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1 Orientation of Titan’s dunes from radar images
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Figure 1: Map of Titan’s dune orientation. Map of radar-measured dune orientation vectors'
(CREDITS: NASA/JPL-Caltech/ASI/Space Science Institute, PIA11801), showing the global
eastward propagation and the divergence from the equator for latitudes higher than 10°.

Fig. 1 shows the map of dune orientation and propagation, indicated with vectors, over a near-
infrared basemap derived from Cassini ISS (Imaging Science Subsystem) images'. The direction of

propagation is obtained by looking at dune morphology around obstacles and dune terminations, with
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for instance some dunes stopping on the west side of obstacles and others diverting and recombining
beyond the east side of obstacles. This analysis reveales that all dunes propagate eastward. Concern-
ing the North-South orientation, a statistical analysis indicates that dunes tend to diverge poleward for
latitudes higher than around 10° N/S2.

Images of Titan’s surface obtained by the Cassini’s radar SAR (Synthetic Aperture Radar) suffer
from errors from a variety of sources, the most prominent being speckle noise. This noise refers to
the constructive and destructive interference of scattered energy from roughness elements on a scale
smaller than the size of a SAR pixel. The result is a multiplicative noise, which hinders interpretation.
An advanced denoising algorithm has been adapted to Cassini SAR data>. It has been applied to the
original image (i.e. the image by Cassini Radar, T8 flyby) of Fig. 4a of the letter to significantly
reduce the noise.

Fig. 3a and 3b of the article show dune orientations obtained in the same way as Fig. 1 but with
denoised radar images whose dunes segments have been detected? and their orientation averaged over

areas of 8°x8° in longitude-latitude.

2 Calculation of general circulation winds

Description of the IPSL Titan GCM

For this study, we used a 3-dimensional GCM*°. A horizontal resolution of 32 x 48, corresponding
to resolutions of 3.75° latitude by 11.25° longitude, is used for the simulations. This GCM covers
altitudes from the ground (first level at 35 m) to 500 km. The dynamical core is based on the most
up-to-date version of the LMDZS. It is a finite-difference discretization scheme that conserves both
potential enstrophy for barotropic nondivergent flows, and total angular momentum for axisymmetric
flows. The version used in this study includes gravitational tides’, though the impact in the tropo-
sphere does not influence the effects described in this work. We found tidal effects on the pressure
similar to previous works’, but tidal winds are much weaker in our model. We use a fully coupled
aerosol microphysics calculated in 2D (zonally averaged)®. The present model is dry and does not

take into account the methane cycle. The profile of methane is fixed (close to the HASI profile®)



for the radiative transfer. The latter is based on the McKay radiative code !° and includes the diurnal
cycle. The radiative transfer is called 200 times per Titan day. For the surface, we use an albedo of
0.3, a rugosity length of 0.005 m, an emissivity of 0.95 and a thermal inertia of 400 J/m?/K. In this
study, we run the GCM with a flat topography.

To calculate the friction speed u, from the GCM wind u at an altitude z, we use the relation:

K
= —u
In(z/z)
with xk = 0.4 the Von-Karman constant and z; = 0.005 m the rugosity length. The threshold u,,=0.04

(D

Uy

m/s corresponds to a wind speed of 0.89 m/s at 35 m.

GCM wind statistics:

For all calculation implying the GCM wind statistics (e.g. sand fluxes), we use instantaneous GCM
winds with 20 outputs per Titan day and combining wind series at all longitudes. The dissimilarities
for wind statistics obtained for different Titan years are negligeable. Fig. 2 shows the surface wind
roses produced by the GCM in the equatorial band. Surface winds are essentially bimodal. At the
equator, they blow from NE to SW in northern winter and from SE to NW in northern summer. For
latitudes higher than 5° N/S, the summer winds are eastward. Because of Saturn’s eccentricity, the
southern summer is shorter and hotter than the northern summer. This implies that northerly winds

are less frequent but stronger than southerly winds.

Fig. 3 shows the relative probability of the friction speed from the GCM (in red) at the equator
and per bin of 0.001 m/s. Wind speed exceeds the threshold friction speed of 0.04 m/s only around
0.06 % of the time. The GCM wind statistics are well described by a Weibull distribution (in black
in the figure), for which the probability of exceeding a friction speed U is P(> U) = exp(—(U/c)*),
with ¢=0.0157 m/s the scale parameter and k=2.15 the shape parameter. In order to represent the
higher variability of Titan’s winds due to local gusts that are not captured with the low-resolution

GCM grid (typical size of the spatial grid: 500 kmx 170 km), we have also considered the case of
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Figure 2: Wind roses (direction and speed) produced by the GCM. The roses have been obtained
with instantaneous winds at 35 m at 0°N (left) 10°N (middle) and 20°N (right). The frequency is
given in percent.

6 ; ; ;
— GCM winds

5f GCM winds with
X —
D increased gust
=, ___ Weibull distribution
% (k=2.15, ¢c=0.0157 m/s)
-8 3 __ Weibull distribution
= (k=2.15, c=0.019 m/s)
o
= 2r
ks
[0}
o 1

0

0 001 002 0.03 004 005 006 007 0.08
Friction speed (m/s)

Figure 3: Statistics of GCM winds at the equator. The different lines correspond to the relative
probability of friction wind speed per bin of 0.001 m/s for the GCM winds (in red) and the GCM
winds with increased gust (in orange) at the equator. The black line corresponds to the Weibull
distribution fitting the GCM wind statistics (coefficient k=2.15 and ¢=0.0157 m/s) and the blue line
the distribution fitting the GCM wind statistics with increased gust (coefficient k=2.15 and ¢=0.019
m/s).

an increase of wind speed by 20% (in orange in the figure). This arbitrary value corresponds to a
significant increase of wind and leads to a one order of magnitude stronger sand transport. Because

of the weak turbulence in the boundary layer!!, it is likely to be a quite high value for high value for



the representation of missing gusts. Concerning wind statistics, it is equivalent to an increase of the
scale parameter of the Weibull distribution by 20% (in blue in the figure). In these conditions, the
wind speed exceeds the threshold of 0.04 m/s around 0.7 % of the time (i.e. around ten times more

than without correction).

3 Simulation of methane storms

Description of the TRAMS model

The Titan Regional Atmospheric Modeling System (TRAMS) is a coupled, regional-scale dynamics
and column microphysics model !>!3. The governing equations for the dynamical core are the standard
non-hydrostatic Reynolds-averaged primitive equations'*. The microphysics package was adapted
from Barth et al. (2006)'> and operates independently on each column. Methane cloud particles
form through nucleation onto submicron-sized haze particles. Through condensation and coalescence,
methane particles can grow up to millimeter sizes. Depending on the temperature of the surrounding
environment, the methane clouds form as either ice particle or droplets; melting and freezing of cloud
particles is also included. Liquid droplets are treated as a mixture of N2/CH4 following the work of
Thompson et al. (1992)6.

TRAMS is run here as a 2-D model. The 2-D simulations are run with a horizontal grid spac-
ing of 1 km, and a total horizontal extent of 1000 km. Cyclic horizontal boundary conditions are
employed. The vertical grid extends up to about 50 km; vertical layers are more compact near the sur-
face, starting at about 15 m spacing and extend to constant 2 km spacing above 15 km altitude. The
atmosphere is initialized horizontally homogeneously using the temperature-pressure profile mea-
sured by the HASI instrument on the Huygens probe!’. An initial horizontal wind is included using
the u-velocity component from the GCM simulations. For methane, we construct profiles using a
fixed amount of convective available potential energy (CAPE); we look at cases with CAPE=250 and
CAPE=500 (equivalent to a methane mixing ratio of 5 g/kg, or 10 g/kg, respectively, near the sur-
face). Cloud formation is initially triggered by perturbing the atmosphere with a warm bubble (the

air is locally warmed in the first km), which has a maximum atmospheric temperature increase of 2



K. This 2K perturbation is a classical method to trigger deep convection in mesoscale simulations of
terrestrial storm '8. It is also possible to trigger deep convection with initial vertical updrafts (typically
1 m/s) but both methods lead to similar cloud dynamics'®. In reality, the moist convection would be
triggered by updrafts produced by planetary waves, the Hadley cell convergence, the diurnal cycle or

the topography. The updraft velocities at largescale trigerring storms could be obtained from a GCM.

Dynamics of convective cloud systems

2D simulations of methane storms have been performed with our mesoscale model investigating in
more details the effect of wind shear and CAPE on the storm dynamics, morphology and life time2°.
It revailed behaviors similar to 2D simulations of terrestrial storms?!. We therefore expect the dynam-
ics of the various kinds of Titan’s storms (i.e. from individual convective cell to mesoscale convective
systems) to be very similar to those of terrestrial storms. In particular, in our simulations the propaga-
tion and lifetime of Titan’s storms is mostly controlled by the gust front. The leading edge of the gust
front is able to lift moist air from the surface to trigger a new cell. When this new cell is close enough
to the previous cell they merge together, increasing the lifetime of the storm and the strength of the
gust front. When the gust front moves too quickly compared to the storm, they become disconnected
and the storm dissipates. If a new cell were produced it would not be able to merge with the previous
one. Fig. 1 of the letter in the manuscript reveals this behaviour. A new cell is produced in Fig. Ic
at around 20 km of the pre-existing cell and merges with it. Other cells were produced by the leading
edge of the gust front before this event. We found that these new cells form at 20-40 km in front of the
pre-existing cell before merging with it. In figure 4d, the gust front has moved away from the mean
cell. It triggers a new cell but too far (100 km) from the pre-existing cell and they dissipate.

Our idealized 2D simulations of methane storms and gust fronts are representative of large storms
or mesoscale convective systems (typically 100-1000 km in latitude), as those observed by Cassini?*%3.
Small isolated convective clouds, as the ones simulated in 3D by Hueso and Sanchez-Lavega 2006,
should produce weaker gust fronts than in our simulations and with a more istropic direction. How-

ever, multiple small convective clouds should merge into larger storms (see supplementary figure 2 in
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Figure 6: Longitudinal dunes in Egypt and Algeria. Map data: Google. (a) Dune field in Egypt
(25.5° N, 26.25° E) with the sand flux roses calculated from winds at 10 m. (b) Dune field in Algeria
(29.5° N, 5.5° E). The arrow corresponds to the resultant drift direction calculated with the sand flux
rose.
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