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Abstract

In the context of the emergence of extra-terrestrial
oceanography, we adapted an existing oceanographic
model, SLIM (www.climate.be/slim), to the conditions
of Titan, a moon of Saturn. The tidal response of the
largest southern lake at Titan’s surface, namely Ontario
Lacus, is simulated. SLIM solves the 2D, depth-averaged
shallow water equations on an unstructured mesh using
the discontinuous Galerkin finite element method, which
allows for high spatial resolution wherever needed.

The impact of the wind forcing, the bathymetry, and
the bottom friction is also discussed.

The predicted maximum tidal range is about 0.56 m
in the southern part of the lake, which is more than twice
as large as the previous estimates (see Tokano, 2010). The
patterns and magnitude of the current are also markedly
different from those of previous studies: the tidal motion
is not aligned with the major axis of the lake and the speed
is larger nearshore. Indeed, the main tidal component ro-
tates clockwise in an exact period of one Titan day and
the tidal currents can reach 0.046 ms~! close to the shores
depending on the geometry and the bathymetry. Except
for these specific nearshore regions, the current speed is
less than 0.02 ms~!. Circular patterns can be observed
offshore, their rotational direction and size varying along
the day.
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1 Introduction

Titan, Saturn’s largest moon, is the only celestial body
of the solar system, other than the Earth and Mars, that
has a substance, methane in this case, present in the solid,
liquid, and gaseous states at its surface. The presence of
liquids on its surface was evoked following Earth-based
observations and Voyager’s flyby in 1980 (see, e.g., Hanel
et al, 1981; Samuelson et al, 1981). The Cassini space-
craft, which has been observing the Saturnian system
since 2004 and is now in its extended mission named Sol-
stice, and its probe Huygens have shown the existence of
a methane cycle on Titan similar to the hydrological cycle
on Earth. Cassini first detected liquid bodies in the south-
ern polar region of Titan surface in 2004 by means of the
imaging science subsystem! (ISS) (McEwen et al, 2005).
Its Radar® showed dark patches, interpreted as lakes, in
the northern polar region in 2006 (Stofan et al, 2007).
These seas® and lakes are asymmetrically distributed with
respect to the equator (Aharonson et al, 2009): there are
much more lakes in the northern latitudes, where they are
larger and deeper (Hayes et al, 2008). These liquid bodies
are mainly composed of methane with ethane, nitrogen,
and other low-molecular-mass hydrocarbons (see, e.g.,
Brown et al, 2008; Cordier et al, 2009; Glein and Shock,
2013; Mastrogiuseppe et al, 2014; Luspay-Kuti et al, 2015;
Mitchell et al, 2015; Tan et al, 2013, 2015). The estimated
composition is established with the help of these models
(see Section 2.2) and can vary from one lake to another.

HMmaging Science Subsystem: it takes pictures in visible, near-ultraviolet, and near-infrared light. (see Porco et al, 2004).

2Radar: it maps the surface of Titan using a radar imager to pierce the veil of haze. It is also used to measure heights of surface features.
The synthetic aperture radar observed Titan in 13.78 GHz Ku-band with a resolution ranging from 0.35 to 1.7 km (see Elachi et al, 2004).

3The largest lakes are referred to as seas (Mare) and the others as lakes (Lacus), according to the nomenclature of the International

Astronomical Union. It only reflects the size of the lake.



The study of such lakes and seas belongs to a new sci-
entific research field usually referred to as extra -terrestrial
oceanography. Indeed, although the governing equations
are similar to those of terrestrial oceanography, there are
significant differences that need to be taken into account:
extra-terrestrial surface seas or lakes involve regimes of
temperature, pressure, composition, and physical environ-
ment (gravity, tidal forces, rotational, and orbital period-
icities, etc.) that are not observed in Earth’s oceans. In
order to study the dynamics of surface lakes and seas of Ti-
tan, we adapt consequently SLIM (www.climate.be/slim),
an Earth-based model developed at Université catholique
de Louvain, to Titan environment. This model solves the
2D depth-averaged shallow water equations using the dis-
continuous Galerkin finite element method.

In this work, we focus on one of Titan’s lakes: Ontario
Lacus. It is the largest lake in the southern hemisphere
(with its centre at 72° S, 175° E.), covering approximately
an area of 200 km x 70 km (Wall et al, 2010). Since its
discovery, Ontario Lacus has been the subject of several
publications focusing on morphology (Wall et al, 2010;
Cornet et al, 2012), composition (Brown et al, 2008), ba-
thymetry (Hayes et al, 2010; Ventura et al, 2012; Hayes,
2016), as well as tides (Tokano, 2010). Differences between
ISS images taken in 2005 (Rev009, Ly = 306° %) and in
2009 (T51, Ly = 355°) suggested possible shoreline varia-
tions (Turtle et al, 2011). Synthetic aperture radar (SAR)
images from 2009 (T57, Ly = 358° and T58, L, = 359°)
(see Wall et al, 2010; Hayes et al, 2011) gave additional
support to the hypothesis of seasonal variations in lake
volume and shorelines. Evaporation and/or infiltration
of surface liquid could be responsible for such variations
(Lunine et al, 2009; Turtle et al, 2011). Indeed, those ob-
servations took place during the southern summer, when
evaporation was predicted to be the greatest. However,
due to their low resolution, analysis of ISS images could
not be conclusive and the existence of seasonal shoreline
variations remained questionable (Cornet et al, 2012). In-
deed, subsequent SAR images (T65 in 2010, L, = 5.5°)
did not observed any indications for shoreline changes in
comparison with 2009 images. Nevertheless, in the present
study, shoreline variations due to the tides are briefly dis-
cussed.

The first pieces of information about Ontario Lacus
bathymetry came from T49, T57, and T58 observations
(2008 and 2009) which were used by Hayes et al (2010) to
derive the bathymetry near the shoreline. Using SAR data
from T65, Ventura et al (2012) estimated the bathymetry
over the whole lake. Their results indicate a maximum
depth of about 30 m for a data map resolution of 256
pix/deg (i.e., about 0.17 km/pix). The most recent work
from the Cassini radar team suggests that the lake could
be even deeper than predicted by Ventura et al (2012)
(see Hayes, 2016, and Mastrogiuseppe, 2016, Radar Ba-
thymetry and Composition of Titan’s Ontario Lacus from
waveform inversion of Cassini altimetric data, will be
soon submitted to Icarus). In this study, we consider all

of above-mentioned bathymetries and quantify their influ-
ence on the tidal response. Besides the bathymetry, there
are several other parameters that are not well known such
as the exact lake composition and the roughness of On-
tario Lacus bottom. We will also quantify their influence
on the tidal response. Finally, due to the lack of direct
wind observations above the lake, the sensitivity to the
wind forcing will be investigated for some hypothetical
scenarios. To these ends, the 2D depth-averaged shal-
low water equations are solved on unstructured meshes
with a spatial resolution ranging from 1 km to 5 km. This
would allow for a precise implementation of Ontario Lacus
coastline and bathymetries, and a better representation of
small-scale phenomena than previous studies.

Various aspects of the tides of the surface seas and
lakes of Titan have been the subject of previous studies.
Sagan and Dermott (1982) and Dermott and Sagan (1995)
constructed the appearance of Titan’s surface (which was
unknown at that time) by conducting analyses of theoret-
ical global surface ocean and disconnected seas and lakes
on Titan’s surface. Tokano (2010) discussed the tidal re-
sponses of Ontario Lacus and Kraken Mare whilst Tokano
et al (2014) and Tokano and Lorenz (2015) respectively
studied the tides and the surface stress response in the
northern seas. On the other hand, Sears (1995) and Lorenz
et al (2014) studied the tidal dissipation. In order to sim-
ulate the tides in Ontario Lacus, Tokano (2010) used a 3D
hydrostatic, baroclinic ocean circulation model. The only
forcing taken into account was the astronomical forcing
due to Saturn. He computed the surface displacement, the
velocity field, and the temperature. He used a structured
grid with a spatial resolution of 10 km and, due to the
lack of information at that time, a constant depth of 20 m.

The numerical model developed has two purposes. The
first one is specific to the surface lakes and seas of Titan:
it allows us to discuss their tidal response. Understand-
ing the tides is important in itself but also for explaining
potential transient events in Titan’s seas, for understand-
ing the currents, and for planning future missions. Such
pieces of information may improve Cassini data analysis
as well. The second one is more general: it could be used
for other extra-terrestrial oceans, seas, and lakes.

This paper is organised as follows. Section 2 deals
with Ontario Lacus environment and characteristics: at-
mospheric conditions, lake composition, and bathymetries
are described. Section 3 presents the model, SLIM, the
forcings applied, and the meshes. In Section 4, a reference
case is studied and will be used as a basis for sensitivity
analyses to bottom friction, bathymetry, and wind. Our
results are discussed and compared with previous ones in
Section 5, and conclusions are drawn in Section 6.

4The true anomaly of Titan, L, is the angle between the direction of the perikron and the current position of Titan as seen from Saturn.



2 Ontario Lacus environment and
characteristics

Ontario Lacus was flown over at least twice by each Cassini
instrument (complete or partial flybys): ISS in 2004, 2005
& 2009, VIMS® in 2007 & 2009, and Radar in 2009 &
2010. It has the shape of a right footprint (see Fig. 1)
and is named after Lake Ontario (one of the Great Lakes
of North America). It is connected to a hydrological net-
work (for example, in area N on Fig. 1) (Wall et al, 2010;
Cornet et al, 2012) which can provide liquid hydrocar-
bons during and after precipitations. Several, quite dif-
ferent, morphologies were observed along the shoreline of
Ontario Lacus: deeply incised bays, mountainous region,
beaches. .. (see Wall et al, 2010; Cornet et al, 2012, for
further details).

72°S
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Figure 1: Map of Ontario Lacus. Letters from A to M
show the study areas of Hayes et al (2010) which de-
rived a nearshore bathymetry in these regions. The red
letters, from N to R, are used in this article to refer to
particular areas (adapted from www.titanexploration.com;
original image credit: Cassini Radar Science team,
NASA/JPL/Caltech)

2.1 Atmospheric conditions

The atmosphere is mainly composed of nitrogen with a
small amount of methane and a still smaller amount of
other species (e.g. °Ar, 36 Ar, cyanogen, ethane) (Nie-
mann et al, 2005)(for detailed composition, see Table 1 in
Cordier et al, 2009).

The only in situ measurements of Titan atmospheric
conditions were provided by the Huygens probe at its land-
ing site. Nevertheless, Titan surface temperature has also
been inferred from the CIRS® far infrared spectra collected

from 2004 (right after the northern winter solstice) to 2008
(late northern winter) by Jennings et al (2009) and from
2004 to 2010 (in the early northern spring) by Cottini et al
(2012). Their results are consistent with each other and
with Huygens measurements (see Fulchignoni et al, 2005).
Seasonal variations were observed by both authors. Jen-
nings et al (2009) did not take into account the diurnal
changes while Cottini et al (2012) observed that the diur-
nal features disappeared at latitudes greater than 20 — 30°
in the north and 30 —40° in the south. Nevertheless, they
took into account neither the data from latitudes greater
than 60° nor the local influence of the lake. According to
Jennings et al (2009), during the northern winter, the tem-
perature at Ontario Lacus latitude (72° S) is more than
1 K lower than at the equator (93.56 K) while, at 72°
N, it is more than 2 K lower than at the equator. Tan
et al (2015) established a formula describing the surface
temperature as a function of the latitude and the time
from January 2005 to December 2013 from Jennings et al
(2011) and Cottini et al (2012) temperature profiles. The
surface temperature variations between the northern and
the southern end of Ontario Lacus (respectively 70° S and
74° S) are minimum (about 0.14 K) in January 2005 and
increase almost linearly to reach about 0.26 K in Decem-
ber 2013. The temperature in the middle of the lake (at
72° S) is about 92.7 K in January 2005 and decreases al-
most linearly to reach about 90.3 K in December 2013.
These absolute values have to be used with caution: the
results do not take into account the local influence of the
lake on the temperature (no variation as a function of the
longitude was taken into account).

Due to the lack of in situ measurements for atmo-
spheric pressure, precipitations and winds, models had to
be used to predict these fields: several global circulation
models (GCMs) were proposed (e.g. Tokano, 2008, 2009;
Friedson et al, 2009; Lebonnois et al, 2012; Schneider et al,
2012). According to these GCMs, the atmospheric pres-
sure variations are small at the surface and the winds are
subject to significant spatial, seasonal, and diurnal vari-
ations. Additionally, the wind speed may vary depend-
ing on the lake composition: if the seas are methane rich,
the wind speed could be different than for ethane-rich seas
(Tokano, 2009; Lorenz et al, 2012). The tidal wind has nei-
ther a preferential direction nor a specific time distribution
while the wind due to the convergence of moist air over
the lake area is directed offshore and can be stronger than
the tidal wind (Tokano, 2009). The predicted wind speed
ranges from 0 to 2 ms~! according to the location and
the season (Lorenz et al, 2012; Lorenz, 2013). In view of
the results obtained by means of the GCMs, we choose to
discuss the response of Ontario Lacus to four hypothetical
strong winds which are consistent with GCMs prediction
in terms of magnitude (see Section 4.3). Indeed, there are
uncertainties about the lake composition (see Section 2.2)
which could influence the wind speed and the local orien-
tation of the wind is uncertain. Moreover, each of these
models uses simplifying assumptions and none of them is

5Visible and Infrared Mapping Spectrometer: it identifies the chemical compositions of the surfaces, atmospheres, and rings of Saturn
and its moons by measuring colours of visible light and infrared energy emitted or reflected (Brown et al, 2004).

6Composite Infrared Spectromter :
study their temperature and compositions (Flasar et al, 2004).

it measures infrared energy from the surfaces, atmospheres, and rings of Saturn and its moons to



fully consistent with observations (Schneider et al, 2012).
Furthermore, we choose to study Ontario Lacus tidal re-
sponse on a short period of time (1 Titan day T'D) while
the results published in the literature are on a long period
(1 Titan year, i.e., 29.7 Earth years). For the same rea-
sons, the atmospheric pressure gradient, the precipitations
and the methane evaporation are not taken into account.
An accurate study of the wind, precipitation, and evapo-
ration impact on Ontario Lacus would require a mesoscale
atmospheric model and a longer study period but this is
beyond the scope of this article.

2.2 Ontario Lacus composition

Liquid ethane was identified in Ontario Lacus in 2008
by Brown et al (2008) while the identification of liquid
methane on Titan’s surface is made difficult by the pres-
ence of methane in the atmosphere. In the absence of in
situ, measurements, a detailed composition of lakes was
modelled by Cordier et al (2009), Tan et al (2013, 2015)
and Glein and Shock (2013) while Luspay-Kuti et al (2015)
computed a rough approximation of Ontario Lacus compo-
sition from experimental evaporation rates. Cordier et al
(2009) and Tan et al (2013, 2015) distinguished two types
of lakes: the near-equator lakes and the high latitudes
lakes. This distinction is the result of the temperature
difference between the equator and the high latitudes. On-
tario Lacus belongs to the second category.

Cordier et al (2009) established the composition by
considering the lakes as non ideal solutions in thermody-
namic equilibrium with the atmosphere. Nevertheless, this
model is quite sensitive to uncertainties about thermody-
namic data and other parameters: the relative standard
deviations remain between 10% and 300% according to the
species considered (Cordier et al, 2012). Tan et al (2013)
also considered this equilibrium and used an equation of
state to model the chemical system of the atmosphere. Tan
et al (2015) used the same model as Tan et al (2013) and
included the effect of multicomponent mixtures. Glein and
Shock (2013) developed a van Laar model parameterized
by using experimental phase equilibrium data. Luspay-
Kuti et al (2015) deduced a composition by comparing ex-
perimental evaporation rates and that computed by Hayes
et al (2011) to explain the shoreline variations.

Cordier et al (2009) and Luspay-Kuti et al (2015) pre-
dicted an ethane-rich composition while Tan et al (2013,
2015) predicted a methane-rich one. Nevertheless, Tan
et al (2015) predicted that the composition will vary sea-
sonally: the liquid would have more ethane and other
heavy components in winter than in summer. Glein and
Shock (2013) also predicted a methane-rich composition
but their results significantly vary with the mixing ratio
of methane. If the mixing ratio of methane suggested by
Voyager 1 was used, they would obtain an ethane-rich lake.

According to Mastrogiuseppe et al (2014) and LeGall
et al. (2015, Composition, seasonal change and bathy-
metry of Ligeia Mare, Titan, derived from its microwave

thermal emission submitted to Journal of Geophysical
Research-Planet), the dominant component of the lake can
also be identified from the dielectric constant and the loss
tangent” of the liquid. Using these observations, LeGall
et al. (2015, submitted) predicted that Ligeia Mare is
methane-rich. However, it does not imply that Ontario
Lacus is methane-rich. Indeed, according to Glein and
Shock (2013), higher temperatures cause liquid to lose
methane and nitrogen and to gain ethane. CIRS mea-
surements suggest that, at least during the summer, the
lakes at 70° S (like Ontario Lacus) are about 1 K warmer
than those at 70° N (Ligeia Mare is about 77° N) (Jen-
nings et al, 2009). Using the value of loss tangent de-
rived by Mastrogiuseppe et al. (2015, Turning the Cassini
RADAR into a sounder to probe the depth and composi-
tion of Titan’s seas through Monte Carlo based modeling
of altimetry waveforms, submitted to IEEE), Hayes (2016)
predicted a composition of 47% CHy, 40% CoHg and 13%
No.

The chemical models result in a liquid of similar density
but there are some significant differences about the molec-
ular viscosity: that predicted by Cordier et al (2009) and
Luspay-Kuti et al (2015) are larger than that predicted by
Tan et al (2013) (respectively by a factor of 5 and up to 3).
The lake also carries some solid particles like acetylene and
high molecular weight organics produced by atmospheric
photochemistry (see, e.g., Lorenz et al, 2010, 2011; Lorenz,
2013) (Tan et al (2013) showed that tholins and acetylene
could be present in Titan lakes). These particles modify
the lake properties. Thus density and viscosity cannot be
accurately derived from the lake composition.

Among these compositions, that of Cordier et al (2009)
will be adopted as a baseline: for a temperature of 90 K,
Cordier et al (2009)’s composition® results in a density
of 662 kg/m® and a viscosity of 1736 x 1076 Pas ac-
cording to Lorenz et al (2010). The impact of the lake
composition will later be shortly discussed in terms of
molecular viscosity and density within the range given by
the above-mentioned models (i.e., a density ranging from
547 kg/m? to 662 kg/m? and a molecular viscosity rang-
ing from 200 x 107 Pa s to 2000 x 107% Pas).

2.3 Bathymetry

An important ingredient of the model of Ontario Lacus is
the bathymetry. Presently, bathymetries are available for
a few lakes/seas: Ontario Lacus (see Ventura et al, 2012;
Hayes, 2016, and Mastrogiuseppe, 2016, soon submitted
to Icarus), Ligeia Mare (see Mastrogiuseppe et al, 2014),
and Kraken Mare (see Lorenz et al, 2014). This last one is
computed from an empirical rule observed in Earth lakes
basin and adapted to Titan seas from Ligeia Mare mea-
sured bathymetry.

Ventura et al (2012) derived Ontario Lacus’ bathy-
metry from the SAR data of the T65 flyby (January 12,
2010) using two approaches for backscattering descrip-

"The loss tangent is the tangent of the loss angle. It is used to parametrise the electromagnetic energy dissipation inherent to a dielectric

material.

8This composition is shown in Table 3 of Cordier et al (2009). The main constituents and their lake mole fraction are CoHg (7.64x 10~ 1),
CHy (9.69 x 1072), C3Hg (7.42 x 1072), C4Hg (1.39 x 1072), N (4.9 x 1073), Ar (5.01 x 1076), CO (4.21 x 10~7) and Hs (3.99 x 10~11).
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Figure 2: Bathymetries of Ontario Lacus (in meters). Panel (a) is the bathymetry computed by Ventura et al. (2012)
from SAR data. The bathymetry is smoothed to be coherent with the bottom of dry lakes. bathy B is shown in
Panel (b) and bathy C is shown in Panel (c). Except at the shore, bathy C is deeper and presents more pits than bathy
A. bathy B is also deeper than bathy A and is more accurate nearshore than bathy C

tion: a simplified semi-empirical model and a physically
based one. Both methods rely on composition and seabed
scattering properties and they return different results ac-
cording to parameters such as the wind speed for the latter
and the surface scattering for the former. In this work, we
use the bathymetry returned by the second method with
a wind speed of 0.7 ms™! which results in a maximum?®
and a mean depths of respectively 28 m and 9.67 m (see
Fig. 2(a)). The methodology used to derive this bathy-
metry is a combination of electromagnetic modelling and
Bayesian approach to perform the inversion and obtain

The second bathymetry, namely bathy B, is obtained by
extending the nearshore bathymetry predicted by Hayes
et al (2010) (see Fig.2(b)). It is the most accurate ba-
thymetry in the region close to the shore (< 15 km) but
the offshore depths are given by an extrapolation of the
nearshore slopes, which is inaccurate far from the shore.
Consequently, we will use bathy B to discuss the influ-
ence of the nearshore bathymetry and not to predict the
tidal response of Ontario Lacus. Hayes et al (2010) esti-
mated the depth of the lake nearshore from the local to-
pography slopes obtained by means of the radar altimetry
profile. This partial bathymetry is then used to deter-
mine the nearshore (i.e., < 15 km) imaginary component
of the liquid complex index of refraction from SAR data
of Titan flybys T57, T58 and T65 and altimetry obser-
vations (T49, L, = 352°) (Hayes et al, 2010). Once the
complex refractive index is known, it is used to estimate
the local bathymetry slopes assuming uniform refractive
properties throughout the lake (Hayes et al, 2010). bathy
B is then obtained by extrapolating the mean bathyme-
try slopes presented in Table 1 of Hayes et al (2010) (see
also Fig. 1). The maximum and mean depths obtained
are respectively 49.8 m and 15.8 m. The bathymetry map

from SAR backscattering values the lake optical thick-
ness. The conversion to physical depth is then obtained
by using the loss tangent value as calculated in Hayes et al
(2010). This is the result which shows less extreme values
and which best meets the nearshore results obtained by
Hayes et al (2010). We obtain the implemented bathy-
metry of Fig. 2(a) by homogenising the physical depth
in order to be coherent with the observed smoothness of
bottom of dry lakes. It will be referred to as bathy A.

has the same shape as in bathy A but the maximum depth
is larger and is not located at the same place than with
bathy A. Due to its derivation, this bathymetry is much
smoother than the two others.

The third bathymetry is also derived from SAR data.
The Cassini Radar altimeter data from flyby T49 (Decem-
ber 21, 2008) were used to calibrate the SAR backscatter
(for further information about this method, see Hayes
et al, 2014). Nevertheless, the T49 pass was the first over
a liquid body on Titan and the default attenuator settings
were overwhelmed. Consequently, Mastrogiuseppe et al.,
(2015, submitted to IEEE) designed a model to recover
the depths and absorptivity estimations in some saturated
area. The depths across the lake are then extrapolated
from the SAR data. The bathymetry obtained is shown
in Hayes (2016). Describing this method in detail is the
aim of a series of forthcoming publications. This method
is different from that of Ventura et al (2012): instead
of a model, an extrapolation method is resorted to for
the derivation of the bathymetry. The results are consis-
tent with the direct depths measured by altimetry from
T49 flyby (see Mastrogiuseppe et al., 2015, submitted to
IEEE) but it is less accurate nearshore than bathy B. The

9In this paper, the words "maximum depth" refer to the maximum depth of the implemented bathymetry and not the maximum depth

on the lake which is a function of the resolution of the data.



implemented bathymetry is obtained by smoothing these
data. This bathymetry will be referred to as bathy C (see
Fig. 2(c)). The maximum and mean depths obtained are
respectively 58.2 m and 27.3 m, which is the same order
of magnitude as with bathy B but is twice deeper than
that predicted by Ventura et al (2012). The deepest pit is
located in the same region as in bathy A and bathy B but
there are other smaller pits distributed over the lake (the
small yellow/red spots offshore (it corresponds with the
dark grey spots on a black and white copy'®) which are
not observed in bathy A and bathy B. bathy C is deeper
than bathy A everywhere in the lake except at the shore:
the dark blue areas (it corresponds with the dark areas on
a black and white copy)!? nearshore are shallower. The
bathymetry gradient offshore is more significant than in
bathy A and bathy B.

3 Method

The model adapted to Titan conditions is introduced in
Section 3.1. The tidal forcing applied is described in Sec-
tion 3.2 and the various meshes used are briefly described
in Section 3.3.

3.1 Model

The state-of-the-art numerical model used is the Second-
generation Louvain-la-Neuve Ice-ocean Model (SLIN,
www.climate.be/slim). It relies on the discontinuous
Galerkin finite element method (DGFEM) to solve the 2D
depth-averaged shallow water equations (see Egs 1) on
an unstructured mesh. The elevation, the velocity field,
and their spatial derivatives are discretised by means of
the DGFEM. The numerical solution is thus a piecewise
polynomial function that can be discontinuous at the ele-
ment interfaces. The inter-element fluxes are evaluated by
means of an approximate Riemann solver (for further de-
tails, see Bernard et al, 2007). The time-marching scheme
used is an implicit Runge-Kutta scheme using a Newton-
Raphson solver allowing for a time step of the order of a
thousandth of a Titan day (~ 1378 s) to be used. Explicit
schemes would request a time step of about 40 s, which
would considerably slow down the simulation even with
multirate schemes (for further details about multirate
schemes, see Seny et al, 2013). This method is well-suited
for advection dominated problems as characteristics vari-
ables are upwinded across the element interface and does
not suffer excessive numerical dissipation or oscillations.
Moreover, it is highly parallelisable, local mass conser-
vation is ensured and a wetting-drying algorithm, which
will be used to deal with the tidal flats, is implemented
(see Kérna et al, 2011). Another asset of this method is
the use of unstructured grids. Indeed, such grids allow
the user to refine the mesh at some particular places (for
example, in the vicinity of the shores or where the ba-
thymetry gradient is the most significant, see Section 3.3)
without significantly increasing the computational cost.
SLIM has already been successfully used to simulate the

tides in various terrestrial domains including the Scheldt
estuary (e.g. de Brye et al, 2010), the Mahakam delta (e.g.
de Brye et al, 2011) and the whole Great Barrier Reef (e.g.
Lambrechts et al, 2008b). Preliminary work to adapt SLIM
to extra-terrestrial environment has been done and it is
now used to simulate liquid tides on Titan.

The 2D depth-averaged shallow water equations derive
from the general mass and momentum conservation equa-
tions. The main assumptions are mentioned below. First,
we assume a constant density. Tan et al (2015) predicted
a maximum liquid density variation due to temperature
changes of about 50 kg/m? for the temperature variations
observed between 2006 and 2013 by Jennings et al (2009,
2011), and by Cottini et al (2012). According to Cottini
et al (2012), the temperature diurnal variation are dis-
appearing at latitudes greater than 40° S. Ontario Lacus
being located near 72° S and the tidal time scale being
much smaller than that of the temperature variations ob-
served by Jennings et al (2009, 2011) and by Cottini et al
(2012), the assumption that the density is constant can
be resorted to. Second, Ontario Lacus maximum depth
is about 58 m (bathy C) which is much smaller than the
horizontal length scales. Thus, the aspect ratio is small
implying that the hydrostatic assumption is valid. By in-
tegrating the equations vertically, one obtains Equations 1
(the atmospheric pressure gradient is neglected as we focus
on the tidal response of the lake).

0

a—? + u-Vu + fe, Au+gVn
1 75— 7P
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where u is the depth-averaged velocity; V is the horizon-
tal del operator; f = 2Qsing ~ 8.67 x 107% s~ ! is the
Coriolis parameter (Q = 4.5601 x 107% is Titan’s orbital
angular velocity and ¢ is the latitude); e, is a unit vector
pointing upwards in the local non-inertial cartesian basis;
g = 1.352 ms~?2 is the mean gravitational acceleration at
Titan’s surface; n is the surface elevation (positive up-
ward); H = h + 7 is the total liquid depth of the lake
where h is the reference height of the water column; p
is the density; v is the horizontal eddy viscosity; 7° is
the wind induced surface stress; 7° is the bottom stress;
and S is the astronomical forcing term described in the
following section.

We use the Smagorinsky’s closure model to represent
the eddy viscosity (Smagorinsky, 1963) and an empirical
Earth-based model, Chézy-Manning-Strickler’s formula-
tion (see, e.g., Lambrechts et al, 2008b), for bottom fric-
tion. Chézy-Manning-Strickler’s formulation is:

2 |ulu
H1/3

™ = pgp (2)

10For interpretation of the references to color, the reader is referred to the web version of this article.



where z € [0.01,0.05] sm~'/3 is Manning’s roughness co-
efficient (it is set to 0.03 sm~/3 for the reference case,
which corresponds to natural river bottom on Earth, and
a sensitivity analysis will be conducted with respect to p
(see Section 4.2.2)).

There are some significant differences between the
Earth and Titan: the liquid properties and behaviour are
different, the Coriolis term is smaller, the tidal forcing is
larger than that due to the Sun and the Moon on Earth,
and the mean gravitational acceleration is more than seven
times smaller than on Earth. Some of these differences
can be shown by means of the Rossby number Ro = f%
and the temporal Rossby number Ro, = J%T (see table ?7)

where f is the Coriolis parameter, U ~ 1072 ms™! is

the velocity scale predicted by our model, L, ~ 10° m
is the horizontal length scale, and T =1 T'D is the time
scale. Local Titan’s rotation time scale f~' is smaller
than the advective time scale %, in a similar way to what
is observed in Lake Ontario and in Earth’s oceans. It is
also smaller than the time scale, which is not the case in

Earth’s oceans or in Lake Ontario.

3.2 Forcings

The astronomical forcings taken into account to compute
the tidal response are those due to Saturn: the solar gravi-
tational tide and the tides due to other planets and moons
are neglected (Sagan and Dermott, 1982). For instance,
there is a ratio of O(107%) between the solar potential and
those taken into account herein. The remaining forcings
are Titan’s obliquity and its orbital eccentricity. There-
fore, the tidal period is exactly 1 T'D and the tidal cycle
exhibits no spring-neap tide cycle.

The forcing is obtained from the horizontal gradient of
the tidal potential. The latter is given by the sum of two
contributions: the potential due to Titan’s orbital eccen-
tricity (see Equation 3) and the potential due to Titan’s
obliquity (see Equation 4).

The eccentricity potential is given by (Dermott and Sagan,
1995)

a a

M 2
(becc:_G > (f{T) e

(0.5(3sin? @ cos® A — 1) cos(nt) + sin® O sin(2)) sin(nt))
3)

where G = 6.67259 x 10~} is the universal gravita-

m
s2kg
tional constant, M, = 5.685 x 1026 kg is Saturn’s mass,
a = 1.221865 x 10 m is the semi-major axis of Titan,
Ry = 2,574,730 m is Titan’s radius, e = 0.0288 is Ti-
tan’s orbital eccentricity, n = 4.5601 x 106 s~! is Titan’s
orbital angular velocity, ¢ is the time measured from pe-
rikron (point on Titan’s orbit closest to Saturn), € is the
colatitude, and A is the longitude.

The potential due to the obliquity is (Tyler, 2008)

bop = gan%Ho sin 0 cos @ (cos(\ — nt) + cos(A + nt))
(4)
where 6y = 5.34 x 1073 is the obliquity of Titan expressed
in radian.

Another forcing which could generate significant sur-
face displacements and currents is the wind. Due to the
lack of information about its strength and orientation (see
Section 2.1), the influence of wind will partially be dis-
cussed (see Section 4.3). The wind forcing is modelled
by means of an empirical Earth-based model: the wind-
induced surface stress is

Uio
5
farol (5)

with Cp, the drag coefficient; put, = 5.6 kg/m?3, the
atmosphere density; and w9, the wind velocity 10 m
above ground level (see, e.g., Drews, 2013). According to
Drews (2013), Cp is about 1.2 x 1073 on Earth lakes when
w10 < 11 ms~!. This condition is encountered by the wind
predicted by means of the different GCMs (see Section 2.1)

7% = Cppatm|t10]?

3.3 Meshing

The shoreline contour, derived from Radar images, is pre-
sented on Fig. 3(a) and the mesh used to implement bathy
A is shown on Fig. 3(b).

(b) Mesh - bathy A

(¢) Mesh resolution nearshore - (d) Mesh resolution offshore -
bathy A bathy A

Figure 3: Discretization of Ontario Lacus using mesh-
generation package GMSH: the coastline (Panel (a)) and
the mesh used for bathy A (Panel (b)). Panel (c) shows
the higher spatial resolution nearshore. Panel (d) shows
the refinement in shallow regions in bathy A

The unstructured meshes are generated by means of
GMSH (see Geuzaine and Remacle, 2009, http://geuz.



org/gmsh/). It is one of the most widely used open source
unstructured grid generator and it can generate 2D meshes
on a sphere (for further details, see Lambrechts et al,
2008a). We use fully unstructured meshes with a spatial
resolution ranging from 1000 m to 5000 m. We use three
criteria of refinement:

e The local element size is proportional to the celer-
ity of the long surface gravity waves, ¢ = v/gh, as
suggested by Legrand et al (2006);

e The mesh is refined nearshore to reach a high spatial
resolution of 1000 m at the shores (see Fig. 3(c));

e The spatial resolution is increased where the bathy-
metry gradient is the largest and decreases with the
distance to this point in order to avoid too many
discontinuities between the elements.

These meshes allow us to represent as well as possible the
coastlines and the bathymetry and to be able to represent
the small-scale phenomena occurring nearshore. For bathy
A and bathy B, the local depth is smaller in the south
and the spatial resolution is consequently increased in this
region. There is no need for increasing the resolution else-
where; these bathymetries being relatively smooth. The
spatial resolution is locally increased offshore for bathy
C (the spatial resolution offshore remaining larger than
3000 m). As a consequence, the number of triangles varies
from one bathymetry to another: it ranges from about
6,400 to about 7,100.

4 Results

First, a reference simulation, with reference values given
in Sections 2.2 and 3.1, is achieved which will allow us to
conduct a sensitivity analysis for various bottom frictions,
bathymetries and surface stresses. The bathymetry imple-
mented is bathy C because it is consistent with the direct
depths measured by altimetry from T49 (Mastrogiuseppe
at al., 2015 submitted to IEEE) and it is the most recent
one.

The sensitivity analysis about bathymetry and bottom
friction are respectively conducted in Section 4.2.1 and
Section 4.2.2.

4.1 Tidal response of Ontario Lacus

The astronomical forcing applied is shown at Fig. 4. It
rotates clockwise with an exact period of 1 T'D. At any
time, the forcing is almost unidirectional over the lake. It
has exactly the same magnitude in ¢t* and ¢t*+ 0.5 T'D but
it is oriented in opposite directions. The maximum mag-
nitude occurs 0.05 T'D before perikron/apokron (point on
Titan’s orbit farthest to Saturn), in the northern part of
Ontario Lacus. The predicted local maximum /minimum
at 0.25 TD after perikron/apokron are 16% and 13%
weaker than their respective values at perikron/apokron.
This forcing is slightly larger than that observed on Earth
(due to the Moon and the Sun): a rough approximation
gives a maximum value of about 1.7 x 107% ms~2 at the

equator on the closest point of the Moon while the min-
imum value, in the southern part of Ontario Lacus, is
2.46 x 1076 ms—2.

(a) Perikron (b) 0.25 T'D after perikron

(¢) Apokron

(d) 0.25 T'D after apokron

2.46 2.71 2.97 3.22 3.47 372 x107%m/s?

Figure 4: Instantaneous maps of the acceleration caused
by Saturn in Ontario Lacus at four different times (peri-
kron, 0.25 T'D after perikron, apokron and 0.25 T'D after
apokron)(the black arrows represent the mean direction).
It rotates clockwise with an exact period of 1 T'D and it
is maximum in the northern part of the lake

The Fourier analysis shows that, except at the
amphidromic point of the first tidal component (see
Fig. 5(b)), the first tidal component is responsible for more
than 95% of the amplitude of the lake surface displace-
ments. This is why the other components are not shown.
This amphidromic point is located in the center of the
lake, at (72.21° S; 175.27° E). At this location, the sur-
face displacements are due to the other tidal components
and the sea surface consequently oscillates faster (with a
frequency of 1.23 x 107° Hz instead of 7.26 x 10~7 Hz).
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Figure 5: (a) Tidal range and (b) tidal phase of the main
tidal component in Ontario Lacus. The range is the differ-
ence between high tide and low tide. The cotidal lines (line
of constant tidal phase) merge at the amphidromic point
which is located at (72.21° S; 175.27° E). Panel (b) shows
that the tide rotates clockwise. The tidal range increases
with distance to the amphidromic point and is maximum
(0.563 m) in the southern part of the lake

Fig. 6 shows the instantaneous surface elevation in
Ontario Lacus at four orbital phases. The clockwise rota-
tion is noticeable. The maximum and minimum surface
elevation will respectively be reached 0.11 T'D before the
instantaneous map shown in Fig. 6(a) and Fig. 6(c). Such
a tidal response could generate dry area(s). With this
bathymetry implemented, we do not detect dry areas but
it does not mean that there is no tidal flats in Ontario
Lacus. Indeed, such phenomenon could be generated out
of the boundaries of this domain. For instance, the high
tide floods some areas which are dry regarding to the
geoid, but these areas are not included in the boundaries
of Ontario Lacus as they are implemented. Given the
weak shoreline slopes observed by Hayes et al (2010) (it
ranges from 0.5 — 2.7 x 1073), tidal flats are likely to exist.

Fig. 7 demonstrated that the tidal currents are less
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Fig. 5 shows the tidal range and the tidal phase of
the main tidal component over the whole lake. Like the
forcing (see Fig. 4), it rotates clockwise (see Fig. 5(b) and
Fig. 6). The contribution of the main tidal component
to the tidal range is zero at the amphidromic point and
increases with the distance to this point. The maximum
tidal range (0.563 m) is located in the southern part of
the lake (see Fig. 5(a)). The iso-lines in Fig. 5(a) have
an ellipsoidal shape, which indicates interactions with the
shoreline. The tidal range is higher near the northern
and southern shores of Ontario Lacus than near the east-
ern and western shores (see Fig. 5(a) and Fig. 6), which
matches with the evolution of the forcing magnitude and
orientation during 1 T'D.

than 0.02 ms—! except for some specific nearshore areas.
The current magnitude is larger nearshore and, the larger
the distance to the coast, the smaller the magnitude. A
high speed is observed at some specific nearshore convex
regions like peninsula, cape, or the end of bays (this be-
haviour is particularly visible in Fig. 7(a) and Fig. 7(c)).
Furthermore, the mean speed is higher when Titan is next
to the apokron/perikron: the speed increases over the
whole lake and the high-speed areas observed nearshore
spread (see Fig. 7). Unlike the astronomical forcing, the
tidal current is not always the same in t* and t* + 0.5 T'D
and, for t* € [0.325;0.5] TD, the maximum speed is larger
in t* than in t* 4+ 0.5 T'D. The maximum speed, about
0.037 ms™!, is predicted near area P (see Fig. 1) 0.445 TD
after perikron. As the different figures in Fig. 7 show,
the maximum current magnitude at a given time is lo-
cated either in area P (Figs. 7 (b), (d)) or in area Q
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Figure 6: Surface elevation (in meters) in Ontario Lacus at (a) Perikron, (b) 0.25 T'D after Perikron, (¢) Apokron and
(d) 0.25 T'D after Apokron with bathy C implemented. The tide is high in the southern part at perikron and rotates
clockwise with an exact period of 1 Titan day. The maximum /minimum surface elevation respectively occurs 0.11 T'D
before perikron/apokron, in the south



(Figs.7 (a), (c)) but it does not have a constant magni-
tude over time. Such current acceleration near headlands
is also observed on Earth (e.g. in the Irish sea (see Figure
4 in Howarth, 2005), in the Baltic sea (see Figure 5.3 in
Volkov et al, 2002), in the North sea (see Figure 1.4 in the
review from Otto et al, 1990)).

The tidal current is globally directed from low to high
tide. The current forms one closed loop in which the cur-
rent magnitude is quite weak in the north (see Fig. 8(a)
and Fig. 8(b)). There is also a stronger current which goes

Rotating shallow water waves such as Kelvin waves

and Poincaré waves should not appear in Ontario Lacus.

i
the mean depth h is about 27.3 m in this case) is about

700 km which is larger than Ontario Lacus and makes
Kelvin waves and long Poincaré waves impossible in this
lake. For R larger than the characteristic length scale,
the shallow water waves tend to be non dispersive as their
phase speed tends to ¢ ~ /gh. Such waves are referred to
as external gravity waves and are little affected by Titan’s
rotation. Consequently, surface gravity waves of phase
speed ¢ ~ 6 ms~! and with a time scale of about 33,000 s
(0.02 TD) could appear in Ontario Lacus.

Indeed, the Rossby deformation radius R = (where

4.2 Influence of bathymetry and bottom
friction

First, the results obtained with bathy A and bathy B are
compared to each other and with respect to bathy C in
terms of tidal current (Fig. 9, Fig. 10, Fig. 11, and Fig. 12)
and surface elevation (Fig. 13(a), Fig. 13(b)). Second, the
impact of bottom friction is studied by varying Manning’s
coefficient.

4.2.1 Bathymetry influence

Modifications in the bathymetry have a significant impact
on the current (see Fig. 9, Fig. 10, Fig. 11, and Fig. 12) but
the main characteristics such as speed decreasing with dis-
tance to the shore and acceleration at some specific areas
such as headlands are still present.

With bathy A implemented, the current magnitude
nearshore is globally smaller (especially at perikron and

The bathymetry implemented does not have a signif-
icant impact on tidal amplitude: the global behaviour is
the same but modifications in the bathymetry can induce
small local changes on the amplitude. The differences in
tidal ranges are less than 5%. However, according to the
bathymetry, dry areas can appear and disappear due to the
tide (see Fig. 13(a) and Fig. 13(b)). They appear while the
tide has been low in the southern part or in the northern
part of Ontario Lacus. As discussed in Section 4.1, tidal
flats could also occur out of the boundaries of this domain,
which will increase the size of the areas which can be wet
or dry according to the tide.

The size and location of dry areas at low tide vary
from one bathymetry to another. With bathy A, a dry
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along Ontario Lacus shores around the lake. These two
flow patterns are anticlockwise at perikron and clockwise
at apokron. In the narrow part of Ontario Lacus (Area N
and R on Fig. 1), the current offshore is a transition be-
tween these two patterns while current nearshore is due to
liquid exchanges between these two parts. The transition
between clockwise and anticlockwise patterns is quick and
results in helter-skelter currents.

apokron) but the maximum speed (about 0.046 ms~1!) is
larger. The maximum speed area is also located nearshore
but it is not located near the same peninsula as with bathy
C. A wide offshore high-speed area is noticeable (especially
on Fig. 9(b) and 9(d)): it corresponds with a shallower
area (about 3 m depth) separating two deeper areas. In
this shallow area, the current is unidirectional along the
longitudinal axis of the lake: it is northward at perikron
and southward at apokron (see Fig. 10). Due to this area,
the closed loop formed by the flow in the north is much
smaller. Small circular flow patterns appear during tran-
sitions between perikron and apokron but they disappear
quickly and correspond to a weak current magnitude.

With bathy B implemented, the maximum speed is
about 0.032 ms~! and is located near the same head-
land as with bathy C. Similarly to the two other cases, the
current magnitude is larger nearshore. Nevertheless, such
high-speed areas are not located near the same headlands
as with the other bathymetries. For instance, at point
R (see Fig. 1), the speed is significantly larger than with
bathy C, which meets the results obtained with bathy A.
The northern closed loop has the same shape as with bathy
C but another closed loop also appeared in the southern
part of Ontario Lacus (see Fig. 12(a) and Fig. 12(b)). This
closed loop and the northern one appear and disappear to-
gether. During the transition between the clockwise and
the anticlockwise closed loop, there is a short period during
which the flow is almost unidirectional in Ontario Lacus (it
is northward after perikron and southward after apokron).
These results show that the nearshore bathymetry plays a
significant part in the formation of local high-speed areas
nearshore and can also modify the offshore flow patterns.

area appears at the southern end of Ontario Lacus from
0.27 TD (right after Fig. 6(b)) to 0.52 T'D (right after
Fig. 6(c)) while, with bathy B, there are two of them: a
narrow band (at most 1.2 km wide) appearing along the
southern coastline and a dry area appearing in a bay at
the northern end of Ontario Lacus. The narrow band ap-
pears on the south-eastern shore at 0.235 T'D (soon before
Fig. 6(b)) and spreads along the shore reaching point N
in 0.435 TD. This dry area has totally disappeared by
0.555 T'D (soon after Fig. 6(c)) . The second dry area is
much smaller: it appears at 0.73 T'D and disappears by
0.985 T'D. The differences in size and shape of such tidal
flats between the bathymetries are due to the variations
in terms of local depth (see Fig. 2) and in the bathymetry



(a) Perikron (b) 0.25 TD after perikron

(c) Apokron (d) 0.25 TD after apokron
0 1.2 2.4 3.6 4.8 6 x107%m/s
I B |

Figure 7: Tidal current magnitude (in ms~!) in Ontario Lacus at (a) Perikron, (b) 0.25 T'D after Perikron, (c) Apokron
and (d) 0.25 T'D after Apokron with bathy C implemented. The current magnitude is maximum nearshore, at areas
P or Q (see Fig. 1), depending on the time, and decreases with the distance to the shore. Globally, the speed is higher
at perikron and apokron than 0.25 T'D after perikron and apokron



(a) Perikron (b) Apokron

0 1.2 24 3.6 48 6 x107%m/s
S  r——

Figure 8: Tidal current orientation in Ontario Lacus at (a) Perikron, and (b) Apokron with bathy C implemented (the
flow is interpolated on a structured grid in order to increase the quality of the figure). The flow forms a closed loop
which rotates anticlockwise at perikron and clockwise at apokron

slope nearshore. For instance, Fig. 2(b) shows that bathy not observed with other bathymetries.
B is shallower in its south-eastern part, which results in a
narrow band of dry area along the shore (see Fig. 13(b))

4.2.2 Bottom friction influence 0.035
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Figure 14: Evolution of maximum current speed with re-
spect to the Manning’s friction coefficient at two different
times: perikron (circle) and apokron (cross). As expected,
the flow decreases as the bottom friction increases

Common values of Manning’s coefficient vary from 0.01

sm~ /3 to 0.05 sm~1/3 (which respectively correspond Fig. 14 shows that, as expected, the flow slows down
to smooth man-made channel and to natural channels as Manning’s coefficient increases. The high-speed areas
with stones on Earth). The value p = 0.01 sm~'/3 being along the shore shrink and the speed decreases faster than
unlikely on Titan, we studied values from 0.02 to 0.05 elsewhere in the lake while bottom friction increases. The
by step of 0.01 and an extreme case with a coefficient of maximum speed area over the lake remains nearshore but
p = 0.1 sm~'/3 which corresponds to flooded areas with its location varies with Manning’s coefficient. The eleva-
dense brush on Earth. tion remains almost constant as p is modified (not shown):

at a given time t*, the difference is less than 0.3%.
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(a) Perikron (b) 0.25 TD after perikron

(c) Apokron (d) 0.25 TD after apokron
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Figure 9: Tidal current magnitude (in ms~!) in Ontario Lacus with bathy A implemented at (a) Perikron, (b) 0.25 TD
after Perikron, (c) Apokron and (d) 0.25 T'D after Apokron. The current magnitude is maximum nearshore, at area 0
(see Fig. 1) and decreases with the distance to the shore except near area N and R where a wide offshore unidirectional
high-speed area is predicted
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Figure 10: Tidal current orientation in Ontario Lacus with bathy A implemented at (a) Perikron and (b) Apokron (the
flow is interpolated on a structured grid in order to increase the quality of the figure). As with bathy C, a closed loop
is noticable in the north. In the offshore high-speed area near point N and R (see Fig. 1), the current is unidirectional
along the lake axis (it is northward at perikron and southward at apokron)

4.3 Wind orientation influence

In this section, we study the impact of the wind forcing on
surface displacements and currents. The wind influence in
shallow water equations is represented by the surface stress
term 7° in Egs. 1 and is modelled by Eq. 5.

Tokano and Lorenz (2015) have already studied wind-
driven flows in Titan’s sea: they discussed the wind-driven
flows in Kraken and Ligeia Mare on a large time scale (1
Titan year) by neglecting the tides. They used the same
ocean circulation model as in Tokano et al (2014). The
wind speed and orientation were given by the GCM de-
scribed in Tokano (2009). They showed that the wind-
driven circulation is insignificant except from late spring
to late summer in the north. They have also shown that,
if the wind is strong, a noticeable veering of the current
takes place which is in line with the Ekman spiral theory.

Unlike Tokano and Lorenz (2015), we study wind-
driven flows on a short time scale and the tides are taken
into account. In this context (see Section 2.1), extreme
conditions!! are implemented: four strong (1 ms~!) uni-
directional winds blowing during 1 T'D. The impact of
such a wind has been studied during the period during
which it has been blowing and after. Cases 1 to 4, re-
spectively, correspond to southerly, westerly, northerly,
and easterly wind. We are aware that such hypothetical
winds are unlikely but it allows us, despite the limita-
tions due to the lack of direct observations, to assess how
significant the wind forcing is on the regime of Ontario
Lacus. Indeed, except at Huygens landing site, there is
no in situ measurements of surface wind on Titan. Sev-
eral studies predicted the wind by means of a GCM (see

1 Such a wind speed is strong in comparison with Titan standards: the wind is lower than 0.7 ms—
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Section 2.1) but the time scale and the spatial resolution
of such simulations are several orders of magnitude larger
than those used in our model. In order to overcome this
lack of information, a mesoscale model should be used to
compute the surface stress but this is beyond the scope of
the present study.

The results show that the wind has a significant im-
pact on the flow and on the lake surface elevation. For
instance, in Case 1, the high tide and the low tide sur-
face elevation of the lake decrease respectively by 0.025 m
(~ 8.9%) and 0.044 m (~ 15.6%) where the tidal range
of the first tidal component is maximum in the reference
case (see Section 4.1), which results in a higher range in
this region (see Fig. 15) and a lower mean surface eleva-
tion, which cannot be neglected. This effect varies with
the wind direction.

Due to the wind, the surface elevation does not behave
as a pure sinusoid and a constant value has to be added
to the tidal components. This wind set-up can represent
up to 40% of the total surface elevation according to the
location. For instance, in Case 1, this component is max-
imum in the south: 0.072 m, which represents 19% of the
total lake surface elevation range at this location.

These extreme winds also increase the current magni-
tude up to more than 390% according to the location (not
shown). New high-speed areas appear near- and off- shore.
The current magnitude, the size, and the location of these
areas change with the wind orientation. For westerly and
easterly wind (Case 2 & 4), the unidirectional high-speed
area is oriented along the major axis of the lake and is di-
rected to the left of the surface wind direction (upward for

1 most of the time.



(a) Perikron (b) 0.25 TD after perikron

(c) Apokron (d) 0.25 TD after apokron
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Figure 11: Tidal current magnitude (in ms~!) in Ontario Lacus with bathy B implemented at (a) Perikron, (b) 0.25 TD
after Perikron, (c) Apokron and (d) 0.25 T'D after Apokron. The current magnitude is maximum nearshore, at area
E, and is significantly large at area G
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Figure 12: Tidal current orientation in Ontario Lacus with bathy B implemented at (a) Perikron and (b) Apokron
(the current is interpolated on a structured grid in order to increase the quality of the figure). As with the other
bathymetries, the flow forms a closed loop in the north. A southern closed loop also appears at perikron and apokron
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Figure 13: Map of the total liquid depth (bathymetry + surface elevation) respectively with bathy A (Panel (a)) and
bathy B (Panel (b)) implemented. The depth is cropped at 5 m in order to highlight the dry areas generated by tidal
motion and the areas where there is not much liquid remaining. Most of the dry areas are located in the south while
shallow areas can also be found offshore and on the eastern shore and on the north-western shore for bathy A. With
bathy B implemented, there are more dry areas and they are larger
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Case 2 and downward for Case 4) which is an evidence of
Ekman transport. This is not observed for northerly and
southerly winds, which could be explained by the slender
shape of Ontario Lacus. In these cases, (Case 1 & 3),
there are several unidirectional high-speed areas: one in
the north and one in the south of the lake (south of point
G, see Fig. 1). They are much smaller and oriented along
the wind direction.

The wind influence raises with the time: after 0.06 T'D,
the northern flow pattern has been strongly modified and
after 0.25 T'D, it has been replaced by small circular flow
patterns around an unidirectional high-speed area which is
strongly influenced by the wind direction. In these specific
cases, the wind is the main driving force of the current
(magnitude and orientation) and has a significant influ-
ence on the surface elevation. As soon as the wind stops
blowing, its effects slowly decrease. Indeed, after 2 T'D,
the tidal elevation is maximum at the same location and
time than without wind and the difference between the
surface elevations is less than 5% (it is exactly the same
after 4 TD). After 5 TD, a closed loop reappears in the
flow pattern and, after 7 T'D, the pattern is the same as
before the wind blew.
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Figure 15: Lake surface elevation range in Ontario Lacus
with a southerly wind of 1 ms~! blowind during 1 TD. It
is higher in the south (due to the higher contribution of
the constant term): the maximum lake surface elevation
range is 0.593 m

A depth-averaged model such as that used in this study
suffers from a shortcoming for the simulation of wind-
driven flows: the differences between the wind-driven flows
near the lake surface and near the lake bottom cannot be
simulated. Indeed, the flow will be stronger near the sur-
face and weaker near the lake bottom and the orientation
can also differ due to phenomena such as the Ekman spi-
ral. Nevertheless, this model allows us to study the main
effects of winds and show that the surface stress due to
winds significantly modifies the flow pattern and the tidal
amplitude. This is due to the low liquid density (about
twice smaller than in Earth’s ocean) and the large air den-
sity (about 4.5 times larger than at sea level on Earth).
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5 Discussion

5.1 Parameter influence

The influence of the molecular diffusivity and the density
is studied in the range given by the liquid composition
given in the literature (see Section 2.2). Like that of the
horizontal diffusivity, the impact of their variation is in-
significant (not shown).

The bottom friction tends to decrease the speed all over
the lake as it increases. This effect can be more significant
in some areas. Moreover, the distribution of high-speed
areas also varies with the bottom friction while it does not
change the surface elevation.

The bathymetry influence on the velocity is quite dif-
ferent: local circular flow patterns or small acceleration
areas can appear over the lake and the maximum speed
can vary significantly but the modifications are percepti-
ble on a local scale. The results obtained with the three
bathymetries show that the local depth has a significant
impact on the velocity, as does the shape of Ontario Lacus:
the maximum speed is observed near headlands and the
speed is higher nearshore and where the lake is shallow.

Consequently, an accurate shape and bathymetry
should be used to properly predict the current magnitude
and orientation while we can afford some discrepancy in
liquid properties. A particular attention should be paid to
the bathymetry as part of a study about the current.

5.2 Impact of Titan’s deformation

The model and the forcings implemented compute the
tidal response for a purely rigid body. Nonetheless, Ti-
tan has a global subsurface ocean. Due to this ocean,
solid tides are much more significant than those on Earth.
The surface deformations reduce the tidal forcing exerted
by Saturn on the lakes/seas on Titan surface. To take
into account such deformation, Sohl et al (1995); Lorenz
et al (2014); Tokano et al (2014) suggested to multiply the
forcing by a reduction factor v, function of the degree-2
tidal potential Love number (k3) and the degree-2 radial
displacement Love number (ha): 72 = 1 + R(k2) — R(h2).
ko can be inferred from Cassini measurements (k2 ranges
from 0.589 + 0.075 to 0.637 £+ 0.112) (Tess et al, 2012)
but there are uncertainties about hy which is predicted by
models assuming ice shell and interiors properties which
are not well known (for instance, ho varies linearly with
the ice shell thickness (Sohl et al, 2003)). Considering
plausible hy values, 7» is expected to vary between 0 and
0.21 (Tokano et al, 2014; Beuthe, 2015). Considering the
uncertainties in o, we decided to present the results for
a rigid Titan keeping in mind that it provides an upper
bound of the tidal range.

5.3 Shoreline variations

Although the shoreline variations due to the tides are diffi-
cult for Cassini to observe, it remains an interesting ques-
tion. According to the bathymetry implemented, the size
and the location of dry areas appearing at low tide vary.
The largest are obtained with bathy B: with this bathyme-
try implemented, the dry areas spreads out to 1.2 km away



from the south-western shore at low tide while the largest
dry area predicted with bathy A implemented spreads out
to 0.8 km away from the southern shore (see Fig. 13(b)).
These variations are those due to the low tide. By adding
the dry areas which are flooded at high tide, one gets a
variations of respectively 2.4 km and 1.6 km. At point
N (see Fig. 1), the tidal range predicted by means of our
model is at most 0.35 m. Assuming the smaller slope from
Hayes et al (2011) (1.1 x 10™%), it would result in 3.2 km
length of land that could be submerged depending on the
tide. Such variations are significant and could be observed
by Cassini but they remains smaller than the observed re-
cession (which are respectively ~ 10 km in the southwest
corner and about 20 km at point N (Turtle et al, 2011;
Hayes et al, 2011)). These values are an upper bound: in
order to observe such variations, the time lag would have
to be exactly 0.5 T'D. Moreover, as discussed previously,
the solid tides attenuate the tidal range. Consequently,
tidally induced shoreline variations are very unlikely to be
observed by Cassini.

In the light of the time lag between the 2005 ISS im-
ages and the 2009 SAR observations (94.67 T'D) and be-
tween the 2005 and 2009 ISS images (87.17 TD), the dif-
ference in surface elevation is lower than the predicted
tidal range and, although significant, the predicted tidal
flats are much smaller than the observed shoreline varia-
tions. The wind could increase the size of the tidal flats
(for instance, with the extreme northerly wind previously
studied, the maximum lake surface elevation range in the
south is 0.592 m, which results in a tidal flat of 5.39 km
wide) but not enough to generate a 20 km length variation.
Moreover, it would not explain the recession observed on
both eastern and western shores. As a consequence, ei-
ther other phenomena such as evaporation play a signifi-
cant part in the shoreline recession (2005 ISS observations
were made close to the mid southern summer while 2009
ISS and SAR observations are close to the vernal equinox)
or the variations are due to the low spatial resolution of
ISS observations in 2005.

5.4 Intercomparison with previous results
and Lake Ontario

Numerical simulations of Ontario Lacus tidal response
have already been performed by Tokano (2010). Our pre-
dictions have some similarities but there also are signif-
icant differences. In both simulations, the tidal ampli-
tude is maximum in the southern part of the lake and the
surface elevation is larger at apokron and perikron than
0.25 TD later. Nevertheless, our model also predicts a
maximum tidal range which is about three times larger
than that predicted by Tokano (2010) (about 0.563 m in-
stead of 0.2 m) while Barnes et al (2009) and Hayes et al
(2011), using analytical approaches, both predicted a max-
imum tidal range of 0.4 m in the southern part of the lake.
Furthermore, Tokano (2010) predicted a purely longitudi-
nal motion along Ontario Lacus longitudinal axis while,
according to our results, the tide rotates clockwise with
an exact period of 1 T'D, which is consistent with the
forcing. The current magnitude and orientation is also
quite different: Tokano (2010) predicted a purely longi-
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tudinal current (along the longitudinal axis of the lake)
with a maximum speed of about 0.003 ms~! located off-
shore while the flow predicted by our model forms closed
loop(s), the maximum speed is located nearshore and can
locally reach up to 0.046 ms~!, and a mean speed of about
0.02 ms~'is predicted. This could be partially explained
by the constant depth and the simplified shape used by
Tokano. Indeed, the shallow area and the headlands have
a significant influence on the current.

For a better comparison, a 20 m constant depth, a
larger spatial resolution of 10 km and a quadratic bot-
tom friction law have also been implemented in order
to be as close as possible to Tokano’s simulations (not
shown). Nevertheless, it remains an unstructured grid
made of triangles while Tokano used a structured grid
with equidistant grid points and the shape of the domain
is simpler in Tokano (2010). Our simulation shows that
the tidal range remains close to 0.56 m and the current is
not unidirectional, which is consistent with the rotational
tides predicted with a realistic bathymetry. The speed is
smaller than 0.02 ms~! which is closer to Tokano’s pre-
diction.

Lake Ontario, the terrestrial counterpart, is slightly
larger (311 km x 85 km) and deeper (the mean depth is
86 m). It is located at a lower latitude and its longitudi-
nal axis is almost perpendicular to the longitude axis. In
Lake Ontario, the tidal range caused by the Moon and the
Sun is less than 5 ¢m (National Oceanic and Atmospheric
Administration, 2014), which is one order of magnitude
smaller than that predicted by means of our model for
Ontario Lacus, but it increases significantly due to wind
and barometric pressure changes (Hamblin, 1982; National
Oceanic and Atmospheric Administration, 2014). If we
multiply the predicted tidal range in Ontario Lacus by a
reduction factor of y5 = 0.1 (it is the value used by Tokano
et al (2014)) as done by Lorenz et al (2014), we would ob-
tain a tidal range which is in the same order of magnitude
as the one observed in Lake Ontario. The difference in the
tidal range could also be explained by the fact that the
gravity on Titan and the Coriolis factor are smaller while
the tidal potential is larger than that on Earth.

Hamblin (1982) computed the tide in Lake Ontario by
taking into account the forcing due to the moon, the sun
and the wind, and compared its results with in situ mea-
surements. He took into account the first four modes with
a period of respectively 5.06 h, 3.21 h, 2.32 h and 1.705 h.
The periods are quite different from those observed in On-
tario Lacus, which is due to the forcing: the orbital period
of Titan around Saturn is much larger and we did not take
into account the forcing due to the wind, the Sun and the
other moons. He observed and predicted that the phase of
the main mode progresses in a anticlockwise sense, which
is the opposite of our results in Ontario Lacus. This is due
to the fact that Lake Ontario is in the northern hemisphere
and Ontario Lacus is located in the southern hemisphere.



6 Conclusion

Titan is, with Earth, the only celestial body of the so-
lar system presenting large liquid bodies on its surface.
In this paper, we have studied Ontario Lacus, the largest
lake in Titan southern hemisphere. SLIM (www.climate.
be/slim), a model solving the 2D depth-averaged shallow
water equations by means of the discontinuous Galerkin
finite element method, was adapted to Titan conditions
(e.g. gravitational acceleration, tidal forcing) in order to
simulate the tidal response of this lake. The influence
of bathymetry and bottom friction was studied through
three different bathymetries and various Manning’s coeffi-
cient values. The influence of wind has also been roughly
assessed.

Our model predicts a clockwise rotating tide with an
exact period of 1 TD. The maximum tidal range (about
0.56 m) occurs in the southern part of the lake. At pe-
rikron, the tide is high in the south. The current magni-
tude varies over the lake: it is maximum nearshore and
decreases with the distance to the shore. The maximum
is located next to headland(s), on the western shore. Its
magnitude and location vary with the bathymetry imple-
mented. According to the bathymetry, it can reach up to
0.046 ms~! while the speed offshore is about 0.02 ms~!.
The current magnitude is also higher where the lake is
shallower. The flow forms a closed loop in the northern
part. Despite many differences (e.g. gravitational accel-
eration, Coriolis factor, location, liquid properties, astro-
nomical and wind forcing), our results exhibit similarities
with the tide observed in Lake Ontario.

We studied the tidal response for the three bathyme-
tries derived from Cassini data. The wind and the bottom
friction were also discussed. The bathymetry and the bot-
tom friction can significantly modify the current. Indeed,
bathymetry variations induce some changes in current pat-
terns and some local high-speed areas can appear or dis-
appear. This effect is particularly significant in shallow
regions. The bottom friction has a global effect: while it
increases, the current speed decreases. Bathymetry and
bottom friction both have a very small impact on eleva-
tion, although the bathymetry can significantly modify the
appearance of dry areas of various shapes and sizes.

We studied four hypothetical winds which would be
considered as weak reported to the terrestrial standards
but are among the strongest predicted by means of GCMs
on Titan. Such unidirectional and strong winds are highly
unlikely on Titan but their influence on the flow can be
significant. Their impact strengthens with time when they
are unidirectional and, in these particular cases, their ef-
fect continued to be felt after it died during 4 T'D for the
elevation, and during 7 T'D for the current.

In the future, this model could be used to predict the
tidal response of the sea where a capsule could land such as
Ligeia Mare for the TIME (Titan Mare Explorer) capsule
(Lorenz et al, 2012).
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