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Abstract

Titan, the largest moon of Saturn, has many lakes on its surface, formed mainly of liquid methane. Like water
lakes on Earth, these methane lakes on Titan likely profoundly affect the local climate. Previous studies
(Rafkin and Soto 2020, Chatain et al 2022) showed that Titan’s lakes create lake breeze circulations with
characteristic dimensions similar to the ones observed on Earth. However, such studies used a model in two
dimensions; this work investigates the consequences of the addition of a third dimension to the model. Our
results show that 2D simulations tend to overestimate the extension of the lake breeze over the land, and
underestimate the strength of the subsidence over the lake, due to divergence/convergence geometrical
effects in the mass conservation equations. In addition, 3D simulations including a large scale background
wind show the formation of a pocket of accelerated wind behind the lake, which did not form in 2D
simulations. An investigation of the effect of shoreline concavity on the resulting air circulation shows the
formation of wind currents over peninsulas. Simulations with several lakes can either result in the formation
of several individual lake breeze cells (during the day), or the emergence of a large merged cell with internal
wind currents between lakes (during the night). Simulations of several real-shaped lakes located at a latitude
of 74°N on Titan at the spring equinox show that larger lakes trigger stronger winds, and that some sections
of lakes might accumulate enough methane vapor to form a thin fog. The addition of a third dimension, along
with adjustments in the parametrizations of turbulence and subsurface land temperature, results in a
reduction in the magnitude of the average lake evaporate rate, namely to ~6 cm/Earth year.

Highlights

-Titan methane lakes create lake-breezes similar in size to those on Earth's lakes

-2D models overestimate the breeze extent and underestimate the central subsidence
-Wind currents form over peninsulas, and breezes of nearby lakes merge at night
-Methane vapor accumulates in a thin layer over lakes and might form a thin fog

-The lake evaporation rate is estimated to ~6 cm/Earth year at 74°N at equinox
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1- Introduction

Titan, Saturn’s largest moon, is the only known place except the Earth to host large reservoirs of liquids on
its surface. These reservoirs are mostly made of methane, with ethane and possibly other hydrocarbons
mixed in (e.g., Mastrogiuseppe et al.,, 2019, 2016, 2014; Mitchell et al.,, 2015; Stofan et al., 2007).
Interestingly, these reservoirs have a large diversity of sizes and shapes. The largest ones, ranging from 380
to 1170 km in length, form seas. The Cassini mission also observed several hundred smaller lakes, with lengths
ranging from a few kilometers to 240 km (Hayes, 2016; Hayes et al., 2008). Some lakes have smooth round
shapes, while others have very complex shorelines. Some are isolated, while others are grouped in clusters
forming a lake district (MacKenzie et al., 2019a).

Studies of lakes on Earth show that large lakes profoundly affect the local climate because of their different
thermal inertia compared to land, surface cooling associated with evaporation, their lower surface roughness
and albedo compared with land, and other factors (e.g., Changnon Jr and Jones, 1972; Crosman and Horel,
2010). In particular, lakes can induce local winds due to temperature differences with the nearby land. These
thermal contrasts are created because land terrains have typically lower thermal inertia than lakes, and
because lakes can cool due to evaporation. Lake and land breezes can thus be formed with insolation
variations. With the objective to understand and forecast sea and lake breezes, many modelling works have
investigated the effect of the lake shapes, sizes and background conditions on the induced winds (for a
review, see Crosman and Horel, 2010). In particular, the shoreline convexity has been shown to affect the
circulation by distorting the lake breeze divergence field (e.g., McPherson, 1970), and larger lakes have been
found to force a stronger circulation (e.g., Boybeyi and Raman, 1992). In addition, the necessity to include
the large-scale background wind in 3D mesoscale simulations to reproduce sea breeze observations has been
shown in various studies (e.g., Drobinski et al., 2006), as has the importance of including neighboring lakes
whose breeze circulations could locally interfere in complex ways (e.g., Daggupaty, 2001).

As lakes strongly affect the weather and hydrological cycle on Earth, similar questions arise on Titan.
Nevertheless, the lake-induced circulations could be quite different from what happens on the Earth due to
2



the very different conditions at Titan’s surface. While the pressure of 1.5 bar at the surface is similar to the
Earth, the temperature is much colder (~¥92K) with very limited diurnal and seasonal variations (e.g., Cottini
et al., 2012; Jennings et al., 2019). The compositions of the atmosphere, the lakes and the land are also
different, with methane vapor and liquid instead of water, and a deposit of photochemically-produced
organics over an icy bedrock instead of silicate rocks, overlain by soil and vegetation. As these materials have
very different properties, and radiative heating and temperatures are much lower on Titan, we would expect
lake-induced circulations to be quantitatively different on Titan, forming a slow-motion version of the
dynamics observed in Earth’s lake breezes.

On Titan, the origin of the atmospheric methane remains a puzzle. Its high concentration at the surface (~5%,
Niemann et al., 2010) could have various sources, such as the evaporation of lakes and seas, the evaporation
of highly humid lands, or possibly large surface or sub-surface catastrophic events (like cryovolcanism or
resurgence of a subsurface alkanofer) (Faulk et al., 2020; Griffith et al., 2008; Mitchell and Lora, 2016; Tobie
et al., 2006; Turtle et al., 2018). Previous works have intended to constrain the evaporation from the lakes.
A first analytic 1D model (Mitri et al., 2007) estimated the evaporation rate to be 3-10 m/Earth year, though
large-scale models indicated much lower values (Lora et al., 2015; Mitchell, 2012). More recent studies
(Chatain et al., 2022; Rafkin and Soto, 2020) showed, with a 2D mesoscale model including a lake, that a lake-
breeze circulation is created and maintained above the lake in all insolation conditions, which is different
from lakes on the Earth where lake-breezes appear mostly in summer during the day. The evaporation of
methane from the lake then forms a cold and moist stable layer above the lake, which inhibits methane
turbulent mixing and substantially slows down the lake evaporation to 0.2-0.8 m/Earth year.

To improve our understanding of lake-induced meteorological effects on Titan, this work follows the lessons
learned from studies on Earth’s lakes and investigates the impact of lake shape and size on the lake-breeze
structure and air-lake exchanges. We study the effect of the addition of the third spatial dimension in
comparison to prior studies (Chatain et al., 2022; Rafkin and Soto, 2020) by first using an idealized circular
lake (section 3). Then, additional simulations using realistic Titan shorelines explore the effect of shoreline
concavity, proximity to other lakes (section 4), and lake size (section 5) on evaporation and the local
atmospheric circulation.

2- Model description

2.1- Model description and improvements

We use the Titan mesoscale model mtWRF, which simulates the atmospheric circulation over a methane lake
surrounded by land, initially described in Rafkin and Soto (2020), with the addition of a radiative scheme
(Chatain et al., 2022). This work also uses double precision computation (64 bit), which negates the need for
tendency accumulators utilized in all the prior mtWRF studies. Additionally, the minimum allowable turbulent
kinetic energy within the subgrid turbulence model is decreased to better represent Titan’s conditions, and
a new method is used to prescribe the lower boundary condition of the subsurface land temperature (see
details in Appendix 1 and Appendix 2).

Surface physical properties over land are homogeneous in the model and there is no topography. Sensible
heat exchange is permitted with the air, but there is no latent heat or vapor exchange with the land surface.
The surface roughness length is changed to 0.4 cm, compared to the default 40 cm used in the previous
works, because a smaller roughness is more appropriate for Titan’s plains (Lopes et al., 2016; Nelli et al.,
2020; Tokano, 2005). The 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 (Arya, 2001). The surface roughness length is proportional to the mean height of the
roughness elements, and their density (Garratt, 1977; Lettau, 1969). The surface infrared emissivity is
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updated to 0.95 over land and 0.99 over the lake (which were both equal to 0.9 in previous versions), based
on Solomonidou et al. (2020) and Le Gall et al. (2016). The latter work provides a microwave emissivity while
the model requires an infrared emissivity but the difference should be very small over the lakes. As in Chatain
et al. (2022), the thermal inertia is fixed to 601 Jm2K's%5 on the land (assumed as a “plain” unit), and 572
Jm2K 150> on the lake assumed perfectly still (MacKenzie et al., 2019b), and the surface Bond albedo is 0.3
over the land, and 0.1 over the lake. The variability of terrain properties in the close environment of Titan’s
lakes and its effect on the local lake breeze is investigated in a separate ongoing work (Moisan et al., n.d.).

Air temperature, humidity, and the large scale horizontal wind are initialized from a single profile adapted
from a recent simulation (Lora et al., 2022) with the general circulation model (GCM) TAM (Titan Atmospheric
Model, Lora et al., 2015) at a latitude of 74°N, at spring equinox, over a lake. Other TAM soundings over
different lakes at 74°N are nearly identical. The vertical resolution of the GCM is insufficient to resolve the
structures over the lowest few hundred meters. To better constrain the wind structure close to the surface,
a 2D mtWRF simulation was run over land using the low-resolution GCM wind as an input. The land friction
slows down the wind close to the surface, and the stationary wind solution obtained after a few tsols (Titan
days) is used as the initial wind condition. The final inputs used for our simulations are shown in Figure 1. The
profiles simulated by TAM at 74°N at the spring equinox are notably different from the Huygens profile used
in prior mtWRF studies and are presumably more representative of the conditions near high latitude lakes
(the Huygens landing site is at a latitude of 10.6°S).
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Figure 1. Temperature (a), methane mixing ratio (b), and horizontal wind (c) from Huygens HASI (Fulchignoni et al.,
2005) and GCMS (Niemann et al., 2010) measurements at 10.6°S just after the southern summer solstice, from the TAM
GCM at 74°N at the spring equinox (Lora et al., 2022), and used as inputs for our model.

2.2- Simulation configurations

Previous simulations (Chatain et al., 2022; Rafkin and Soto, 2020) used 2D configurations and provided
insights on the meteorological processes operating in the vicinity of methane lakes. To obtain additional
guantitative results, we run the model with three spatial dimensions and use lake shorelines observed by
Cassini radar images of Titan (Hayes, 2016). In this study, we select lakes located at a similar latitude (~74°N)
to isolate the effects of shoreline concavity, proximity to other lakes, and lake size on the lake breeze
circulation, and to remove any effect related to latitudinal variations of insolation or climate. The modelling
domain is 201x201 points in the horizontal with 50 vertical levels extending from the surface to 15 km. The
top 5 km contain a gravity wave damping layer. The vertical elevation of the model domain is more than
sufficient since the lake breeze within the planetary boundary layer is at most 1 km. Simulations with lakes
of ~50 km horizontal dimension use a horizontal grid spacing of 2 km. Simulations with larger lakes use a grid
spacing of 4 km. A comparison of model simulations using 2 km and 4 km grid spacing with an otherwise
identical configuration confirms that both cases lead to similar results (see Appendix 3). The lake is modeled
by a single slab layer of pure liquid methane, which physically represents the lake mixed layer. The layer is
4



vertically homogeneous and its temperature instantaneously responds to a net change in energy flux. The
slab model does not account for horizontal heat conduction or convection, and neither for exchanges with
the deeper layers of the lake. The lake mixed layer is fixed to 1 m so that the lake breeze solution quickly
stabilizes. Chatain et al. (2022) demonstrated that deeper mixed layers give similar results after a longer
stabilization time. The simulation time step is 63.6 s. The diurnal variation of variables is repeatable after 2
tsols (Titan days) and the runs are terminated after 4 tsols.

Table 1 summarizes key domain parameters for the 10 configurations considered in this study. Each
configuration is tested with and without an initial background wind to isolate that effect. A 2D configuration
(simulations b and B) is also tested to directly investigate the impact of adding the third dimension.

Table 1. Parameter settings for all the simulations.

. . Horizontal Simulation name (no Simulation name (with
Lake configuration . . .
resolution (km) wind) wind)

Circular, 50 km diameter 2 a A
50 km large, in 2D 2 b B
Feia Lacus 2 C C
Abaya Lacus 2 d D
Oneida Lacus 2 e E
Oneida Lacus region 2 f F
Circular, 50 km diameter 4 g G
Circular, 100 km diameter 4 h H
Bolsena Lacus 4 i I
Jingpo Lacus 4 j J

3- The reference simulation: a circular lake

3.1- Arealistic divergence field with 3D simulations

Simulation “a” assuming a circular 50 km lake serves as the reference simulation. Figure 2 compares the wind
circulations in 2D (simulation b) to this reference. In both cases, a lake breeze is present, blowing at the
surface from the cold lake to the warmer land. This breeze has diurnal variations, previously described for
Titan in Chatain et al. (2022), and similarly observed on Earth (for a review see Crosman and Horel, 2010). On
Titan, during the night and at low insolation, the lake breeze extends far over land, while higher insolation
conditions during the day create turbulent convection that mixes and destroys the thermal gradient along
the lake breeze front and reduces the lake breeze penetration distance over the land. At all times at the lake
breeze front there is a strong vertical wind. Then the lake breeze cell is closed by a reverse horizontal wind
at altitude and subsidence over the lake. The circulation has a similar vertical extent in the 3D and 2D cases.
However, the horizontal extent is notably different. In the 2D case, the lake breeze circulation goes further
inland (to a maximum of 150 km from the lake center, compared to 100 km in 3D). Except close to the lake,
the 2D case overestimates the horizontal and vertical winds over the land. As an example, the daytime
surface wind over the land at 50 km from the center of the lake reaches values more than twice
overestimated in 2D compared to 3D (0.08 m/s compared to 0.03 m/s). Relatedly, the subsidence over the
lake in 2D is underestimated by a factor of 2.

These differences are explained by the fact that in the 3D simulation the lakeshore has a curvature that
creates horizontal divergence of the lake breeze. Running a 2D simulation is equivalent to running a 3D
simulation with a rectangular lake that is infinitely long along the y dimension (as shown in Figure 3), with a
lakeshore that has no curvature at all. The effect of lakeshore curvature on the induced lake breeze has been
previously observed and modelled for Earth lakes (Crosman and Horel, 2010). Boybeyi and Raman (1992)

5



show that the effect of lakeshore curvature on the lake breeze structure and intensity is nonlinear. Lakes
with a more pronounced curvature are associated with a more divergent breeze at the surface. That is to say,
in an ideal case without air density variations and without any air flux coming from above, the horizontal
wind intensity at the surface decreases with distance to the lake by simple divergence and mass continuity.
This ideal case would give the equation: U(r).r = U,. R, with U the horizontal wind at the shore of a round
lake of radius R, and U(r) the horizontal wind at the distance r from the lake center. In the case with no
curvature (like in a 2D simulation), both R and r - oo, and we would simply have U(r) = U,, Vr. These
simplistic equations only provide rough guidance, and cannot be used as such in real cases because of the
higher complexity. First, the air density varies with distance from the lake as the temperature increases.
Second, vertical winds (downdraft and updraft) affect mass continuity at the surface. Third, lakes with a more
pronounced curvature (e.g., in the 3D case here) are smaller than lakes with a less pronounced curvature (or
no curvature at all like in the 2D case), and lake size also affects the strength of the lake breeze, with stronger
winds created by larger lakes (this point is detailed further in section 5). In conclusion, the change from 2D
to 3D on the horizontal winds cannot be described by simple scaling equations and instead requires 3D
simulations. In addition, the response of the vertical wind demanded by mass continuity changes between
2D and 3D. Mass continuity and geometrical divergence make the vertical wind in the updraft over the land
weaker in 3D than in 2D, especially when the updraft is far from the lakeshore (i.e., at night). The reverse
effect occurs with the subsidence over the lake: due to flux convergence and mass continuity, the downward
vertical wind is stronger in 3D than in 2D.

The difference in the winds between 2D and 3D results in differences in air-lake exchange (Figure 4). In
particular, variations in the circulation have repercussions on the evaporation of the lake: a weaker
subsidence over the lake in 2D leads to reduced dry air subsidence over the lake. As a result, the humidity is
higher, and the evaporation lower compared to 3D. The evaporation obtained in 2D is underestimated by
~15% compared to the 3D results (Figure 4c,d,l,j), which is non-negligible when computing the estimated
release of methane from the lakes to the atmosphere. As a direct consequence of the decreased evaporation,
the cooling of the lake through evaporation is less efficient in 2D and the lake temperature is overestimated
by 0.1 K (Figure 4f,1), which is a significant variation on Titan (where surface temperature diurnal variations
are at most 1-1.5 K, Cottini et al., 2012) and could affect lake chemistry (Kumar and Chevrier, 2020; Steckloff
et al., 2020) and currents. Although the evaporation of methane is in average more efficient over the lake in
the 3D simulation, the mixing of the moist air is also more efficient in 3D due to 3D geometric divergence and
mass continuity. As a result, the vapor methane mixing ratio is very similar at the shore in the 2D and 3D
cases, but in the 2D case, it attenuates less strongly with distance from the lake (Figure 4e,k). As the cold
moist air propagates further over land in 2D, it cools the land through sensible heat flux. Therefore, the 2D
case underestimates the temperature of the land at some distance from the lake (Figure 4f,l).

In conclusion, 2D simulations result in a qualitatively similar lake breeze circulation as 3D simulations, but
with an overestimated horizontal extent, an overestimated horizontal wind over the land, and an
underestimated subsidence over the lake. As a direct consequence from these modifications in the
circulation, the evaporation of the lake is underestimated and the temperature of the lake is overestimated.
Therefore, we demonstrate here that it is necessary to run simulations in 3D to obtain better estimates of
the wind, evaporation and lake temperature.
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Figure 2. Horizontal and vertical winds as function of altitude, distance to the lake center and time. Comparison of
circulations obtained in 3D (simulation a) and 2D (simulation b) for a 50 km diameter lake. Simulations start at mignight.
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Figure 4. Evolution with time of surface horizontal wind, vertical wind at 170 m, energy fluxes over the lake, methane
mixing ratio and surface temperature. Comparison of results obtained in 3D (simulation a) and 2D (simulation b) for a
50 km lake. The parameter d is the distance to the center of the lake. Energy fluxes are defined from the atmosphere
(or from the subsurface) to the surface so that positive fluxes participate to heat the surface, and negative fluxes to cool
the surface.

3.2- Typical effect of a background wind

On Earth, background winds of 2-4 m/s are strong enough to significantly affect the lake breeze circulation,
and background winds above 6-11 m/s even completely remove the lake breeze (Crosman and Horel, 2010).
On Titan, background winds are expected to be weaker compared to Earth. Titan GCMs suggest winds in the
order of 3.5 m/s at 10 km altitude (Lora et al., 2019), 1 m/s at 1200 m, and 0.12 m/s at a few hundred meters
(Figure 1c). Lake breeze winds are expected to be much smaller on Titan than on Earth, with a maximum of
~0.2 m/s (this study), compared to ~5 m/s on Earth. In this section, we look into the effect of the background
wind on the 3D Titan lake breeze circulation and investigate if lake breezes stand through the relatively high
background wind expected on Titan.

The reference simulation done without background wind (simulation a) is compared to the same simulation
done with the background wind derived from TAM (simulation A) (see Figure 5 and Figure 6). As observed on
Earth with moderate background winds (Crosman and Horel, 2010) and on Titan with previous 2D simulations
(Chatain et al., 2022; Rafkin and Soto, 2020), the lake breeze is still present, albeit deformed by the presence
of a background wind. Windward, the lake breeze front is enhanced and forms a strong vertical plume when
it encounters the background wind, and the inland penetration length is decreased. This prevents the cold
moist air formed over the lake to spread over land on the upwind direction, which affects the air humidity
and evaporation efficiency on the upwind side of the lake. Leeward, the local surface wind of the lake breeze
is enhanced by the background wind going in the same direction. A tail of wind acceleration forms behind
the lake, extending more than 200 km away from the lake center. The horizontal wind at altitude (from
around 30 m to several hundred meters) is accelerated to a value higher than the sum of the lake breeze
without background wind and the background wind (e.g., to 0.2 m/s at 200 m in altitude, while the
background wind there would be ~0.05 m/s, and the lake breeze alone <0.1 m/s). This accelerated wind
pocket at altitude forms essentially at night (see Figure 5b,e,h,k,n and Figure 6b) and is not observed in 2D
simulations (see Figure 5l,0). An explanation could be that in 3D the lake breeze is weaker than in 2D,
especially at night, and that the upper return branch of the lake breeze leeward is not strong enough to form
against the background wind. Strong winds coming from above can then join the return branch of the
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windward lake breeze cell and blow strongly leeward (see Figure 5k). Convergence of the upper winds coming
from the semi-circular front of the lake breeze also enhances the acceleration of the wind locally just behind
the lake. As a result of the combination of the eastward lake breeze and the eastward background wind, the
lake breeze on the downwind side does not have a front, and there is consequently no updraft associated
with it. On this side, the evaporated methane vapor is diffused over the land more efficiently, leading to drier
conditions at the shore, but with more evaporation and colder temperatures over the lake.
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Figure 5. Horizontal and vertical winds. (a-k,m-n) Horizontal and vertical winds for simulation A, with a round lake of
50 km with GCM background winds. The black dashed circles (a-f) and blue line bars (g-o) indicate the position and size
of the lake. The arrows indicate the direction and relative intensity of the wind. For (k,I,n,0) the vertical wind is x100
compared to the horizontal wind for sake of clarity. The dashed black lines on panels (a-f) indicate the position of the
slices plotted with different axes on panels (g-0). Dashed black lines on panels (g-i) show the times in which panels (a-f)
are plotted. Dashed black lines on panels (j, m) show the 170 m altitude level. Dashed black lines on panels (k) and (n)
show the 2.8 and 200 m altitude levels. Panels (I) and (o) give wind results in the 2D case for comparison (simulation B).
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Figure 6. Evolution with time of horizontal wind at 2.6 m and 200 m, vertical wind at 170 m, methane mixing ratio at
2.6 m, latent heat flux to the surface and surface temperature. Comparison of results obtained on the upwind (top
row) and downwind sides (middle row) of a simulation with background wind (simulation A) and without background
wind (bottom row, simulation a) for a lake of 50 km. d is the distance to the center of the lake, along the slice shown
with a dashed line on Figure 5a.

In conclusion, in Titan’s conditions at 74°N at the spring equinox, while the mean background wind used in
the simulations is not strong enough to suppress lake breezes, it strongly modifies their structure. A strong
acceleration of the wind behind the lake at a few 10s to 100s of meters in altitude is predicted. 3D simulations
are necessary to study this phenomenon since it is not present in 2D simulations.

4- Influence of shoreline: examples with some Titan’s lakes

4.1- Influence of shoreline concavity

As mentioned in section 3.1, the curvature of the shore affects the divergence of the lake breeze at the shore.
Here we explore curvature effects by studying how a realistic shoreline (Hayes, 2016) affects a lake breeze
circulation. We simulated, with and without background winds, the lake breeze above two lakes of irregular
shapes at the same latitude (74°N) on Titan: Feia Lacus, which has two inlets creating a peninsula (simulations
c and C), and Abaya Lacus, which consists of two lakes touching in one point (simulations d and D). Maps
comparing winds, evaporation, temperatures and humidity for the round lake, Feia and Abaya are displayed
in Figure 7 (without background wind) and in Figure 8 (with background wind). Far from the lake, beyond
approximatively more than one lake radius from the shore, the lake breeze circulations of Feia and Abaya are
quite similar to the one of the round lake. However, as expected, close to the shore and above the lake, the
circulation is constrained by the lake shape.
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Just above the lake, surface winds increase with the distance from the center of the lake, and are stronger at
the extremities of inlets. Stronger surface winds at inlet extremities enhance the evaporation efficiency, as
seen with the latent heat flux (Figure 7), which varies horizontally between 0.4 and 1.1 W/m?2. Due to
evaporative cooling, the lake is also colder at the extremities of inlets (-0.4 K). These horizontal variations of
the lake evaporation and temperature could lead to horizontal compositional and temperature gradients in
the lake that might trigger liquid circulation and mixing (which are not simulated in this work). The
combination of asymmetric surface winds and heterogeneous evaporation creates a heterogeneous
distribution of cold moist air at the surface of the lake. Consequently, at the surface the cold moist air is
especially located over inlets and lake extremities. In these simulations done over small lakes at a latitude of
74°N and at spring equinox, the maximum relative humidity reaches 86% over inlets and lake extremities at
2.6 m (the lowest simulated level). Saturation conditions are not reached, but slightly different seasonal,
latitudinal or topography conditions could possibly allow the formation of low clouds or fog. The strong
vertical gradient in humidity in the first levels above the lake is due to the very low turbulence (discussed in
more detail in section 6.2).

The horizontal winds over the land close to lakes with complex shapes are also more variable in intensity and
direction compared to the winds around circular lakes. Just like on Earth (Crosman and Horel, 2010;
McPherson, 1970), peninsulas have a convex shoreline that drives lake breeze winds to converge over the
land, and, consequently, to form a strong wind channel along the peninsula flowing from the lake to the land.
This does not happen above concave shorelines where lake breeze winds diverge at the shore. Also, the
strong wind channels above the peninsulas extend from the surface to a few hundred meters altitude (from
200 to 500 m depending on the insolation). These winds are unique to peninsulas. In the case of round lakes
and concave shorelines there is no horizontal wind at 200 m altitude above the shore, where the central
subsidence of the lake breeze circulation dominates. While the subsidence is homogeneous over the lake in
the round case, it is not with complex shorelines. The inlet-shaped sections of the lake evaporate more
methane, and the resulting methane-rich air locally override the lake breeze central subsidence and form
small plumes up to a few hundreds of meters in height. The cold moist air thus transported within the plumes
above the inlets then feeds the peninsula wind channels (seen in the air temperature and humidity maps at
200 m on Figure 7).

Figure 8 shows how the lake breeze structure is affected by both the convexity of the shoreline and the
presence of a background wind. Both effects interfere, creating unique wind conditions over the lake and the
shore.
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Figure 7. Maps, at 2 am and 2 pm, of vertical wind at 170 m, horizontal wind at 200 m and 2.6 m, latent heat flux to
the surface, surface temperature, and air temperature and relative humidity at 2.6 m and 27 m. Comparison of
circulations obtained with a round lake (simulation a), Feia Lacus (simulation c) and Abaya Lacus (simulation d). The
black dashed lines indicate the position of the lake. The arrows indicate the direction and relative intensity of the
horizontal wind.
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circulations obtained with a round lake (simulation A), Feia Lacus (simulation C) and Abaya Lacus (simulation D), with
background wind. The black dashed lines indicate the position of the lake. The arrows indicate the direction and relative
intensity of the horizontal wind.

4.2- Interference of lake breeze circulations created by several lakes

In the lake district on Titan (MacKenzie et al., 2019a), many lakes are confined in the same region. Previous
work in regions with several lakes on Earth (Daggupaty, 2001) noted that lake breezes induced by several
lakes could interfere, limit their respective extension, and create strong convective activity at the confluence
of the lake breeze fronts. To investigate how the proximity to other lakes could influence the circulation
above one lake in Titan’s lake district, we simulated the lake breeze of Oneida Lacus as if it were alone
(simulations e and E) and when surrounded by its nearby lakes (simulations f and F). Results of the wind
circulation are given in Figure 9 in the case without background wind and in Figure 10 in the case with
background wind.

The main result from these simulations is that the presence of nearby lakes strongly affects the resulting
circulation, which is not the linear sum of the lake breeze circulations of all the lakes taken independently.
Depending on the local time and the extent of the circulation around the lake, several lake breeze circulation
cells can develop (e.g., at 2 pm), or only a single large breeze circulation cell but including all the lakes (e.g.,
at 2 am). The first case is the one observed on Earth (Daggupaty, 2001). We observe that if two lakes that
have independent lake breeze circulations are close enough to each other (e.g., for the conditions at 2 pm,
separated by less that the lake size), the individual extents of the lake breezes are shortened, the horizontal
wind becomes nearly zero at the region of convergence, and strong upward vertical winds form. In contrast,
at night there is a single lake breeze cell that includes all the lakes in a large subsidence zone.

In both cases, though more strongly in the single cell case, zones surrounded on one side by several lakes act
like large peninsulas where lake breeze winds converge and create a strong current flowing from the central
lake to the land. Like the peninsula currents in the single lake case, these currents extend higher than the
usual lower branch of the lake breeze, up to 800 m. This affects the upper return branch of the lake breeze,
which usually stands around 400-600 m. As a result, the upper return branch of the lake breeze is
strengthened and starts at lower altitude (above 150 m) between the peninsulas (that is to say, above the
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lateral lakes, as seen at 200 m in Figure 9). Consequently, winds are stronger and of completely different
directions to the case with a single lake.

Figure 10 shows the resulting simulations with an input background wind, in the case with Oneida Lacus alone
(simulation E) and Oneida Lacus surrounded by other lakes (simulation F). Therefore, it shows the combined
effects of the background wind, the use of real lake shapes, and the presence of nearby lakes. The resulting
circulation is complex, with several circulation cells or a single one depending on the local time. Horizontal
wind currents can be very different in intensity and direction from the ones observed in the previous
simulations (i.e., with only one lake, or without background wind), especially at a few hundred meters in
altitude. To conclude, the wind intensity and direction in a location in the lake district and the resulting air-
lake interactions are fundamentally connected to the distribution, shape, and size of all the lakes and to the
background wind.
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5- Influence of lake size: examples with some of Titan’s lakes

Previous simulations have been run for lakes smaller or close in diameter to 50 km, typical to many Titan’s
lakes. However, bigger lakes are also found, up to Jingpo Lacus, which is the largest one with a length of 240
km. Previous studies on Earth lakes have investigated the effect of the lake dimensions on the lake breeze
(Crosman and Horel, 2010). Those studies observe non-linear variations that combine two effects (Boybeyi
and Raman, 1992): i) larger lakes have a larger reservoir of liquid and can therefore evaporate larger amounts
of vapor, and ii) larger lakes globally have a smaller curvature, and their lake breeze winds are therefore less
divergent. Consequently, larger lakes can form well-developed circulations, with stronger horizontal winds,
further inland penetration, stronger and higher fronts, and a weaker central subsidence. Earth studies
observe stronger variations with the lake size for small sizes, and much smaller variations with size for lakes
larger than 100 km. To quantify the effect of size on the breeze circulation and air-lake interactions on Titan,
four simulations of lakes of various lengths with the same horizontal resolution of 4 km, a latitude of 74°N,
and a domain of 800x800 km? were conducted (Figure 11 and Figure 12).

We observe that the intensity of the circulation varies. As seen with Earth lakes, bigger lakes create a lake
breeze with stronger horizontal winds in the whole lake breeze structure and in particular in the wind pocket
acceleration behind the lake (e.g., with a wind increased by +25% between simulations G and J), and a lake
breeze front reaching further over land (e.g., a factor of 2 between simulations G and J). By mass
conservation, the subsidence over larger lakes is weaker (e.g., a factor of 2 between simulations G and J).
Surface winds can be locally stronger on larger lakes (e.g., with a maximum surface wind over the lake
increased by +40% between simulations G and J), in particular because some sections of the lake are further
from the lake center, which has a null horizontal wind.

Latent heat flux is mostly spatially homogeneous over the lake centers, but it increases drastically at the
shore (from a factor of 2.5 to a factor of 10 depending on the distance to the lake center, the shoreline
convexity and the alignment with the background wind). As the area to perimeter ratio increases for larger
lakes, the mean latent heat flux over the lake decreases (e.g., by -8% between the round 50 and 100 km
lakes). Complex shorelines increase the shore length for the same lake area and therefore slightly increase
the mean latent heat flux compared to a smooth circular lake (e.g., by +7% between the round 100 km lake
and the similar size lake Bolsena Lacus). The evaporation is closely related to the lake surface temperature.
A lower mean latent heat flux in absolute value leads to a higher mean temperature over larger lakes (e.g.,
+0.15 K between simulations G and J). Humidity depends on the local circulation and evaporation rate. Zones
of higher humidity are formed in larger lakes, on the sections further away from the lake center. For instance,
the northern section of Jingpo Lacus, which is roughly 240 km in its longest section, reaches a humidity of
96.3% at 2.6 m above the lake during the night. Condensation could then occur below 2.6 m in these
conditions, and possibly also at 2.6 m and above at a different season, as methane evaporation is expected
to be stronger during summer (Chatain et al., 2022; Jennings et al., 2019; Lorenz et al., 2012; Sultana et al.,
n.d.) (see discussion in section 6.2).
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Figure 11. Maps, at 2 am and 2 pm, of vertical wind at 170 m and horizontal wind at 200 m and 2.6 m. Comparison of
circulations obtained with a 50 km circular lake (simulation G), a 100 km circular lake (simulation H), Bolsena Lacus
(simulation 1) and Jingpo Lacus (simulation J) with a background wind. The black dashed line indicates the position of
the lake. The arrows indicate the direction and relative intensity of the horizontal wind.
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Figure 12. Maps, at 2 am and 2 pm, of latent heat flux to the surface, surface temperature and relative humidity at
2.6 m. Comparison of circulations obtained with a 50 km circular lake (simulation G), a 100 km circular lake (simulation
H), Bolsena Lacus (simulation I) and Jingpo Lacus (simulation J) with a background wind. The black dashed line indicates
the position of the lake.
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6- Discussion

6.1- Characteristic dimensions and winds of the lake breeze

A summary of the lake breeze characteristic dimensions and winds for the reference simulation is given in
Figure 13. Our first observation is that while conditions on Titan are extremely different from the ones on
Earth, the lake breezes formed around lakes have characteristics within similar orders of magnitude: for the
Earth, a wind speed of ~5 m/s, a penetration of ~25 km and a height of ~500 m (Crosman and Horel, 2010),
to compare to our Titan simulations with a wind speed of ~0.12 m/s, a penetration of 10-100 km and a height
of ~400 m.

A scaling law obtained in Earth studies by Segal et al. (1997) gives an idea of the balance of parameters that
allows Titan lake breezes to resemble the ones on Earth. The equation is obtained using the assumption that
the lake breeze circulation is forced by conversion of potential energy into kinetic energy through mass
redistribution. Onshore, diabatic heating controls the onshore expansion of the air masses. Offshore, diabatic
cooling controls air mass contraction. The horizontal velocity scale u can then be expressed as in Equation
[1].

3

gHd

u=|12 (1]

pC,T (1 + %)2

Comparing Titan to Earth, the gravity acceleration g is smaller by a factor of 7 (from 9.81 to 1.35 m/s?), the
land surface sensible heat flux H is smaller by a factor of 1000 (from 300 to 0.2 W/m?), the air density p is 5
times larger (from 1.2 to 5.3 kg/m?3), the air specific heat capacity does not vary much (from 1005 to 1101 J
kg K1), and the air temperature is about 3 times lower (from 300 to 92 K). Supposing a similar lake radius d
of 25 km and lake breeze length [ of 25 km, the equation gives a velocity scale of 4 m/s for the Earth, and
0.16 m/s for Titan. These values are similar to the simulated winds, which suggests that the effects of gravity,
sensible heat flux, air density and temperature are mostly well taken into account in this equation, at least
for coarse comparisons.

The lake breeze front expands at a velocity that is of the order of magnitude of the average lake breeze wind
(see Figure 13b). The maximum extension over land can thus be roughly estimated from the horizontal
velocity scale, multiplied by the time of extension. Both on Earth and Titan, lake breezes are partly or totally
destroyed each day. However, the timing and causes are different. On Earth, lake breezes are best observed
on hot summer days when direct insolation quickly increases the land surface temperature. As the lake
thermalinertia is higher, the lake surface temperature changes more slowly. A typical horizontal temperature
variation of ~5 K then leads to the formation of the lake breeze. As lake breezes form due to solar heating,
they last less than half a day on Earth. In our Titan simulations, the temperature difference leading to lake
breezes has two sources: the heating of the land through direct insolation during the day, but also the cooling
of methane lakes through evaporation. On Titan, these two effects have the same order of magnitude (in
particular on the induced sensible heat fluxes, see Figure 13c), whereas on Earth the insolation process is
dominant. The combination of the two processes on Titan leads to a horizontal temperature variation of
~1.2 K between the lake and the land that is roughly constant. The magnitude of this temperature difference
is very large in the context of Titan’s global surface temperature variations of less than 4 K (Jennings et al.,
2019, 2011). Due to these two processes, lake breezes are present at all hours of the day on Titan. However,
during the day the increased turbulence over the land (see Appendix 1) efficiently mixes the lake breeze
front, which is then confined to 10-15 km from the lake shore (see Figure 13a between 9 am and 3 pm). The
lake breeze then starts propagating over land again after 3 pm when the daytime turbulence diminishes. In
total, the lake breeze can extend over land during ~18 Titan hours, which is equivalent to 286 Earth hours,
which is ~50 times longer than the extension time of Earth lake breezes (estimating they extend for ~6 hours).
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Therefore, even if the lake breeze is ~40 times slower on Titan, it can reach a similar or even further distance
over land than on Earth.

Figure 13b shows the evolution of the lake breeze height over one tsol. It is measured as the height at which
the horizontal wind becomes zero before reversing direction. The height of the lake breeze above the shore
is nearly constant during the day, at around 230 m. The heights of the breeze at the front (i.e., at the
maximum horizontal wind variation) and at a few kilometers after are also rather constant (at ~400 m and
~500 m, respectively; we note that the vertical grid spacing is ~100 m at 400 m), except during daytime when
the front is mixed by turbulence. As Titan lake breezes never completely cease, scaling laws made for Earth
lake breezes (where the breeze height increases with time starting from a null extension, see Table 2 in
Crosman and Horel, 2010) cannot be applied directly. From the parameters used in these laws, the
atmospheric stability seems also to play an important role in the breeze height scale, along with air density
and surface sensible heat flux. Thus, a future broader investigation of the lake breeze dimensions and winds
with different environment conditions (season, latitude, humidity, atmospheric stability, etc.) might help
define scaling relations more adapted for Titan.
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Figure 13. Comparison of the characteristics of the lake breeze in the reference simulation [a]. (a) Distance from the
shore to the front, (b) characteristic winds and front speed, (c) sensible heat flux, and (d) lake breeze characteristic
heights. The lake breeze maximum wind is the maximum horizontal wind in the total volume of the lake breeze. The
average surface wind is the average of the horizontal wind magnitude in the surface area covered by the lake breeze at
the first level (2.6 m). Grey zones indicate times when the front is more diffuse.

Figure 14 compares the lake breeze characteristics found for the various simulations presented in this work.
As discussed in the previous sections, it shows that the extension speed of the lake breeze front over land
increases with a larger lake (Figure 14e). The extension speed decreases with a frontal background wind (its
speed slows down during the night, Figure 14d), and in the case of an inlet (Figure 14f). As a result, during
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the extension period (i.e., nighttime) the breeze front is further on land with larger lakes, over peninsulas,
and without background wind or with a background wind from behind (see Figure 14a,b).

The plots of maximum winds in the lake breeze and at the surface show a similar pattern in most of the
simulations (Figure 14c,d,e,f): the winds increase during the day, then decrease when the front starts
extending over land around 2-3 pm. Around 4-5 pm the winds increase again, and reach a maximum around
7-8 pm before decreasing slowly during the whole night. The second maximum coincides with the front
extension maximum speed. We note that the maximum wind in the lake breeze is on average 20% faster than
the maximum surface wind. These maximum winds increase with a larger lake (+20% from a lake of 50 km to
100 km), and from an inlet shape to a peninsula shape (+20% in the case of Feia Lacus). The maximum winds
reach similar values in the cases without background wind and a frontal background wind. However, the daily
variation is slightly different: in the case with frontal background wind, the maximum winds are ~20% slower
during midday, but ~20% faster in the evening, with a maximum around 4 pm. Maximum surface winds are
found over the land, either at the front or in the wind tail.
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Figure 14. Comparison of the characteristics of the lake breeze in different simulations. (a,b) Distance from the shore
to the front and (c,d,e,f) characteristic winds and front speed. Comparison of simulations a (reference: 50 km round lake
without background wind, with a resolution dx = 2 km), A (with background wind), b (in 2D), c (Feia Lacus), g (resolution
of dx = 4 km), and h (larger lake). Simulation details are given in Table 1. Grey zones indicate times when the front is
more diffuse.
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6.2- Evaporation of the lakes

One of the main goals of the present study is to evaluate the importance of lake evaporation on Titan, to
estimate how quickly lake levels could fall because of evaporation, and how much methane could be injected
into the atmosphere to contribute to the global methane cycle. The current work provides some estimates
toward this. Table 2 summarizes the evaporation rates obtained in all the simulations. The lake level change
due to evaporation is computed from the latent heat flux divided by the latent heat of vaporization (5.1x10°
J/kg) and the liquid methane density at Titan’s temperature (447 kg/m3).

Table 2. Summary of the variations of important parameters observed over the lake in the different simulations.

s i, ] Horizontal wind Evaporation Evaporated Relative Surface
over the lake Area .
at 2.6 m rate (km?) mass of CHy humidity temperature
Simulation (m/s) (cm/Earth year) (kg/Earth year) (%) (K)
a: circular, 50 km (no 0.037 84.7 90.41
. 1 1 3101
background wind) [0.000, 0.067] 6 956 >-310 (79.7,89.1] | [90.35,90.46]
A: circular, 50 km
0 0.039 85.1 90.41
. 10
it t\::if]';g)m“nd [0.000, 0.071] 6.2 1956 >-410 (80.0,90.1] | [90.30,90.47]
0.026 86.7 90.53
B: 50 km large, in 2D 2 - ;
>0 km large, in [0.000, 0.069] > (83.8,93.8] | [90.44,90.58]
o 0.037 o 80.6 90.29
C: Feia Lacus [0.000, 0.076] 73 904 3.010 (71.1,85.6] | [90.00,90.40]
0.033 80.4 90.32
. 10
DB [EES [0.000, 0.075] 7.0 1164 3.710 [68.6,85.3] | [90.03,90.42]
0.035 79.6 90.29
E: Oneida L 7.4 2.9 1010
SIEEEILEETS [0.000, 0.074] 880 910 (65.1,85.2] | [89.88,90.40]
F: Oneida Lacus when
0.033 79.6 90.29
10
Su"oungiify other | 15001, 0.075] 73 880 2910 [65.3,85.7] | [89.89,90.41]
0.039 84.0 90.35
: circul k . 2192 51010
G: circular, 50 km [0.002, 0.068] 6.6 ? 6.510 [77.1,89.5] | [90.14,90.49]
0.044 88.1 90.48
o = 10
H: circular, 100 km [0.000, 0.076] 5.6 7 824 19.510 (79.6, 93.6] [90.23, 90.57]
0.043 86.9 90.46
. 10
kel leers [0.000, 0.080] 59 7104 18.710 (66.8,93.9] | [89.89,90.58]
0.045 87.8 90.50
- Jingpo L 7 2272 7.8 1010
J: lingpo Lacus [0.000, 0.096] > 0 57:810 [57.9,96.3] | [89.71,90.69]

Note: values given in bold are averaged values over the lake on tsol 4. Minimum and maximum values are also given for
the wind, the humidity and the surface temperature. Except for the first one (simulation a), cases presented are the
ones with background wind, whose values are less than 5% different from the case without background wind. One
season on Titan is equal to 7-8 Earth years.

The absolute values should be used with care; while the 3D nature of these simulations is a significant
improvement over prior 2D work, the model still lacks other processes, especially internal lake dynamics and
surface currents, that may be important. In addition, the absence of methane exchange between the land
and the air (Faulk et al., 2020) might drive the model to overestimate the lake breeze intensity, and thus the
evaporation rate from the lake. However, if methane exchange between the land and the air were possible,
the land would then participate in releasing methane into the atmosphere along with the lake. Also, most
lakes on Titan are surrounded by topographic features of several hundred meters (e.g., raised ramparts or
rims; Birch et al., 2019; Hayes et al., 2017). These obstacles could substantially affect the winds, and possibly
favor the formation of a thicker cold and moist layer above the lakes, which would also decrease the
evaporation rate. However, valleys and canyons opening in the lakes would then create strong wind
corridors. Further work is needed to take the air-land methane exchange and topography effects into
account. Nevertheless, we anticipate that these two effects would on average decrease the lake evaporation
rate.
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The simulations done in this work yield an evaporation rate of ~¥6 cm per Earth year. This value is significantly
lower than previous estimates, and, in particular, much lower than the values of between 20 and 50 cm per
Earth year provided in Chatain et al. (2022). This difference is mostly due to the various improvements made
to the model, the most dramatic one being the improvement of the turbulence representation. In the new
version, the turbulent mixing over the lake is smaller than previously estimated (the Turbulent Kinetic Energy,
TKE, is 4 orders of magnitude smaller, see Appendix 1). This allows the formation of a thin and very stable
marine layer above the lake, which efficiently reduces the evaporation rate. The decrease of the predicted
evaporation rate compared to Chatain et al. (2022) motivates an update on their discussion on the
evaporation of lakes (their section 6.1). The decrease in the expected evaporation rate found in this study
may be part of the explanation why no variations are observed in the level of large lakes at the North pole:
an underground methane table and some rain could compensate for the low evaporation rate of the lake.
However, a slower evaporation rate makes it harder to explain the emptying of small lakes at the North
(Hayes et al., 2011; MacKenzie et al., 2019a), and the ~1 m/yr level decrease observed at the South pole
(Hayes et al., 2011; Turtle et al., 2009). Although a more thorough investigation of the evaporation rate at
other seasons and latitudes is required, Chatain et al. (2022) suggested that these parameters could only
affect the results by less than a factor of 10. Here we suggest a new process that could help empty these
lakes: the hydrocarbon liquid from the lakes could percolate through the surrounding solid surface, and
possibly also be evaporated at the surface of the land. This process would especially affect lakes surrounded
by drier lands (i.e. in the South), or at higher elevations. The seasonal variations of the surface temperature
in the north polar region investigated both based on infrared and microwave observations from the Cassini
probe (Jennings et al., 2019; Le Gall et al., 2016; Sultana et al., n.d.) indeed suggest the evaporative cooling
of the solid terrains surrounding the lakes. We are planning to investigate the efficiency of moist land
evaporation in the near future.

The modification of the turbulent scheme to allow very small values of turbulence over the lakes leads to the
accumulation of methane vapor in the first altitude level above the lake, which reaches conditions near
saturation. This first model level is at 5 m, and a methane mixing ratio gradient is very likely to be present in
these 5 first meters. This suggests that saturation, and so condensation, could occur within the lowest few
meters, forming a thin methane fog. The investigation of seasonal effects, the addition of the topography
and the inclusion of land moisture in the model might also influence the relative humidity above the lakes
and could lead to more favorable fog conditions. These conclusions support the possibility of fog suggested
by some VIMS observations both at the South and the North poles (Brown et al., 2009; Dhingra et al., 2020).

We note that the temperature of the lakes does not vary much in our different simulations and compared to
our previous study (Chatain et al., 2022). The lake temperature averages ~90.4 K. Lake temperature extremes
are found in the case of Jingpo Lacus with background wind: 89.7 K and 90.7 K (see Table 2). This horizontal
variation of 1 K within the same lake might induce horizontal currents and vertical overturning within the
lake. Lake dynamics could locally heat the surface of the lake and increase the evaporation efficiency. A lake
circulation model would thus be needed to better model the lake surface temperature in the case of large
lakes. At Titan North Pole, there are also three large seas, the largest one being Kraken Mare, which is
1170 km-long. At the large scales of seas, the inclusion of differential insolation, the Coriolis force, and the
effects of sea currents on the sea temperature are more important than over the lakes. Including such effects
in the model will be important to simulate large seas in the future.

Surface wind values over the lakes are maximum at the extremities of large lakes, and increase at lower
latitudes and during summer (Chatain et al., 2022). The fastest surface winds obtained in the lake breeze in
the simulations presented here (at 74° latitude at equinox) are of order 0.1 m/s (see Table 2), which is not
enough to form wind-driven waves according to Hayes et al. (2013), who estimate a wind threshold of 0.4
m/s. We plan to add topography to the model in the near future, to estimate how lake surface winds could
be affected by cliffs or canyons. Such wind variations would also locally affect the evaporation efficiency.
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7- Conclusion

Mesoscale simulations above methane lakes on Titan show that a lake-breeze circulation forms around these
lakes and remains in place all day long, with some diurnal variations. The characteristic size and speed of the
circulation are remarkably close to Earth lake breezes, due to a quasi-equilibrium in the variation of surface
planetary parameters such as gravity, sensible heat flux, air density and temperature. Winds are globally ~40
times weaker than on Earth, but the lake-breeze extension time is ~50 times longer (in particular due to
longer days). As a result, the breeze front reaches a similar distance to the lake as on Earth.

In this work, we especially focused on the impact of adding a third dimension to our model. We conclude
that the use of 2D simulations gives a similar lake breeze circulation as a more realistic 3D simulation, but
with an overestimated horizontal extent, an overestimated horizontal wind over the land, and an
underestimated subsidence over the lake (by a factor of 2). These are due to geometrical divergence /
convergence effects combined with mass conservation. As a direct consequence from these modifications in
the circulation, the evaporation of the lake is underestimated (by ~15%), the temperature of the lake is
overestimated (by ~0.1 K) and the temperature of the land at some distance to the lake is underestimated.
3D simulations with background winds provided by the GCM show the formation of a pocket of accelerated
wind behind the lake at night, which is not observed in 2D. Therefore, 3D simulations provide a refinement
to the 2D solutions that is consequential in the context of Titan’s typical temperature and wind structure.

The implementation of the third dimension allowed us to investigate the effect of new parameters such as
the concavity of the shoreline and the presence of nearby lakes. Simulations show that horizontal wind
channels form from the surface up to 500 m over peninsulas, flowing from the center of the lake to the land,
and in the case of several lakes, from the central lake to the land. These wind currents are fueled by small
updrafts observed at the extremities of inlets. Depending on the insolation conditions, several nearby lakes
can either have individual lake breeze cells whose front convergence forms strong updrafts (at high
insolation), or merge into a unique large lake breeze cell (at night). In the large cell case, internal wind
channels form from external lakes to the central lake. We simulated lake breezes over several known lakes
of Titan, and observed that larger lakes create the largest horizontal temperature variations, the strongest
winds, and the highest surface humidity locations, getting close to saturation conditions.

The improvement of the definition of turbulent mixing above the lakes led to the formation of a stable cold
and moist marine layer in the first 5 meters above the lakes, possibly allowing saturation and condensation
in the first couple of meters. This layer of high humidity diminishes the evaporation efficiency of lakes, which
results in an evaporation rate of ~6 cm/Earth year, notably smaller than previous estimates.

Supporting data

The Fortran source code of the initialization module developed for this work, the simulation input files, the
netCDF simulation outputs, and the post-processing codes to plot figures from the netCDF output files are
available on Zenodo with the DOI: 10.5281/zenodo.8172271.
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Appendix 1- A better turbulence representation for the mtWRF model

We modified the minimum allowable turbulent kinetic energy (TKE) in the Mellor-Yamada-Janjic TKE closure
scheme to better represent Titan conditions. In previous works, the minimum value for TKE per unit mass
was 0.1 m?s2, as in the Earth version of the model. While the default value may be appropriate for Earth, it
is not appropriate for Titan where the TKE is usually several orders of magnitude lower than on Earth. Use
of the default value overrides the predicted TKE value and results in constant parameterized eddy under all
simulated conditions. Therefore, we decreased the lower limit to 3x10°> m?s?, to better capture the dynamic
range of TKE variations computed in the model. The typical TKE above the land is above 2x10* m?s2, which
is well above the updated chosen lower limit for TKE. The TKE computed over the lake is much lower, around
3x10® m2s?, due to the more stable conditions. However, the lower limit for the TKE cannot be decreased to
this value for stability reasons (when the limit is too low, non-physical computational modes grow and
produce model instability). Nevertheless, 3x10°> m?s2 is already a very small value leading to very small eddy
diffusion. A smaller value would physically give similar results: nearly no mixing. We therefore fixed the TKE
lower limit to 3x10° m?s2, which is a proxy for unresolved very small turbulence.

Figure A1l shows the variation of the TKE with altitude and time in the reference simulation ‘a’. It clearly
shows the increase of turbulence over the land during the day in the planetary boundary layer. On the
contrary, the air above the lake is never turbulent. The front of the lake breeze over land corresponds to a
local increase of TKE.
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Figure Al. Turbulent Kinetic Energy (TKE) as function of altitude and time for a round lake of 50 km without
background wind (simulation a). The dark blue bars below the plots indicate the position of the lake. The black dashed
lines indicate the position of the slices plotted with different axes.

Appendix 2- An updated definition for the underground temperature

The definition of the subsurface temperature has been improved in this version of the model. As detailed in
Chatain et al. (2022), the subsurface temperature is used as a lower boundary condition to compute the soil

27



conduction flux using the soil-slab model described in the appendix of Blackadar (1979). Previously the
subsurface temperature was taken as a constant in space (over the land) and time, estimated from the
average temperature of the soil over several simulated tsols (Titan days). Theoretically, the subsurface
temperature used in this soil-slab model should be the temperature at the bottom of the diurnal wave in the
soil, so approximately the average temperature of the surface over several days, which varies with seasons.
To make the model more representative of reality, we made two changes. First, the subsurface temperature
now depends on the proximity to the lake. It is logically lower closer to the lake whose evaporation cools
down the air and persistently cools the nearby ground through sensible heat flux. Second, the subsurface
temperature is now computed from the model based on the diurnal evolution of the surface temperature; it
is the average value of the surface temperature over the previous 24 hours (see Figure A2). The subsurface
temperature and the surface temperature are initialized from a previous simulation in the same
configuration, itself initialized with a spatially constant value for the surface and subsurface temperatures
estimated from the air temperature at the lowest level of the GCM inputs, and run over 4 tsols.
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Figure A2. Surface temperature at 2 am and 2 pm, compared to the underground temperature in the case of a round
lake of 50 km without background wind (simulation a). The dark blue bar below the plot indicates the position of the
lake.

Appendix 3- Effect of the horizontal resolution

In this work, we used two different horizontal resolutions to accommaodate either small lakes, large lakes, or
groups of lakes. To investigate the robustness of the model results with horizontal resolution, we compared
two simulations of a same round lake of 50 km with the two different grid spacings, 2 km (simulation a) and
4 km (simulation g). We observe very similar results on the wind, the latent heat flux, the methane vapor and
the surface temperature (see Figure A3). A few details are worth mentioning. The lake breeze front is ~10 km
wide, and consequently the coarser resolution simulation cannot completely reproduce the maximum wind
at the front. For this reason, we could also expect slightly stronger winds very locally with a resolution lower
than 2 km. Because of a forced ‘average’ over 4 km in the coarser case, the methane vapor distribution has
less spatial variations in simulation g, which in particular smoothens the accumulation of methane vapor at
the shore seen in simulation a. The decrease of humidity then leads to an increase of the evaporation at the
shore in simulation g, especially during the day. This results in a slightly colder lake at the shore. In conclusion,
a finer grid spacing helps resolve the quickly horizontally varying places such as the lake breeze front and the
shore. However, the overall shape of the lake breeze and the average intensity of its parameters are
reasonably well modelled with a resolution of 4 km. Future simulations with a resolution of 1 km might help
defining even more precisely the maximum wind values at the front of the lake breeze (in the order of
magnitude of 15%).
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Figure A3. (a) Horizontal wind at 2.6 m, (b) at 200 m, (c) vertical wind at 170 m, (d) latent heat flux to the surface, (e)
methane mixing ratio at 2.6 m, and (f) surface temperature, at 2 am (blue) and 2 pm (red). Solid lines are for the
reference simulation done with a horizontal resolution dx of 2 km (simulation a). Dashed lines are for dx = 4 km

(simulation g). Both simulations have a round lake of 50 km without background wind. The dark blue bars below the
plots indicate the position of the lake.
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