) and val ues of ba sic pa ram e ters 

Model
Dis charge Q

[m3 × s–1]

Bedload 
trans port rate B

[kg × m–1× s–1]

Sus pended load 
con cen tra tion S

[kg  × m–3]

Thick ness of each 
of three lay ers form ing

the river bed [m]

Time 
of sim u la tions

tsim

1T 20 0  0  0.05 50 d 12 h 30m

1Z 20 0  0  0.05 54 d 6 h 13m

1T_2 20 1.0 0.5 0.05 22 d 15 h 46m

1Z_2 20 1.0 0.5 0.05 24 d 13 h 25m 

1T_3 20 0.5 1.0 0.05 37 d 23 h 11m 

1Z_3 20 0.5 1.0 0.05 37 d 5 h 17m

 

EF_T 40 0  0  0.05 30 d 17 h 46m

EF_Z 40 0  0  0.05 30 d 8 h 48m

1T_6 40 1.0 0.5 0.05 66 d 22 h 29m

1Z_6 40 1.0 0.5 0.05 66 d 16 h 24m

1T_7 40 0.5 1.0 0.05 25 d 20 h 41m

1Z_7 40 0.5 1.0 0.05 26 d 10 h 4m 

 

1T_9 40 0  0  0.5, 1.0, 1.5 37 d 14 h 11m

1Z_9 40 0  0  0.5, 1.0, 1.5 37 d 14 h 11m

1T_10 40 1.0 0.5 0.5, 1.0, 1.5 54 d 6 h 43m 

1Z_10 40 1.0 0.5 0.5, 1.0, 1.5 54 d 6 h 46m

1T_11 40 0.5 1.0 0.5, 1.0, 1.5 29 d 5 h 55m

1Z_11 40 0.5 1.0 0.5, 1.0, 1.5 29 d 5 h 50m

As the bound ary con di tions on the in flow we used two val ues of to tal dis charge Q (20 and 40 m3 × s–1), three val ues

of bedload trans port rate B (0, 0.5, 1.0 kg × m–1 × s–1) and sus pended load con cen tra tion S (0, 0.5, 1.0 kg × m–3); mod -
els in di cated by let ter Z and EF_Z are the ter res trial ones and with T and EF_T – Ti tan’s

Fig. 4. Photo made by the Huygens probe dur ing de scent

We can see the well-de vel oped river val ley sys tem; the main type
of sup ply con sid ered for this sys tem is the run off (Toma sko et al.,
2005; Perron et al., 2006, NASA 2005 PIA07236)

Fig. 5. Me an der ing dry val leys (in di cated by ar rows) on Xanadu 
re gion (Tomasko et al., 2005; Perron et al., 2006, NASA 2006

PIA08604 – mod i fied)



river con sid ered – the fine frac tion will be come the sus pended
load, while the coarse frac tion will be come the bedload.

The spe cific grav ity, i.e. the ra tio of (den sity of grain)/(den -
sity of liq uid), is an im por tant fac tor in de ter min ing trans port and
sed i men ta tion (Ta ble 5). We as sume that ter res trial grains are
com posed of pure quartz, and grains on Ti tan of pure wa ter ice
(Ta ble 5; Elachi et al., 2005; Litwin et al., 2012). We know that
some or ganic sol ids are also pres ent in the regolith of Ti tan
(e.g., Lorenz et al., 2003), but the wa ter ice is the main com po -
nent (Tomasko et al., 2005). There fore, in the pres ent cal cu la -
tions we used only wa ter ice for Ti tan.

NUMERICAL MODEL

In our re search we use a nu mer i cal model to de ter mine dif -
fer ences in the evo lu tion of rivers on Earth and on Ti tan. The
dy nam i cal anal y sis of rivers is per formed us ing the nu mer i cal
pack age CCHE2D, adapted for the spe cific con di tions on Ti tan. 
The pack age uses the fi nite el e ment method. The nu mer i cal
mesh for the model of East Fork River con sists of quad ri lat eral
fi nite el e ments with 16533 mesh nodes (for de tails – see Zhang, 
2006). In these mesh nodes the pack age gives: ve loc ity vec tor,
ve loc ity mag ni tude (i.e. the ab so lute value of the ve loc ity),
depth of the river, bed change (i.e. the dif fer ence of the cur rent
bed to pog ra phy from the ini tial bed to pog ra phy), bedload, sus -
pended load, etc. The no ta tion of some pa ram e ters used in the
pa per is shown in Ta ble 6.
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T a  b l e  2

Ki ne matic vis cos ity and den sity of the liq uids used in 
our sim u la tions (Cordier et al., 2009; Lorenz et al.,

2010; Czechowski and Kossacki, 2012)

Name Ki ne matic vis cos ity Den sity

Sym bol v r

Unit m2 × s–1 kg × m–3

Wa ter 1.52 × 10–6 999.84

75% meth ane, 
25% ni tro gen 2.92 × 10–7 518

100% meth ane 4.58 × 10–7 454

Fig. 6. Max i mal ve loc ity mag ni tude Vmax ver sus to tal 
dis charge Q for four dif fer ent liq uids

Ti tan’s rain (75% meth ane + 25% ni tro gen), lake liq uid (74% eth -
ane + 10% meth ane + 8.5% bu tane + 7% pro pane + 0.5% ni tro -
gen), 100% meth ane and wa ter; the lines for three Ti tan’s flu ids
are over lap ping; bound ary con di tion: the level of the liq uid on the
out flow is as sumed to be 10 m (with re spect to the cho sen frame of 
ref er ence); it cor re sponds to 5.5 m depth 

T a  b l e  3

Dis tri bu tions of grain size used by Leopold 
and Emmett (1976)

Grain size
 [mm]

Grain-size dis tri bu tion
[%]

16.0–8.0 1  

8.0–4.0 4  

4.0–2.0 20

2.0–0.5 45

0.5–0.25 25

un der 0.25 5  

T a  b l e  4

Dis tri bu tions of grain size of sus pended load at the in flow,
bedload at the in flow and ini tial bed com po si tion in the sec tion

of the river con sid ered

Di am e ter [cm] 0.01 0.1 0.25 0.5 2 4 16

Bound ary con di tion for 
sus pended load at in flow [%]

35 25 15 15 10 0 0

Bound ary con di tion for bed
load at in flow [%]

10 10 20 25 25 9 1

Ini tial bed com po si tion [%] 10 10 20 25 25 9 1

T a  b l e  5

Den sity of the trans ported ma te ri als and the spe cific grav ity 
for Earth’s and Ti tan’s rivers used in our cal cu la tions

Prop er ties Sym bol Unit Quartz 
(con cerns Earth)

Wa ter ice 
(con cerns Ti tan)

Den sity r kg × m–3 2650.0 980.0

Sub stances spe cific grav ity

Quartz/wa ter 2.650

Wa ter ice/liq uid of com po si tion of Ti tan’s rain 1.892



ADDITIONAL PARAMETERS OF THE MODEL

We used the fol low ing grav i ta tional ac cel er a tion: ge =
9.817 m × s–2 (for Earth), gt = 1.352 m × s–2 (for Ti tan). Since
many de tails about Ti tan’s rivers are still un known, we chose
the same val ues of the re quired pa ram e ters as for ter res trial
me an der ing rivers. The von Karman con stant is as sumed to be
0.41 (see also dis cus sion in Frenzen and Vogel, 1994). The
grain-size dis tri bu tion could be char ac ter ized by the pa ram e ter
known as me dian of par ti cle size dis tri bu tion, D50. Its def i ni tion
as sumes that the to tal mass of grains smaller than D50 is equal
to half of the to tal mass. For our dis tri bu tion D50 = 0.5 cm (cal -
cu lated on the ba sis of Ta ble 4). The po ros ity of bed sed i ments
is as sumed to be 24%. In our sim u la tions the ma te rial is trans -
ported only as the bed load and as the sus pended load. For the
val ues of Q used in our sim u la tion, the flow is ap -
prox i mately steady and the bed change is rel a tively
slow. Note that the do main of cal cu la tions is con -
stant, so lat eral bound aries rep re sent �rigid banks�
that can not be eroded. For tu nately, the stream of
the river mod elled is nar rower than the do main, so
the stream is of ten sep a rated from the bound ary of
the do main by belts of the bed ma te rial. These belts 
could be a sub ject of ero sion, so the mi nor lat eral
mo tion of the river chan nel could be also sim u lated
(in the range of the do main).  

RESULTS

THE RESULTS OF SHORT SIMULATIONS

A se ries of short sim u la tions was per formed to
solve some spe cific prob lems. The trans port of
sed i ments is not in cluded in this se ries. First, we
had to know whether sim u la tions with many liq uids
on Ti tan are nec es sary. There fore, the flows with
dif fer ent liq uids are sim u lated for ~60 min. We
found that all the liq uids con sid ered (Ta ble 2) gave
sim i lar flow prop er ties (e.g., see Vmax in Fig. 6).
Based on this re sult, for the rest of the sim u la tions
we used only one fluid; the one that cor re sponds to

Ti tan’s rain. It is also the liq uid most likely to be found in Ti tan’s
rivers (Perron et al., 2006; Atreya et al., 2009; Strobel et al.,
2009). 

A few other re sults of the short sim u la tions are pre sented in
Ta ble 7. Gen eral prop er ties of the flows in Ti tan’s and ter res trial
rivers are also com pared in this ta ble. 

The next pa ram e ter of the flow in ves ti gated in the short sim -
u la tions is the ve loc ity mag ni tude V. The de pend ence of the
max i mum value of V–Vmax (Q) – could be rep re sented by a
piecewise lin ear func tion of to tal dis charge Q (Fig. 6). Note that
for a lower to tal dis charge (i.e. for Q < 40 m3 × s–1) the slope of
the graphs is steeper than for a higher Q, i.e. the rate of change
for Vmax de creases with Q.

In the short sim u la tions we also solved the prob lem of the
tran sient ef fects of the flow. For some time af ter start ing the
sim u la tion, there are tem po rary ef fects re sult ing from cer tain
spe cific ini tial con di tions. These tran sient ef fects do not ex ist in
nat u ral rivers (they do not have a start ing time). The re sults are
pre sented in Fig ure 7. The fig ure pres ents the x–com po nent of
the ve loc ity vec tor U in a few cho sen mesh nodes. 
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T a  b l e  6

No ta tion of some pa ram e ters used in the pa per

Sym bol Mean ing of sym bol

Q to tal spe cific dis charge [m3 × s–1]

V ve loc ity mag ni tude depth-av er aged [m × s–1]

dzb max i mal bed change for given time [m]

D50 me dian of par ti cle size dis tri bu tion [m]

D50max max i mal me dian of par ti cle size dis tri bu tion [m]

S sus pended load con cen tra tion [kg × m–3]

Smax max i mal sus pended load con cen tra tion [kg × m–3]

B bedload trans port rate [kg × m–1 × s–1]

Sub script “max” de notes the max i mum value of the given 
pa ram e ters for the part of the river con sid ered

T a  b l e  7

Sum mary of com par i son of three ba sic pa ram e ters 
of the rivers ob tained in the short sim u la tions

Pa ram e ters Ti tan com pared to the Earth

Max i mal ve loc ity 
mag ni tude

sim i lar for low value of to tal 
dis charge Q (Q < 30 m3 × s–1)

higher on Earth for big value 
of to tal dis charge Q (Q > 30 m3 × s–1)

To tal spe cific dis charge

lower on Ti tan for low value 
of ini tial wa ter sur face level

sim i lar for big value of ini tial 
wa ter sur face level

Eddy vis cos ity larger on Ti tan than on Earth

Fig. 7. The de pend ence of x–com po nent of the ve loc ity vec tor U ver sus
time in three cho sen mesh nodes, for Ti tan (T) and for the Earth (E) 

(see Fig. 3 for po si tions of the mesh nodes) 

Note that sta bi li za tion of the flow is reached af ter ~0.5 h



The mesh nodes are cho sen in the fol low ing way (see Fig. 3
for po si tions of the mesh nodes): in the up per course (no. 886), in 
the mid course (no. 5728), and in the lower course (no. 15084).
For all these three mesh nodes, we as sumed the same Q = 40
m3 × s–1. Fig ure 7 shows that sta bi li za tion is reached af ter ~0.5 h. 

RESULTS OF SIMULATIONS 
OF SEDIMENT TRANSPORT

The cal cu la tions of flow are used for sim u la tions of ero sion
and sed i men ta tion (Misiura and Czechowski, 2013). Con sider
now the changes of the to pog ra phy of the river chan nel re sult -
ing from those pro cesses. The changes are ex pressed by bed
changes with re spect to the ini tial bed to pog ra phy. Gen er ally,
for low val ues of to tal dis charge Q, the bed changes are low
(i.e., the changes of to pog ra phy are rather lim ited). For large
val ues of Q, the bed changes are large.

Fig ure 8 pres ents max i mal bed change (dzb) as a func tion of
to tal dis charge Q. For dis charge lower than 15 m3 × s–1, the bed
change for Ti tan is slightly higher than for Earth. The sit u a tion
changes for higher Q; the bed change for Earth is sig nif i cantly

higher than for Ti tan. How ever, the later evo lu tion for very long
sim u la tions (e.g., 50 days) is dif fer ent (see Fig. 16).

The dis tri bu tion of sed i ments in the river bed could be char -
ac ter ized by D50. If D50 is low, then the chan nel bed is built by
grains of small di am e ters. For high D50, large grains dom i nate.
The changes of D50 in time are large and they strongly de pend
on Q. Fig ure 9 pres ents D50max, i.e. the max i mum value of D50.
One can see that D50max is an in creas ing func tion of Q – as
would be ex pected. More over, for Ti tan’s con di tions, D50max(Q)
is larger than the D50max(Q) for Earth for the con sid ered range
of Q. Also, the rate of in crease is larger on Ti tan than on Earth.
Both of these state ments are in agree ment with ex ist ing pub li -
ca tions (e.g., Burr et al., 2006). It means that in some parts of
the chan nels on Ti tan the coarse sed i ments ac cu mu late more
ef fec tively than on Earth, and the finer sed i ments are also re -
moved more ef fec tively (see also Fig. 13). This fact could be ex -
plained by con sid er ing buoy ancy and hy dro dy namic forces
(e.g., Burr et al., 2006). 

Con sider now changes of D50max in time for con stant Q =
30 m3 × s–1 (Fig. 10). Ini tially, for time be low ~2.5 × 104 s = ~7 h,
D50max for Ti tan is higher than for Earth. This means that on Ti -
tan, small grains are be ing more eas ily re moved out of the part

of the river chan nel con sid ered. For lon ger pe ri ods
(for time >4 × 104 s = ~11 h), D50max is larger for
Earth. This fig ure sug gests that, ini tially, fine ma te -
rial is eroded faster on Ti tan than on Earth. This
con clu sion is not a re sult of as sumed grain-size dis -
tri bu tion, be cause we as sumed the same dis tri bu -
tions for Ti tan and Earth. There fore, the dif fer ence
in be hav iour is the re sult of dif fer ent con di tions on
these ce les tial bod ies.

CASE STUDY ON BEHAVIOUR
OF THE RIVER MODELS 

Be low we dis cuss some ex am ples of the pro -
cesses con sid ered in the river mod els. Fig ures 11
and 12 pres ent sed i men ta tion and ero sion in the
river chan nel for Ti tan (Fig. 11) and for Earth (Fig.
12) for the same ini tial and bound ary con di tions (Q
= 40 m3 × s–1, trans port rate of bedload B = 1 kg m–1 ×
s–1 and con cen tra tion of sus pended load S = 0.5
kg × m–3  – mod els 1T_6 and 1Z_6 in Ta ble 1).

For Ti tan (Fig. 11), we can see the for ma tion of
the char ac ter is tic struc ture of the me an der ing river: 
on the in side bend of me an ders there are ac cu mu -
la tion struc tures – point bars, while on the other
side, the bank is eroded, and so the ma te rial is ac -
cu mu lated and eroded in ex pected lo ca tions. For a
much lon ger sim u la tion than we made in this work,
the ef fect of lat eral mi gra tion of the chan nel would
be vis i ble. This ef fect is char ac ter is tic for me an der -
ing rivers.

For Earth (Fig. 12), point bars and mid-chan nel
bars formed. This type of chan nel could evolve into
a braided river with a lon ger sim u la tion than we
made in this work.

Fig ure 13 pres ents the dis tri bu tion of the fi nal
bed com po si tion for the model 1T. For Ti tan’s con -
di tion, the fol low ing se quence of dis tri bu tions of
frac tions in river chan nel is ob served: the coars est
sed i ments are in the main stream, while mov ing
away from the main stream the con tri bu tion of finer
sed i ments is in creas ing.  
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Fig. 8. Max i mal bed change dzb ver sus dis charge Q [m3 × s–1]

Bound ary con di tion: the level of the liq uid on the out flow is 8 m;
that cor re sponds to ~4 m depth; note that for Q > 25 m3 × s–1, dzb is higher 

for the Earth than for Ti tan

Fig. 9. Max i mal val ues of me dian of par ti cle size dis tri bu tion D50max 

ver sus dis charge Q [m3 × s–1]

Bound ary con di tion: the level of the liq uid on the out flow is 7 m; 
that cor re sponds to ~3 m depth; note that D50max char ac ter izes

 the whole part of the river chan nel con sid ered



The re sults dis cussed in this sub sec tion in di -
cate that the pack age CCHE2D gives re al is tic re -
sults for Ti tan’s as well as for ter res trial con di tions.
Note also that the pack age is of ten used in prac ti cal 
ap pli ca tions and sci en tific re search (e.g., Magnu -
szewski and Gutry-Korycka, 2009a, b), there fore
its use for our mod el ling is fully jus ti fied. 

RESULTS OF SIMULATIONS

The strat egy of this work is to in ves ti gate dif fer -
ences in the pro cesses in Ti tan’s rivers com pared
to ter res trial ones, in stead of mak ing a model of a
spe cific river on Ti tan. In fact, the pres ent data con -
cern ing any of Ti tan’s rivers are not suf fi cient for
such mod el ling (e.g., the lack of bed to pog ra phy).
Our method of in ves ti ga tion re quires also the use
of the same val ues of cor re spond ing pa ram e ters of 
rivers on Ti tan and Earth un less the ba sic dif fer -
ences of liq uids (hy dro car bon ver sus wa ter), sol ids
(wa ter ice ver sus sil i cate grains),and con di tions
(e.g., dif fer ent grav ity) re quire the op po site. For this 
rea son we use the same ge om e try and dis tri bu tion
of grain size for Ti tan’s and for ter res trial rivers.

In the long sim u la tions we mod elled the rivers’
evo lu tions for 22–66 days (Ta ble 1). Gen er ally,
these cal cu la tions con firm the re sults pre sented in
sub sec tion “The re sults of short sim u la tions�. More -
over, we found some new prop er ties that we dis -
cuss be low. 

In this sub sec tion, we in ves ti gate how the trans -
port and ac cu mu la tion of the ma te rial de pend on
some bound ary con di tions. In our sim u la tion we
use var i ous bound ary con di tions, for ex am ple:
trans port rate of bedload, con cen tra tion of sus -
pended load, and to tal dis charge (see Ta ble 1). 

Based on the re sult of the short sim u la tion we
de cided to use two val ues of to tal dis charge Q = 20
m3 × s–1 and 40 m3 × s–1 for which the top o graphic
bed change rises rap idly with in creas ing Q (Fig. 8).
How ever, the ini tial long sim u la tions in di cated that
Q = 20 m3 × s–1 is too low, be cause af ter ~20 days
some of the sim u lated rivers dry lo cally (e.g., 1T_2); 
this makes fur ther cal cu la tions im pos si ble. For dis -
charge 40 m3 × s–1 this ef fect does not ap pear. Our
model does not in clude evap o ra tion or in fil tra tion
(see pa ram e ters of the model in Sec tion Ma te rial
Prop er ties). The �dry ing� means that dis con ti nu ity
of the wa ter stream is ob served. Gen er ally, this is a
phys i cal ef fect ob served if sandy bedforms slow
down the flow in the up per course of the river, while
in the lower course the flow is not slowed down.
Then the stream in the midcourse be comes so nar -
row that it is be low the res o lu tion of the nu mer i cal
model.  

For some val ues of the trans port rate of the
bedload and the con cen tra tion of the sus pended
load we found in ter est ing dif fer ences be tween Ti -
tan’s and Earth’s rivers. For Earth (for Q = 40 m3 ×
s–1, trans port rate of bedload B = 1 kg × m–1 × s–1 and
con cen tra tion of sus pended load S = 0.5 kg × m–3), a 
river evolves to wards a quasi-braided river (Fig.
12). For the same bound ary con di tions the river on
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Fig. 10. Max i mal val ues of the me dian of par ti cle size dis tri bu tion D50max

ver sus time

Note that for du ra tion shorter than ~2.5 × 104 s (~7 h), D50max for Ti tan is higher

than D50max for Earth, and for du ra tion lon ger than ~4 × 104 s (~11 h) the sit u a tion
changes – D50max for Earth is higher than D50max for Ti tan; the fluc tu a tion in the
graph for the Earth is the re sult of the gen eral sen si tiv ity of max i mal val ues to the
de tails of the model; bound ary con di tion: the level of the liq uid on the out flow is
10 m; this cor re sponds to ~6 m depth

Fig. 11. The bed change af ter ~46 days, sim u la tion for Ti tan (model 1T_6)

Black ar rows in di cate point-bars (re sults of ac cu mu la tion);
red ar rows in di cate struc tures of ero sion 

Fig. 12. Sim u la tion for the Earth (model 1Z_6), 
the bed change af ter ~11 days

For ex pla na tions see Fig ure 11



Ti tan is still a reg u lar me an der ing river (Fig. 11). We be lieve that 
this could be an im por tant re sult of our mod els. The evo lu tion
to ward a quasi- braided river is a re sult of a large vol ume of sed i -
ments that could not be trans ported fur ther in ter res trial con di -
tions, and are de pos ited in the mod elled sec tion of the river. We 
hoped that we could de ter mine the con di tions nec es sary for de -

vel op ing typ i cal braided rivers on Ti tan. Note, that
the num ber of chan nels of a given river could be de -
ter mined even from data with the pres ent res o lu -
tion, so some lim its on the prop er ties of liq uids or
sol ids in Ti tan’s rivers could be de ter mined. 

Let us dis cuss now the rate of sed i men ta tion.
Fig ure 14 pres ents evo lu tion of the bed along a
cho sen cross-sec tion (thick line in Fig. 3). One can
con clude that the rate of sed i men ta tion on Ti tan is
higher than on Earth. The lay ers of new sed i ments
on Ti tan have thick nesses of 10–40 cm. For ter res -
trial con di tions, the rate of sed i men ta tion is much
lower and sub se quent lay ers are thin ner (~5 cm).
Sim i lar be hav iour is ob served along other cross-
 sec tions. This sit u a tion could have two causes: 

– flow in Ti tan’s rivers has a higher ef fec tive
power com pared to the power re quired for
mov ing bedload;

– the power of ter res trial rivers are too high, so 
ma te rial can not ac cu mu late. Burr et al.
(2006) and Witek and Czechowski (2013,
2014) sug gest that the first op tion is cor rect.

This means that the ef fec tive power of a stream
on Earth is lower than on Ti tan, so the ef fect of this
stream on sus pended load is also lower. Such a sit -
u a tion could be the re sult of lower gravity on Titan
or a lower viscosity of fluid in Titan’s rivers.

The re sult dis cussed in the pre vi ous para graph
is con firmed by our other sim u la tions. For Ti tan the
coarse sed i ments ac cu mu late in the lower course
of the river (see dis tri bu tion of D50 in river chan nel
in Fig. 15).

The bed change for the cho sen mesh nodes is
given in Fig ure 16 (see Fig. 2 for po si tions of the
mesh nodes). Ini tially, the rate of the bed change
for the Earth is very large, but af ter 300 h the rate
drops al most to zero and the bed change is con -
stant. For Ti tan, the rate of the bed change is al -
most con stant from 100 to 1100 h, how ever, it is
smaller than that on the Earth. The av er age bed
change (av er aged over whole nu mer i cal do main)
for Ti tan is higher than for Earth. This is a re sult of
the larger rate of trans port of ma te rial on Ti tan.
Note that the same mass of the bed load and sus -
pended load (for Ti tan and Earth) is as sumed for
this sim u la tion. Anal o gous sim u la tions per formed
for the same vol ume of trans ported ma te rial gave
sim i lar re sults, i.e. the bed change for Ti tan in this
mesh node is larger than that for Earth. 

Be low, val ues of some quan ti ties in a cho sen
mesh node are con sid ered. We chose a typ i cal
mesh node, thus sim i lar con clu sions could be
made on the ba sis of other mesh nodes. The mag -
ni tude of ve loc ity of fluid in rivers is shown in Fig ure
17. The ve loc ity is sig nif i cantly lower on Ti tan than
in the ter res trial river (1 m × s–1 ver sus 1.5 m × s–1).
This sug gests that the main sources of dif fer ence in 
trans port and sed i men ta tion are grav ity, den si ties
of fluid and sed i ments, and dif fer ent buoy ancy

force, rather than the ve loc ity. 
Gen er ally, a larger ve loc ity means a higher ef fec tive power

of river. Our sim u la tions show that some ex cep tions are pos si -
ble. The trans port on Ti tan is more ef fec tive even for sig nif i -
cantly lower ve loc i ties. Sim i lar be hav iour is ob ser ved also in
other points (mesh nodes).  
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Fig. 13. Fi nal bed com po si tion for sim u la tion 1T (Ti tan)
for the cho sen me an der

The scale is from blue (0%) to red (100%) show ing the given par ti cle size in all
sed i ments; A – sand – 0.01 cm; B – gravel – 2 cm; C – peb ble – 4 cm; note that
the larg est grains ac cu mu late in the main stream, while the fin est sed i ments ac -
cu mu late mostly in the point-bars
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Fig. 14. Evo lu tion of river’s to pog ra phy

The cross sec tions across the river along cho sen line (J = 172) and for dif fer ent times (see leg ends); A – for sim u la tions 1T_2 (Ti tan); B – for
sim u la tion 1Z_2 (Earth). Max i mal du ra tion of sim u la tion is ~21 days (i.e. 1 793 030 s) for Ti tan (A) and ~24 days (i.e. 2 121 930 s) for the
Earth (B). The lower black, thick, dashed line in di cates the ini tial bed el e va tion of the river bed. The ver ti cal black line in di cates po si tion of the 
mesh node 5620 and the ver ti cal black dashed line in di cates the mesh node 5633. The to tal thick ness of sed i ment on Ti tan is larger than on
the Earth (note dif fer ent ver ti cal scales of the both pan els), e.g. for the dis tance equal 15 m the thick ness of sed i ments on Ti tan is ~1 m while
at the same mesh node on the Earth the thick ness is ~0.5 m. C and D shows mod els 1T_6 (Ti tan) and 1Z_6 (Earth), re spec tively 



Fig ure 18 pres ents com par i sons of the sus -
pended load and the bedload for Ti tan and Earth for
mesh node 5620. Sim u la tions show that for Ti tan
the max i mal value of sus pended load con cen tra tion
is around 23 kg × m–3, while on Earth it is only around
3 kg × m–3. On the other hand, bedload trans port rate
is much greater on Earth than on Ti tan – the max i -
mal value is around 0.3 kg m–1 × s–1 on Earth and
neg li gi ble on Ti tan. This fact sug gests that the dom i -
nant mode of trans port on Ti tan is the sus pended
load.

A di rect com par i son of the trans port of solid ma -
te rial as sus pended load and as bedload re quires
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Fig. 15. Dis tri bu tion of D50 for Ti tan and the Earth af ter ~66 days 
for sim u la tions 1Z_6 and 1T_6

Note that D50 in the up per course on Ti tan is very low (i.e. the bed con sists of small grains) and D50 in creases
down stream; on the Earth the sit u a tion is dif fer ent – there is not such a large dif fer ence be tween the up per and
the lower courses; dis tri bu tion of D50 on the Earth is rel a tively sta ble; to ob tain sim i lar sta bil ity of D50 on Ti tan,
lon ger sim u la tions are nec es sary

Fig. 16. The bed change for the cho sen mesh nodes 
ver sus time for sim u la tions 1Z_6 and 1T_6 

A – mesh node 5620 is close to the main stream of the
river, B – mesh node 5633 is in the point-bar; for mesh
nodes lo ca tion see Fig ure 3. Note that ini tially the rate of
bed change for the Earth is very high. Af ter ~300 h (at B)
or ~100 h (at A) the rate drops to ~0 and the bed level is
con stant or even some ero sion is ob served. This means
that to pog ra phy af ter ~1200 h is rel a tively sta ble; but the
de po si tion in the point-bars for Ti tan is sig nif i cantly
higher than for the Earth, while de po si tion in the riverbed
(close to the main stream) is sim i lar. For Ti tan the rate of
bed change is con stant from 100 to 1100 h (for both
mesh nodes) and it is lower than on the Earth. How ever,
the fi nal to tal bed change for Ti tan is even tu ally higher
(~2 m at B and ~1.4 m at A). This is a re sult of larger vol -
ume of trans ported ma te rial on Ti tan (the same mass of
the ma te rial is as sumed)



some fur ther con sid er ation be cause S and B have
dif fer ent units and dif fer ent phys i cal mean ings; S is
the mass of sus pended load in kg per 1 m3, while B
is the mass of bedload in kg × s trans ported through
1 m (per pen dic u lar to the ve loc ity vec tor) of the bed
in 1 sec ond (see also Ta ble 6). For this rea son we
in tro duce a mod i fied sus pended load de fined as:
Smod = S × V × d, where d is the lo cal depth of the river. 
Af ter this op er a tion Smod has the same unit as B, so
they could be di rectly com pared. Fig ure 19 pres ents
the ra tio of Smod and B ver sus time for a cho sen
mesh node. For Ti tan, the ra tio is al ways very high
(some times even Smod > ~31,000 B). For Earth, the
ra tio is sig nif i cantly lower than for Ti tan (from ~0.1 to
~97). The ra tio changes through time as a re sult of
evo lu tion of the river bed. Both mod els start from the 
same ini tial to pog ra phy, so di rect com par i son could
be made for time t < ~1000 000 s = 11 d (see also
Fig. 12). Fur ther evo lu tion of the ter res trial river
leads to a quasi-braided river, while for Ti tan we still
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Fig. 17. Changes of the ve loc ity mag ni tude V ver sus time
in the mesh node 5620

Re sults for sim u la tions 1T_6 (solid line) and 1Z_6 (dashed line) are pre sented

Fig. 18A – sus pended load con cen tra tion; B – bedload trans port rate ver sus 
time for mesh node num ber 5620 for sim u la tions 1T_6 and 1Z_6 



have a typ i cal me an der ing river for the en tire du ra tion of the
sim u la tion. Note that the cho sen mesh node 5620 could be
treated as a typ i cal one. Fig ure 19 con firms that for Ti tan’s
rivers the sus pended load is the main method of trans port. For
the Earth, the be hav iour of the con sid ered ra tio is more com pli -
cated. The sus pended load Smod could be of the same im por -
tance as the bedload, lower, or sig nif i cantly higher, but not
higher than ~100 B.

This con clu sion is con firmed also by com par i son of the
whole mass of the sed i ments trans ported as sus pended load
Smod dur ing mod eled time tsim through the mesh node 5620.
The mass is given by the fol low ing time in te gral: K  = ò tsim0  
Smod dt in the cho sen mesh node. The cal cu la tion gives 2.8 ×
106 [kg × m–1] for the Earth and 1.18 × 108 [kg × m–1] for Ti tan. 

For Ti tan, the to tal mass of trans ported ma te rial through this 
mesh node as sus pended load is 42 times higher than for Earth. 
In te gra tion across the river width leads to a sim i lar con clu sion –
trans port by sus pended load is more ef fec tive for Ti tan than for
Earth. The to tal trans port of the river (sus pended load +
bedload) is also higher for Ti tan. These find ings con firm the o -
ret i cal re sults, based on con sid er ation of the roles of the buoy -
ancy force, hy dro dy namic force, and set tling ve loc ity, pre -
sented by Burr et al. (2006). Note, how ever, that the con clu -
sions of Burr et al. (2006) were made for the same ve loc ity,
while we con sider the same to tal dis charge. 

CONCLUSIONS

The main con clu sions of this re search are as fol lows:
– The sim u la tions give re al is tic re sults for flow, trans port,

and sed i men ta tion for ter res trial and Ti tan’s rivers. There fore,
we have con cluded that the use of the mod el ling pack age
CCHE2D for ex tra-ter res trial rivers is fully justified;

– Three dif fer ent liq uid hy dro car bons con sid ered for Ti tan’s
rivers give sim i lar ve loc ity fields;

– For the con di tions con sid ered in our re search, the evo lu -
tion of a ter res trial river leads to a quasi-braided river, while for

Ti tan we still have a typ i cal me an der ing river for 
the en tire sim u la tion;

– The rate of sed i men ta tion on Ti tan is
higher than on Earth. The lay ers of new sed i -
ment on Ti tan have thick nesses of 10–40 cm.
For ter res trial con di tions, the rate of sed i men ta -
tion is much lower and sub se quent lay ers are
thinner (~5 cm);

– The bed change av er aged over a con sid -
ered river chan nel for Ti tan is higher than for
Earth. This is a re sult of a greater rate of trans -
port of ma te rial on Titan;

– Sus pended load is the main way of trans -
port in Ti tan’s sim u lated rivers. For Earth, the be -
hav iour of the con sid ered ra tio is more com pli -
cated. The sus pended load Smod could be of the
same im por tance as the bedload, lower, or sig nif -
i cantly higher, but not higher than ~100 B. The
bedload trans port rate is also much greater on
Earth than on Ti tan; the max i mal value is around
0.3 kg × m–1 × s–1 on Earth and neg li gi ble on Ti tan;

– Con sid er ation of the sta bil ity of D50 par ti -
cle dis tri bu tion of bed sed i ments in di cates that
mod els for Ti tan’s river re quire a lon ger time of

sim u la tion than for ter res trial rivers. This could be a re sult of low
bedload on Ti tan and low sig nif i cance of sus pended load for
ero sion of the bed;

– Most of the re sults of our mod els could be ex plained the o -
ret i cally, con sid er ing dif fer ent val ues of grav ity, den sity and vis -
cos ity of flu ids, den sity of sed i ments, and dif fer ent buoy ancy
forces for Titan and Earth.

Our in ves ti ga tions in di cate sub stan tial dif fer ences in the
evo lu tion of ter res trial river val leys com pared to the evo lu tion of
sim i lar sized val leys on Ti tan. The dif fer ences are the re sults of
dif fer ent rates of ero sion, trans port, and sed i men ta tion. A better 
un der stand ing of these pro cesses re quires fur ther nu mer i cal
sim u la tions, ex per i men tal in ves ti ga tions, and more ob ser va -
tional data from space mis sions. More over, de tailed com par i -
sons with anal o gous ter res trial pro cesses could be help ful in
de ter min ing the con di tions nec es sary for form ing braided or
me an der ing rivers. A better un der stand ing of these con di tions
will give sci en tists an im por tant tool to in ter pret data from
space craft and to ex plain the evo lu tion of rivers on Ti tan. Note
that the ob ser va tional data for Ti tan are (and will be) mainly of
the re mote type (ra dar data, pic tures made from or bit ers rather
than in-situ geo log i cal sur vey). There fore, the de vel op ment of
spe cial meth ods for in ter pre ta tion is nec es sary. De tailed in ves -
ti ga tion of the differences between terrestrial rivers, turbidity
currents, and Martian rivers could be important. 
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Fig. 19. Ra tio of mod i fied sus pended load con cen tra tion Smod

to bedload trans port rate B ver sus time for mesh node num ber 5620 
for sim u la tions 1T_6 and 1Z_6
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