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Abstract

Understanding the lake—atmosphere interactions on Titan is crucial to answering some of Titan’s long-standing
scientific questions, such as the unexpectedly high methane abundance close to the surface, or the “magic islands” that
appear on one of the seas. Here we focus on specific lakes called Sharp-Edged Depressions, which are surrounded by
high-elevation terrains called ramparts with unique structural and spectral properties. We aim at understanding how
topography and surface properties around the lakes affect air—surface interactions. To study the effect of ramparts, we
utilize the mtWRF model configured in 2D. We model a variety of lake morphologies: those surrounded by hills
(300 m high, 30km wide), those with no surrounding topography, and those at the bottom of a depression. To
encapsulate the effects of surface properties, we vary the surface roughness, albedo, and thermal inertia. We also
consider the effect of varying the background wind and the season. Our model indicates that the addition of topography
creates weaker winds over the lake (=~ —30%) and reduces the quantity of methane evaporated (= —10%) compared to
the no-topography case. However, topography results in deeper vertical transport of methane and deepens the marine
layer (from a few meters to ~ 50 m). Higher roughness (from 0.4 to 40 cm) of the ramparts tends to decrease the wind
speed (= —50%) and reduces the horizontal extension of the lake breeze (= —20%). Albedo and thermal inertia
variations have a negligible effect. Seasons have a strong effect on the evaporation of methane, with evaporation rates
nearly 3 times higher in summer than in winter.

Unified Astronomy Thesaurus concepts: Titan (2186); Atmospheric dynamics (2300); Planetary atmospheres
(1244); Surface processes (2116); Ocean-atmosphere interactions (1150); Land-atmosphere interactions (900)

1. Introduction

Titan, the largest moon of Saturn, is the only moon of the
solar system to have a substantial atmosphere, with a surface
pressure of 1.5bar. Its atmosphere is composed primarily of
nitrogen (95%) and methane (5%), with trace amounts of
higher-order hydrocarbons and nitriles. The high concentration
of methane is surprising, since this component is destroyed in
the upper atmosphere by photodissociation. Without a
resupply mechanism, the atmosphere would be depleted of
methane in 10’-10%yr (A. G. Hayes et al. 2018). To
understand the evolution of methane on Titan over geological
timescales, one key ingredient is a better assessment of short-
term surface—atmosphere exchanges. One of the main expected
sources of atmospheric methane on Titan is the evaporation
from hydrocarbon lakes; however, their evaporation rate is not
well constrained. Prior model estimates predict evaporation
rates ranging from 0.2 to 10myr ' (G. Mitri et al. 2007;
A. Chatain et al. 2022). More detailed modeling of the
interactions between the lakes and the atmosphere may further
constrain this range, as well as help understand the more
general methane cycle, including the formation of clouds.
Modeling can also test some formation hypotheses of “magic
islands” formation, which are bright surfaces appearing in
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radar images. They indicate a transient rough surface of the
sea, possibly due to increased wind speed (J. D. Hofgartner
et al. 2016), among other mechanisms (e.g., X. Yu et al. 2024).

Lakes morphologies on Titan can be divided into two main
categories: (1) broad, open basins associated with river
networks and (2) smaller, rounder depressions, surrounded by
steep borders (A. Hayes et al. 2008; A. G. Hayes 2016; S. Birch
et al. 2018). The latter are called Sharp-Edged Depressions
(SEDs). Approximately 75% of the SEDs are surrounded by
topography structures (S. P. D. Birch et al. 2019) a few hundred
meters high and a few kilometers wide (E. R. Stofan et al. 2007;
R. J. Michaelides et al. 2016; S. P. D. Birch et al. 2019; G. Mitri
et al. 2019). We will later refer to these high-elevation
features surrounding some SED lakes as “ramparts,” following
A. Solomonidou et al. (2019). Some of these ramparts appear
bright in radar data (C. A. Wood et al. 2006; S. P. D. Birch
et al. 2019; G. Mitri et al. 2019) suggesting surface properties
that differ from the surrounding plains. While the formation
mechanism of these ramparts is undetermined, current hypoth-
eses include volcanic calderas (C. A. Wood et al. 2006), impact
craters (A. G. Hayes et al. 2017), sublimation-erosion mechan-
isms (S. P. D. Birch et al. 2019), karst-hardened postdeflation
remnants (A. Solomonidou et al. 2019), or vapor explosions
close to the surface (G. Mitri et al. 2019; G. E. Brouwer
et al. 2024).

Here, we will focus on the effect of the SED lakes and their
associated ramparts on the local atmospheric circulation. We run
mesoscale atmospheric simulations (typically 100s km domains
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Table 1
Typical Surface Properties Used for Some Titan Terrains
Thermal Inertia Surface Roughness” Albedo®
1 20 «
Im2K s (cm)
Plains 601° 0.4 0.3
Labyrinths 808" 40
Lakes Not Applicable (1 m mixing layer in our model) 0.01 0.1
Land values used in this work 601 0.4 0.3
Ramparts values used in this work 808 40 0.4

Notes. The values considered plausible for some Titan terrains (plains, labyrinths, and lakes) are compared to the values used in this work.

# Values from S. M. MacKenzie et al. (2019b).

® Surface roughness values are estimated, using C. Baciocco (2021) as a guideline. See Section 3.3.1.

¢ See Section 3.3.2 for a discussion on chosen albedo values.

with 1-10km grid size) using the mesoscale Titan Weather
Research and Forecasting (mtWRF) model (S. C. R. Rafkin &
A. Soto 2020, described in Section 2). Previous works with this
model have shown that lakes on Titan create lake breeze
circulations (S. C. R. Rafkin & A. Soto 2020), varying
throughout the day (A. Chatain et al. 2022) and depending on
the lake shape (A. Chatain et al. 2024). We aim to quantify the
impact of lake ramparts on the lake breeze and on the lake—
atmosphere interactions. We run the model in 2D (i.e., with a
vertical axis and only one horizontal axis), and in idealized mode
(i.e., with simplified initialization fields, due to the scarcity of the
data available at this scale on Titan). We study the effect of
adding a simple topography and the effect of having different
surface properties at the ramparts (surface roughness, albedo, and
thermal inertia). Finally, we investigate the effect of adding
background winds and of changing the season.

Several lines of evidence suggest that the ramparts have
surface properties that differ from the surrounding land. The
brightness of the ramparts in radar images suggests a high
surface roughness (C. A. Wood & J. Radebaugh 2020).
A. Solomonidou et al. (2020) also showed that ramparts have a
different spectral signature from the surrounding terrains and
that they seem to be similar to the labyrinth terrains. In
addition, S. M. MacKenzie et al. (2019b) estimated thermal
inertia values for the different terrains on Titan based on
expected chemical compositions and physical properties. In
their model, the thermal inertia of the labyrinth terrains is
higher than the thermal inertia of the plains (Table 1).

The model simulation configurations are described in
Section 2. The results are presented in Section 3. We first
present the reference case (Section 3.1). Then, we move to the
effects of topography and seasons (Section 3.2) and surface
properties (Section 3.3). Finally, we present our main
conclusions and some perspectives in Section 4.

2. Model Description (mtWRF)
2.1. Global Description and Schemes

We use the mtWRF model (S. C. R. Rafkin &
A. Soto 2020), with additional updates to the schemes
corresponding to radiative transfer, surface and subsurface
temperatures, and turbulence (A. Chatain et al. 2022, 2024).
The mtWRF model is based on the Weather Research and
Forecasting (WRF) model (C. Skamarock et al. 2008)
developed at the National Center for Atmospheric Research.

The model was developed for Titan from WRF by
S. C. R. Rafkin & A. Soto (2020) and used to model the
atmospheric circulation around a methane lake. A. Chatain
et al. (2022) then added a radiative transfer scheme to the
model. In this study, we focus on the influence of surface
properties and topography around the lake using idealized 2D
simulations.

We use a simple thermal diffusion scheme, modified from
A. K. Blackadar (1979) and J. Dudhia (1996), to model the
interaction between the subsurface and the surface. The
surface layer is modeled by an Eta similarity scheme,
implemented by A. S. Monin & A. M. Obukhov (1954),
Z. 1. Janji¢ (1994), Z. 1. Janji¢ (1996), and Z. 1. Janji¢ (2001).
The sensible and latent heat fluxes are computed through a
turbulence closure model described in Z. 1. Janji¢ (2001), and
the saturation vapor pressure is computed for pure methane
following J. I. Moses et al. (1992). More details on the
turbulence scheme used in our model are presented in
A. Chatain et al. (2024; Appendix 1). The planetary boundary
layer (PBL, the layer in which winds are influenced by surface
friction) is modeled by the Mellor-Yamada—Janjic scheme
(F. Mesinger 1993; Z. 1. Janji¢ 1994). A. Chatain et al. (2022)
described the radiative transfer scheme, the slab lake model,
and the methane exchanges between the lake surface and the
atmosphere. In this work, we do not model methane exchanges
between the land and the atmosphere (which is not trivial and
planned for future studies).

In A. Chatain et al. (2022), the emissivity was set to 0.9 all
over the domain. The comparison between teledetection
temperature retrievals using Cassini/CIRS and the in situ
temperature measurements with Huygens/HASI suggests a
surface emissivity close to unity (D. E. Jennings et al. 2011).
Here we use an emissivity of 0.95 for the land, a value taken
from the results obtained in R. M. C. Lopes et al. (2016) from
the Cassini Radar data for undifferentiated plains. For the lake,
we take an emissivity of 0.99 (A. Le Gall et al. 2016, in the
microwave range). The lake breeze shape remains similar to
results obtained with an emissivity set to 0.9 (see
Appendix A).

2.2. Model Initialization and Configuration

In this work, the latitude is set to 74°N, consistent with the
general location of the SED lakes. For the initialization of the
pressure, air temperature, and methane mixing ratio, we use
values from the Titan Atmospheric Model (TAM, a general
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Figure 1. Diagram of the model domain. (a) To scale. (b) Magnification of the center of the domain. Bottom right: values for some important parameters, left

constant for this study. Remark: 16 s corresponds to 1 Titan second.

circulation model described in J. M. Lora et al. 2015; and
J. M. Lora et al. 2022) at 74°N at autumn equinox, over a lake.
To facilitate interpretation of the simulated processes, we use a
zero wind background state (the effect of background wind is
discussed in Section 3.2.3).

The simulation domain has a vertical top at 15 km, with a
damping layer of 5 km at the top. The domain is 600 km wide,
large enough to avoid numerical resonances at the boundaries.
The model is divided into 57 vertical layers. The horizontal
resolution is 1 km. The center of the domain is occupied by a
pure methane lake surrounded by dry land (Figure 1). The lake
is 20km in diameter, a typical size for a SED. In our
simulations, we modified the surface properties and the
topography of the land within 30 km from the lake shores
(we call these 30 km “ramparts”). The model needs a few Titan
days (tsols; 1tsol is 15.95 Earth days) to spin-up a diurnally
repeatable circulation (typically 2 to 4 tsols). Thus, we
analyzed the 5th and 6th days of simulation.

We used an idealized topography, smoothed to avoid
numerical instabilities. The shape of the topography was
adapted from a mathematical function called smootherstep,
defined as y = 6x° — 15x* + 10x>. We compute this function
from x = 0 at the lakeshore (i.e., 10 km from the lake center) to
x = 1 at the rampart’s top (i.e., 25 km from the lake center). It
is then multiplied by the maximum height of the rampart (i.e.,
300 m in this study). The rest of the rampart, from the top to
the land, is completed by symmetry. This smooth topography
enables the model to minimize errors associated with the
calculation of horizontal gradients from the terrain-following
coordinate system.

The lake exchanges methane with the atmosphere through
evaporation. Only the lake evaporates methane; the land is
considered to be in equilibrium with the atmosphere.
Condensation is not allowed, neither at the surface nor in the
atmosphere. In the simulations performed for this work we do
not reach saturation conditions; thus, we would not expect

condensation even if a microphysics scheme was
implemented.
Some important constants in this study are listed on

Figure 1.

Figure 2 is a list of all the simulations that will be discussed
thereafter, except for the background wind and season runs. To
study the effect of the background wind, we made two
additional runs with background wind, one with topography
similar to the reference simulation, and one with flat
topography. For the seasons, four additional runs were
launched, similar to the reference run for everything except
for the background wind and for the insolation. They
correspond respectively to the autumn equinox, winter solstice,

spring equinox, and summer solstice. The background wind
used comes from outputs of the TAM model at 74°N; see
Figure 3.

3. Results

In this section, we show some results for the simulations
described in Figure 2. For more quantitative values of latent
heat flux and winds, the reader is referred to tables in
doi:10.5281/zenodo.14833640.

3.1. Reference Simulation

In the reference simulation (Simulation R; see Figure 2) the
methane lake is surrounded on each side by hills of 300 m in
elevation and 30 km in horizontal width. Methane evaporates
from the lake to the subsaturated atmosphere immediately
upon model integration. The average latent heat flux over the
lake after spin-up is 0.39 Wm 2.

The lake cools through the latent heat flux (see Figure 4(a)),
and the equilibrium lake surface temperature is lower than the
land surface temperature, as shown in Figure 4(b). Sensible
heat flux with the atmosphere results in colder air above the
lake (from 91.1 to 91.3 K) than above the ramparts (from 91.5
to 92 K). This temperature gradient drives a thermally direct
lake breeze circulation, with air flowing from the lake to the
land close to the surface and from the land to the lake at the top
of the mixed layer.

As found in a previous work performed with mtWRF
(A. Chatain et al. 2022), the lake breeze varies diurnally: the
lake breeze front is close to the shoreline during the day and moves
inland during the night (see Figures 4(c), (d) and 5). The diurnal
behavior is due to turbulence, which diffuses the different air
masses at the lake breeze front more strongly during the day.
Indeed, the turbulent kinetic energy (TKE) is larger during the day,
due to solar heating of the surface driving larger sensible heat
fluxes to the atmosphere (see Figure 4(e)).

Figure 5 shows the horizontal and vertical winds at 2 a.m.
and 2 p.m.. Close to the surface, we can see the circulation
going from the cold lake to the warmer land, and higher in
altitude, we see the return branch going from the land to the
lake. Above the lake, the maximum horizontal wind is around
0.04 ms™ ' at the surface (i.e., in the first vertical layer). Over
the full domain, the maximum horizontal wind at the surface is
0.2m s_l, reached at the ramparts with the dense cold air from
above the lake flowing downhill (katabatic winds). The
average horizontal wind is 0.013ms ' above the lake and
0.070 ms~" above the ramparts.


https://doi.org/10.5281/zenodo.14833640

THE PLANETARY SCIENCE JOURNAL, 6:220 (15pp), 2025 September Moisan et al.
Simulation Topography shape Lake or Surface properties of the rampart Description
no lake?
20 «a I
[cm] (%] [Jm=2K-1s705
R lake 0.4 30 601 Reference
“Reference” simulation
F lake 0.4 30 601 Flat topography
“Flat”
D no lake 0.4 30 601 Land everywhere
“Dry” (Dried lake)
" H " lake 0.4 30 601 Hole-shaped
Hole-shaped topography
Z lake 40 30 601 Higher surface
w70 roughness (z0)
A /\ /\ lake 04 40 601 Higher albedo («)
“Albedo”
I lake 0.4 30 808 Higher thermal
“Inertia” inertia

Figure 2. List of the simulations used in this work. z0: roughness length, «: albedo, and / thermal inertia. Bold highlights the parameters changes compared to the
reference simulation. The topography shape is described in more detail in Section 2.2, and the terrain relief is 300 m in each case.

The expected change in lake level associated with evapora-

tion may be calculated as Ah = /)I;—HL, with LH the latent heat

flux to the surface. At Titan’s surface temperature and
pressure, the liquid methane has a density p ~ 447kgm >
and a latent heat of vaporization L, ~ 5.1 x 10°Tkg '. We
obtain a level change of approximately —5.4 cmyr ' (with yr
indicating one Earth year). Locally, a higher value is obtained
at the lake borders (=~ —6.1 cm yr_l), and a lower value is
calculated at the lake center (= —5.2cmyr ‘). We also
observe diurnal changes: there is more evaporation during the

afternoon (LH~ —0.42 W m~?) than during the morning and
night (LH ~ —0.35 Wmfz), as can be seen on Figure 4(a).

3.2. Impact of Topography on Mesoscale Atmospheric
Dynamics

3.2.1. Effect of Topography without the Lake: Slope Winds
In this section, we investigate the effect of topography alone

on the local winds, without the lake. Two 300 m hills separated
by 20 km are considered (see simulation D in Figure 2).
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profile is used.
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Figure 4. Reference simulation: evolution with time of the (a) latent heat flux to the surface and (b) surface temperature and air temperature at different locations (0,
5, and 9 km: above the lake; 10, 25, and 295 km: above land). (c) Horizontal wind at 2 m above the surface, i.e. the first horizontal level of the model (positive values
indicate wind blowing to the right), (d) vertical wind at ~200 m above the surface (positive values indicate upward wind), and (e) turbulent kinetic energy (TKE) at
~200 m above the surface. The time axes start at the end of the 4th tsol, at midnight. The blue bar at the bottom of the plots shows the location of the lake. The

orange bars show the location of the ramparts.

This configuration produces upslope winds (Figure 6). The
maximum horizontal wind close to the surface is around
10cms™!, and the maximum vertical wind is around
5mms~'. At the top of each hill, convergence of the
horizontal wind and thermal buoyancy generate an updraft.
Compensating subsidence is found above the crater. The
upslope winds are present day and night (see Figures 6(c) and
(d)). The intensity of the observed updraft is higher between

2 p.m. and 8 p.m., when the daytime solar insolation increases
the buoyancy of the surface air through sensible heat flux (the
updraft wind speed reaches ~5 mm sfl). In contrast, Earth,
Mars, and Venus usually generate downslope nighttime slope
winds in addition to the daytime upslope winds (H. Savijarvi &
T. Siili 1993; S. Lebonnois et al. 2018; B. J. Hatchett et al.
2020; S. Farina & D. Zardi 2023). The unique solution on
Titan is due to a higher net infrared flux into the surface at the
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Figure 5. Wind circulation in the reference simulation. Left column: at 2 a.m. Right column: at 2 p.m.. Top row: horizontal wind. Bottom row: vertical wind. The
blue bar under the plots shows the position of the lake. The orange bar corresponds to the rampart position.

top of the topography than at the bottom: as shown in Figure 7,
the net infrared flux to the surface is approximately 3 times
larger (4-0.013 W m %) at the top of the hill (25 km from the
domain center) than at the bottom (10 km from the domain
center). As a result, the sensible heat flux to the atmosphere is
higher at the top of the topography than at the bottom, which
results in a temperature inversion. During the day, the solar
flux warms the surface and enhances the phenomenon,
resulting in more intense upslope winds at the end of the
afternoon (see Figure 6). Thus, the simulation predicts only
upslope winds in dry craters at this season (autumnal equinox).
At other seasons or other latitudes (in this work we are at 74°
N), slope winds could be different on Titan.

If a lake is added in the crater between the hills, the upslope
winds are overwhelmed by the lake breeze (see Section 3.1).

3.2.2. Effect of the Shape of the Ramparts

In this section, we examine the effect of the shape of the
ramparts on the local lake breeze. Three shapes are considered
(see Figure 8, which shows the right part of the domain; the
other part is symmetric): (1) a flat topography (Simulation F),
(2) a lake surrounded by two hills (SimulationR), and (3) a
lake in a topographic low, surrounded by higher-elevation land
(Simulation H, referred to as “lake in a depression”™).

With hill-shaped ramparts, the lake breeze penetrates less
over land (=~ —20%) compared to the flat-topography

environment (see Figure 8). For the lake in a depression, the
breeze penetrates farther over land than in the flat-topography
case (=~+5%). The maximum surface wind is around
0.15m s~ for the flat topography and the lake in a depression,
while it is slightly more intense in the reference case, around
0.2ms~'. This is probably due to the gravitational accelera-
tion downward along slopes of the cold air coming from the
lake. However, on average, the surface horizontal wind is 50%
weaker in the reference case than in the flat and depression
cases (the higher maximum wind does not compensate for the
overall fainter wind). The horizontal wind over the full depth
of the PBL exhibits the same general trends as the surface
wind. Above the lake, the maximum surface wind is around
0.06 m s~ in the flat-topography case, while it is 30% weaker
for the simulations with topography (the maximum speed at
the surface is around 0.04ms ' for both the lake in a
depression and the hills) because more energy is needed for the
dense air above the lake to go over the topography.

The methane is advected to higher altitudes in cases with
topography (see Figure 8, bottom row), forming a deeper marine
layer. The marine layer is the cold, stable layer formed above
the lake or close to the lake. In Figure 8, the marine layer is
visually identified by the high methane mixing ratio (dark blue
colors). In the flat case, the methane marine layer is confined to
the first vertical layer of the model, i.e., within a few meters
above the lake, while the marine layer is 50 m deep with the
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addition of topography. The surface methane mixing ratio is
similar in the three simulations, around 43 gkg~'. The overall
distribution of methane in the atmosphere also changes, due to
the effect of topography on the atmospheric circulation, which
transports the methane evaporated to the atmosphere. In the flat
case, the upward motion along the lake breeze front injects
methane up to 700 m into the atmosphere. When hills are added,
the methane injected reaches nearly 1000 m. Less methane is
evaporated overall when topography is added; we obtain an
evaporation rate of ~6cmyr  in the flat environment, while
with topography, it is approximately 10% lower (~5.5myr ).

Finally, in our simulations, the relative humidity of methane
never reaches 100%, and thus, no methane condensation is
expected (the maximum relative humidity values are between
84% and 88%). However, fog has possibly been observed on
Titan at the latitudes of the northern lakes (M. E. Brown et al.
2009b), which means that methane condensation may occur
near the surface. More work is needed to assess the effect of
turbulence parameterization, season, and time of the day,
among other parameters, on the relative humidity around Titan
lakes, but this is beyond the scope of this paper. Our study
suggests that among the three topographies considered (flat,
ramparts, and lake in a depression), the rampart shape causes
the highest maximum relative humidity, while in the flat shape
case, lower relative humidities are reached.

Appendix B shows a case with two lakes and ramparts. In
this situation, the two lake breezes merge, and methane

accumulates between the lakes, which increases the relative
humidity above the central rampart.

3.2.3. Effect of Background Wind and Seasons

In this section, we consider the effect of adding background
wind to the simulations. We then make the background wind
and the insolation vary to study the effect of the different
seasons.

In our simulations, the effect of adding background wind is
faint. In particular, it does not change strongly the evaporation
since the lake breeze prevents the appearance of strong winds
above the lake. In 3D, adding background wind has been
shown to have a significant impact on the lake breeze
(A. Chatain et al. 2024). In our simulations we find similar
behaviors for the lake breeze, but in our case, the lake
evaporation is nearly unchanged, due to the small size of the
lake we study and the presence of topography that protects the
lake. Also, some effects described in A. Chatain et al. (2024),
such as the formation of an accelerated wind pocket behind the
lake, are not observed here due to the 2D geometry.

On the contrary, the seasons influence strongly the evapora-
tion rate, which is at minimum during winter (~4.5cmyr ")
and at maximum during summer (~ 13 cmyr ‘). The seasons
also influence the PBL depth, which goes from 300 m in winter
to around 1200 m in the summer. Figure 9 represents the
horizontal wind for each season. It shows that the turbulent layer
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is deeper in summer and that for all seasons except summer, the
lake is protected from the wind by the lake breeze, which can
explain the higher evaporation rate in the summer.

3.3. Impact of Surface Properties on Mesoscale Atmospheric
Dynamics

In this section, we focus on the effect of surface roughness,
albedo, and thermal inertia. The details are presented below. In
a nutshell, increasing the roughness from 0.4 to 40 cm has a
noticeable impact on the winds, on the lake evaporation, and
on the surface and air temperatures. However, it does not
change the global shape of the lake breeze. Changing the
albedo from 0.3 to 0.4 and the thermal inertia from 601 to
808 Jm 2K 's7% has a negligible effect.

3.3.1. Surface Roughness

In this section, we focus on the effect of increasing the
surface roughness of the ramparts, from 0.4 to 40cm
(Simulation Z). The surface roughness, also called surface
roughness length, is an empirical parameter corresponding to
the altitude above the surface at which the horizontal wind is
null in the logarithmic velocity profile equation of the
horizontal wind (P. S. Arya 2001). The surface roughness

length is proportional to the mean height of the roughness
elements and their density (H. Lettau 1969; J. R. Garratt 1977).

Some rampart features appear bright in Cassini Radar images
(S. P. D. Birch et al. 2017; G. Mitri et al. 2019; A. Solomonidou
et al. 2020; C. A. Wood & J. Radebaugh 2020), which suggest a
higher surface roughness than the surrounding plains (less
bright). C. Baciocco (2021) estimated the order of magnitude of
surface roughness for several Titan terrain types, based on Earth
analogs. Lake ramparts are spectrally similar to labyrinthic
terrains (A. Solomonidou et al. 2020). Thus, we decided to use a
roughness close to the labyrinth’s roughness. In C. Baciocco
(2021), the plains are associated with a roughness of the order of
1 x 10> m and the labyrinth terrains with a roughness of the
order of 1 m. For comparison, T. Tokano et al. (2006) estimated
the surface roughness at the Huygens landing site around
5 x 10~ m, while R. D. Lorenz (2021) estimated 1 x 10 *m
for the roughness of “an extremely flat surface.” In this study,
we estimated that plains surrounding lakes at the north pole
were a little rougher than Titan tropical plains due to the
probable presence of many small rain drains around the lakes.
Indeed, precipitation is expected to be more intense and
common at high latitudes compared to the tropics (S. P. Faulk
et al. 2017). We also estimated that ramparts were probably a
little less rough than large structures of labyrinthic terrains.
Therefore, in this simulation, we used a roughness of
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4 x 10~*m for the plains and of 4 x 10" m for the ramparts.
In the previous simulations, the surface roughness was set to
4 x 10> m everywhere on land.

Results are presented in column 2 of Figure 10. We observe
that the global shape of the lake breeze is unmodified.
However, close to the surface, the horizontal wind is strongly
slowed above the ramparts (=~ —50%). Moreover, the mixing
near the surface is increased (see the TKE panels). The latent
heat flux over the lake varies throughout the day compared to
the reference simulation: there is less evaporation in the early
afternoon, because the wind is slowed down by the roughness
(see the “horizontal wind at 2 m” panels). At the lake border,
we observe the opposite: the evaporation is higher, due to a
higher turbulence. The surface temperature of the lake is
slightly warmer, because there is less evaporation at the lake
center. The surface temperature at the ramparts is slightly
colder, probably linked to the higher turbulence there.

3.3.2. Albedo

In this section, we consider the effect of increasing the
surface albedo of the ramparts, from 0.3 to 0.4 (Simulation A).
Some Cassini data show evidence for brighter ramparts than
the surrounding terrains in visible and infrared light (Cassini
VIMS; see S. M. MacKenzie et al. 2019a, their Figure 1.),
suggesting a higher surface albedo. However, the albedo
depends on wavelength, while in our model the albedo refers
to a global albedo for short wavelengths (i.e., mainly the
visible range). Moreover, the data do not show unambiguously
that the ramparts’ albedo is higher. For instance, in the infrared
domain, the ramparts seem to have a lower albedo than the

surrounding land (A. Solomonidou et al. 2020). Thus, this
simulation aims only to assess what would be the effect of a
different albedo terrain around the lakes, not to give a realistic
albedo value for the ramparts.

In the reference simulation, the albedo was set to 30% for
the land and 10% for the lake. In Simulation A, we set the
albedo of the rampart to 40%. As expected, we observe a lower
net shortwave flux absorbed by the surface of the ramparts (by
definition). However, there is only a small effect on the surface
temperature (on average —5 x 107> K over the ramparts). The
structure of the lake breeze remains unchanged.

3.3.3. Thermal Inertia

In this section, we consider the effect of increasinig the
ramparts’ thermal inertia, from 601 to 808]J m 2K g9
(Simulation I). A. Solomonidou et al. (2020) showed that the
spectral properties of the ramparts are close to the labyrinth terrain
properties, and these terrains have a thermal inertia approximately
30% higher than the plains’ thermal inertia (S. M. MacKenzie
et al. 2019b, see Table 1). Knowing that thermal inertia has an
influence on the heat transfers between the surface and the
atmosphere, it is an important property to investigate.

In the reference simulation, the land thermal inertia was set
to 601Tm 2K 's %5, the value assigned to plains in
S. M. MacKenzie et al. (2019b). In Simulation I, the ramparts’
thermal inertia was set to 808 Jm 2 Kilsfo's, the value
assigned to labyrinths in S. M. MacKenzie et al. (2019b).
Figure 10 shows that such a change has only a very small
effect on the lake breeze. It can thus be neglected compared to
the effect of roughness.
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4. Conclusions and Perspectives
4.1. Conclusions

Using the mtWRF model and including SED and rampart
properties, we report three main findings:

1. Around lakes near Titan’s north pole, model simulations
show the formation of lake breezes extending from the lake
during the night due to the extremely stable atmospheric
conditions and remaining closer to the lake during the day due
to daytime turbulence. For instance, in autumn, in the case of a
lake with a diameter of 20 km surrounded by ramparts (30 km
wide and 300 m high), the maximum horizontal wind speed is
around 0.04 m s~ ' above the lake and around 0.2ms ' at the
ramparts. The average latent heat flux over the lake is
~0.39 Wm 2, which corresponds to a lake level change of
—5.4cmyr ! (not including any possible recharge mechan-
isms by rain or subsurface supply).

2. Adding topography, varying the surface properties around
the lakes of Titan or changing the season does not change the
morphology of the atmospheric circulation around the lakes
(lake breeze). However, it changes the intensity of the winds,

10

the extent of the lake breeze, and the amount of methane
evaporated.

In particular, adding topography around the lake decreases
the amount of methane evaporated from the lake by
approximately 10% due to slower winds above the lake
(=~ —30%). The addition of topography also increases the
depth of the methane marine layer above the lake surface
(from a few meters to a few tens of meters). Moreover, the
extension of the lake breeze depends on the shape of the
topography around the lake, varying from —20% to +5% in
the cases studied here.

Among the surface properties investigated, only the surface
roughness length (varied from 0.4 to 40 cm) has a significant
impact on the lake breeze and the methane evaporation. For
instance, the maximum surface wind speed decreases by 50%
with a higher roughness at the ramparts. The effects of the
albedo and the thermal inertia are negligible, according to our
results.

At different seasons, the evaporation rate varies between
4.5cmyr ' in winter and 13 cmyr ' in summer. These values
are smaller than previous estimates (G. Mitri et al. 2007;
A. Chatain et al. 2022).
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Figure 10. Effect of the surface properties of the ramparts on the lake breeze (winds, methane, temperature, and turbulence). We compare the reference simulation
(in which ramparts have the same surface properties as the rest of the land) with the high-roughness case (see Section 3.3.1), the high-albedo case (see Section 3.3.2),
and the high-thermal-inertia case (see Section 3.3.3). Row 1: horizontal wind at 2 a.m. Row 2: horizontal wind evolution at 2 m (the horizontal dashed lines show the
location of the slices presented in Row 1). Row 3: TKE at 2 p.m.. Row 4: difference of latent heat flux compared to the reference (positive means more evaporation).
Row 5: difference of surface temperature compared to the reference. Row 6: difference of air temperature at 2 m above the surface compared to the reference.

3. Without a lake, upslope winds are present day and night, net infrared flux at the surface. The simulation was performed at
with the strongest updrafts appearing at the end of the afternoon 74°N and at the autumnal equinox. Slope winds might be
(=5mms"). These slope winds are created by a difference of different at other seasons and could be explored in future works.
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4.2. Perspectives

This work raises several questions:

On the possibility of forming waves. Waves are one of the
main hypotheses to explain the “magic islands” that appeared on
Ligeia Mare (J. D. Hofgartner et al. 2016). J. D. Hofgartner
et al. (2016) predict that the minimum wind needed to form
waves is 1.4ms .. However, our results are well under
this value for all the simulations we performed in this work
(1 order of magnitude). Surface winds of more than 1.4ms "'
could appear in specific situations, maybe with a topography
that favors wind channels, above a larger lake or sea, or due to
3D geometric effects (see A. Chatain et al. 2024).

On the mechanisms to form ramparts. Our simulations
suggest that the lake breeze is a diurnally persistent feature.
This leads us to consider an alternative or complementary
mechanism that could explain the formation of the ramparts.
The wind flowing from the lake could carry methane-coated
aerosols with different properties than the usual aerosols
deposited at the surface. These aerosols could accumulate at
the lakeshore to form ramparts.

On the methane cycle in general: future studies. Here we
focus on SED lakes at the north pole of Titan and on the effect
of ramparts. This specific object of study is part of the larger
objective of understanding the tropospheric methane cycle on
Titan, which is an interesting analog to Earth’s hydrological
cycle.

1. In our study, we tested a situation with a lake and a
situation with dry land. It would be interesting to
simulate a wetland. Indeed, we do not know what the
characteristic humidity of the surface (J. L. Mitchell &
J. M. Lora 2016) is, and some studies suggest evidence
for widespread wetlands at low-elevation terrains
(C. D. Neish & R. D. Lorenz 2014).

2. One of the main limitations of our model is the absence
of a microphysics scheme, thereby preventing the
condensation of methane. We do not reach saturation
conditions in our study; however, clouds have been
reported to form close to lakes and seas at the north pole
(M. E. Brown et al. 2009a). Thus, a next step will be to
add a microphysics scheme and study the formation of
methane clouds and methane storms.
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Appendix A
Impact of New Emissivity Values

In A. Chatain et al. (2022), the surface emissivity was set to
0.9 everywhere. In this work, we adapted the emissivity to the
values estimated in the scientific literature, i.e., 0.99 for the
lake and 0.95 for the land (see Section 2.1).

Figure 11 shows that the surface temperature is decreased
when we increase the emissivity at the land and at the lake.
The overall shape of the lake breeze remains the same, even
though the breeze extends farther (~+10km, being around
+10%). One of the main changes is the stability of the
atmosphere: the TKE obtained in the new configuration is
fainter (see the last two rows of Figure 11), and the PBL height
is lower (~ —30%). Increasing the emissivity of the lake from
0.95 to 0.99 further lowers the temperature of the lake
(~ —0.15 K) and of the land close to the lake. It also decreases
the evaporation from the lake, lowering the latent heat flux of
around 25%.

Indeed, a higher emissivity causes a larger outgoing infrared
flux from the surface. As a result, the net infrared flux at the
surface is lower, and the temperature decreases until it reaches
a new equilibrium. The colder surface also cools the air just
above by sensible heat flux. Thus, the air above the surface is
less buoyant, and the atmosphere is more stable in the PBL
than in the case with a low emissivity. Consequently, the
turbulence is fainter, and the PBL is less high. Moreover, the
latent heat flux depends on the temperature (through the
saturation mixing ratio). As a result, the lower temperature at
the lake reduces the evaporation.
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above the surface, TKE at 2 a.m., and TKE at 2 p.m.

At the north pole of Titan, the lakes are often close to other
lakes. To investigate the impact of grouped lakes on the local
circulation, we make a simulation with two lakes separated by

Appendix B
Multiple Lakes Scenario

a rampart and surrounded by ramparts. We observe that the
lake breezes of the lakes merge (Figure 12(a)). Moreover,

(Figure 12(b)).
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some methane vapor is accumulated above the rampart
between both lakes, increasing the relative humidity there
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Figure 12. (a) Horizontal wind at 2 m above the surface. (b) Relative humidity at 2 a.m.
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