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Introduction

This supplemental material contains additional information on

• the splash model that accounts for the effect of cohesion (section S1),

• the implementation of the discrete element model for granular splash simulations (section S2),

• the implementation of the analytical splash model in the saltation model COMSALT (section S3),

• the computation of the velocity profile in COMSALT (section S4),

• the methodology used to quantify transport intermittency (section S5),

• the derivation of the mass flux scaling for Titan conditions (section S6),

• the Titan general circulation model TAM (section S7).

S1 Analytical splash model

We aim to derive a stochastic splash model to predict the mean velocity 〈vs〉 and mean number 〈Ns〉 of the
splashed grains upon collision of a saltating grain with the surface. The input variables of the model are
the properties of the impacting grain, namely diameter di, velocity vi, impact angle αi, the properties of the
sediment, namely density ρp, mean diameter 〈d〉, and diameter standard deviation σd, and the environmental
conditions, that is, the gravitational constant g and the air density ρf .

We first aim to derive an expression for the mean velocity of splashed grains 〈vs〉. Existing parameterizations
for 〈vs〉 for loose sand grains account for the effect of interparticle collision but neglect the role of cohesion.
Discrete element simulations of the splash process over cohesive surfaces [Comola et al., 2019a] suggested
that the mean splash velocity increases with cohesion, due to the larger elastic energy released upon breaking
of cohesive bonds. To develop a simple and accurate analytical model, let us consider an isolated grain of
diameter d and mass m lying on the surface and held in place by a number Nc of elastic bonds with tensile
resistance (cohesion) Fφ. At time t = 0, a granular impact at the surface strains the elastic bonds to the
fracture limit, leading to the ejection of the grain. The assumption of brittle-elastic bonds is likely to hold
due to the rapid stress rates that characterize the granular splash process [Gold, 1958; Schmidt, 1980]. The
energy conservation of the system requires that the sum of elastic energy, potential energy and kinetic energy
is constant, i.e.,
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In equation (S1), Fn indicates the tensile force in the bonds and kn ∝ Ed is the stiffness of the bonds,
which is proportional to the grain size and the elastic modulus E. The proportionality coefficient depends
on the bond geometry and equals π/4 for cylindrical bonds with diameter and length equal to d. Because
the bond geometry is generally unknown, we assume kn = πEd/4 and assign an effective value to the elastic
modulus E, as discussed later in this section. Further, δ ∈ [0; 1] accounts for possible energy dissipation due
to plasticity and fracture propagation.

We calculate the integration constant by assuming that, at time t = 0, the grain is at elevation z = 0, has
velocity v = 0, and the cohesive bonds reach the fracture point Fn = Fφ. Denoting with φ = NcF

2
φ/2kn

the total energy required to break the bonds, the integration constant is cost = (1− δ)φ, which is the total
energy transferred from the breaking bonds to the ejected grain. At times t > 0, the cohesive bonds are
broken and the elastic energy is null, which implies
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√
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At the onset, when the grain is still at z = 0, the ejection velocity is vs ∝
√

2 (1− δ)φ/m. We thus propose
a novel analytical expression for the mean velocity of the splashed grains 〈vs〉 (equation (3) of the main
manuscript), which combines the ejection velocity of loose grains [Kok et al., 2012] with the contribution
of cohesion. The generalization of equation (3) for polydisperse granular beds with mean diameter 〈d〉 and
standard deviation σd reads

〈vs〉√
g〈d〉

=
µ

a

[
1− exp

(
−a mi

〈m〉
vi√
g〈d〉

)]
+ b

√
2 (1− δ)φ
〈m〉g〈d〉

. (S3)

In equation (S3), mi and 〈m〉 indicate the mass of the impactor and the mean mass of the grains, respec-
tively.

To estimate the mean number of splashed grains 〈Ns〉, we adopt a splash model derived from the energy and
momentum conservation equations [Comola and Lehning, 2017] of the splash process, which read
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In equations (S4) and (S5), εr and µr are the fractions of energy and momentum retained by the rebounding
grain, εf and µf are the fractions of energy and momentum lost to the bed, αi is the vertical impact angle,
cosαs is the cosine of the vertical splash angle, and cosβs the cosine of the horizontal splash angle (see
table S1 for the parameter values tested by Comola and Lehning [2017]). After assuming an exponential
distribution for the splash velocity vs ∼ Exp (〈vs〉) [Anderson and Haff, 1988, 1991; Mitha et al., 1986;
Beladjine et al., 2007], where 〈vs〉 is described by equation (S3), and a lognormal distribution for the particle
diameter ds ∼ logN (〈d〉, σd) [Kolmogorov, 1941; Colbeck, 1986; Barndorff-Nielsen, 1986], equations (S4)
and (S5) lead to the following expressions for the average number of splashed grains
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Equations (S6) and (S7) are generalizations for polydisperse grains of equations (3) and (4) in the main
manuscript. Note that we assumed that cohesion does not affect the rebound probability Pr and the resti-
tution coefficients εr, µr for grains on Titan, similarly to cohesive sediments on Earth such as snow and ice
grains [Nalpanis et al., 1993]. This is probably due to the small contact time scale of the impacting grain
with the surface, which does not allow for formation of cohesive bonds. The geometrical parameters G1 and
G2 in equations (S6) and (S7) read [Comola and Lehning, 2017]
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Furthermore, the coefficients re and rm in equations (S6) and (S7) are the negative correlations between
the mass and velocity of splashed grains, which were shown to increase the number of splashed grains from
polydisperse granular beds [Comola and Lehning, 2017]. Equations (S6) and (S7) further account for the
probability of rebound of the impacting grain Pr. Previous experimental and numerical studies [Anderson
and Haff, 1991; Andreotti, 2004] suggested that this probability can be expressed as a function of the impact
velocity

Pr = 0.96 [1− exp (−2vi)] . (S9)

Table S1: List of parameters used in equations (4) and (5).

Parameter Range Value used Relevant literature
εr 0.25− 0.36 0.30 Rice et al. [1995]; Nalpanis et al. [1993]
εf 0.61− 0.72 0.67 Ammi et al. [2009]
µr 0.44− 0.54 0.50 Rice et al. [1995]
µf 0.37− 0.44 0.40 Rice et al. [1995]
re - −0.30 Rice et al. [1995]
rm - −0.40 Rice et al. [1995]

〈cosα〉 0.76− 0.83 0.80
Willetts and Rice [1986, 1989]; Rice et al. [1995, 1996]; Nal-
panis et al. [1993]

〈cosβ〉 0.41− 0.97 0.97 Ammi et al. [2009]; Xing and He [2013]

In order to use equations (S6) and (S7), we further need to specify the parameters of the cohesive terms,
namely, the elastic modulus E, the three-dimensional coordination number Nc, and the energy dissipation
coefficient δ. We estimate the value of effective elastic modulus E from the experimental measurements by
[Yu et al., 2017], who carried out force-separation tests to measure cohesive forces and bond elongations.
Tholin particles (20-40 µm) were glued to AFM cantilevers using epoxy resin. Force-separation measurements
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were conducted between these particles and both flat film and particles made of the same material as the
glued particle. For each particle-flat and particle-particle cohesion measurement, 2-4 spots on the film or
2-4 particles on the substrate were chosen randomly and a total of 16 approach-retract experiments were
performed (see table S2).

Table S2: List of experiments carried out to estimate the effective elastic modulus. In the experiment name, the
letter indicates experiments carried out between a tholin particle and a film (A) and between two tholin particles
(B). For experiments A, the first number identifies the contact spot on the film (1 or 2). For experiments B, the first
number identifies the tholin particle in the substrate (from 1 to 5). For experiments A, the second number identifies
repetitions of the same experiment.

Test Type Particle size, d Force, Fφ Displacement, ∆φ Energy, φ1 Elastic modulus, E
µm 10−4 N µm 10−11 J MPa

A1.0 particle-film 20 0.0239 0.2044 0.0255 0.7147
A1.1 particle-film 20 0.0226 0.1923 0.0220 0.7384
A1.2 particle-film 20 0.0226 0.1927 0.0218 0.7436
A1.3 particle-film 20 0.0225 0.1903 0.0218 0.7401
A1.4 particle-film 20 0.0225 0.1908 0.0216 0.7437
A1.5 particle-film 20 0.0225 0.1879 0.0214 0.7495
A2.0 particle-film 20 0.0193 0.0599 0.0067 1.7774
A2.1 particle-film 20 0.0199 0.0673 0.0071 1.7819
A2.2 particle-film 20 0.0193 0.0596 0.0068 1.7549
A2.3 particle-film 20 0.0187 0.0617 0.0062 1.8159
A2.4 particle-film 20 0.0189 0.0596 0.0062 1.8327
B1 interparticle 40 0.1202 0.1457 0.1099 2.0918
B2 interparticle 40 0.1174 0.1326 0.0963 2.2772
B3 interparticle 40 0.1187 0.1288 0.1024 2.1893
B4 interparticle 40 0.1205 0.1409 0.1084 2.1317
B5 interparticle 40 0.1212 0.1447 0.1117 2.0912

Example of force-separation curves are shown in Figure S1 for a particle-film experiment (Figure S1a) and
for a particle-particle experiment (Figure S1b). In the approach phase (blue dots), the contact force becomes
compressive (Fn < 0 by convention) as soon as the particle is sufficiently close to create a bond with the
target (approximately ∆n = 0). In the retract phase, the contact force progressively unloads and eventually
becomes tensile (Fn > 0 by convention) until the breaking limit is reached (Fn = Fφ at ∆n = ∆φ). From the
energy φ1 necessary to break the bond (grey area below the tensile part of the retract phase) we estimate
the effective value of the elastic modulus as E = 2F 2

φ/πφ1d. The results, listed in table S2, indicate that E
varies in the range 0.7− 2.3 MPa. We thus choose a representative value E = 1 MPa. It is noteworthy that
the assumption of linear elastic behavior does not accurately describe the force-separation curves obtained
with the adopted experimental procedure, especially for the particle-particle case (Figure S1b). However, we
verified that the error on the value of breaking energy φ1 predicted by the linear theory (φ1 = Fφ∆φ/2) is
smaller than 10% in the particle-film experiments and smaller than 20% in the particle-particle experiments.
Given that our interest lies in the effect of cohesion on saltation dynamics rather than in the mechanics of
the bonds, we argue that the assumption of linear-elastic behavior is sufficiently accurate for the scope of
this study.

The range of variation of three-dimensional coordination number Nc = 3 − 7 was quantified for granular
packings through numerical simulations by German [2014]. Given that the surface grains most susceptible to
granular splash are those exposed to the atmospheric flow and thus in contact with only underlying grains,
we assume a value Nc = 3. The fraction of energy δ dissipated in the breaking of cohesive bonds has not,
to our knowledge, been experimentally quantified. Here, we adopted a value δ = 0.3 and verified that the
model output is robust to small variations in the value of this parameter.

4



Figure S1: (a) Force-separation curve for a particle-film experiment (A1.5). (b) Force-separation curve for a particle-
particle experiment (B5). Blue dots indicate the approach phase, whereas red dots indicate the retract phase. By
convention, compression forces have negative sign and tensile forces positive sign. The gray area below the tensile
part of the retract phase equals the energy φ1 required to break the cohesive bond.

S2 Discrete element model implementation

The discrete element model solves for the equations of motion of spherical particles subject to gravity forces,
aerodynamic forces, inter-particle collisions, and cohesive forces. For the generic particle of mass m, moment
of inertia J, velocity vector V, and rotational spin vector ω, the equations of motion read

m
dV

dt
=
∑

F− g, J
dω

dt
=
∑

R. (S10)

In equations (S10),
∑

F indicates the sum of collisional forces and aerodynamic forces acting on the particle,∑
R the sum of all rotational forces, and g = (0, 0, g) is the gravitational force. The time integration of

equations (S10) is performed with a second-order accurate Verlet scheme [Verlet, 1967].

When two particles are in contact, either as a result of a collision or because they rest one on the other,
normal forces Fn and shear forces Fs at the contact point are simulated with the DEM model PFC3D [Itasca
Consulting Group, 2014], which implements the visco-elastic model of Cundall and Strack [1979]. The elastic
component is envisioned as a linear spring with constant normal and shear stiffnesses kn and ks, while the
viscous contribution is generated by a dashpot model with damping coefficients νn and νs [Akyildiz et al.,
1990], i.e.

Fn = −knδn − νnδ̇n, Fs = −ksδs − νsδ̇s. (S11)

In equations (S11), δn > 0 is the particle interpenetration, δ̇n is the interpenetration velocity, δs is the
relative tangential displacement accumulated during the slip, and δ̇s is the slip velocity. The normal stiffness
kn = πdE/4 is a function of the elastic modulus E (E = 1 MPa in our model) and the particle diameter d,
while the shear stiffness ks = kn/k

∗ is proportional to the normal stiffness through the constant ratio k∗ ≈ 3
[Comola et al., 2019a]. If kn and ks are large, as is typically the case for wind-blown sediments, particle
interpenetration and slip are small. However, if the shear force exceeds the Coulombian threshold µ | Fn |,
significant relative slip takes place under constant shear force Fs = µ | Fn |.

When particles are bonded, as is the case for neighboring elements at the onset of the simulation, the
standard contact model is modified to include additional tensile and shear strengths [Potyondy and Cundall,
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2004]. Accordingly, the elastic spring of equation S11 works also in extension for δn < 0. We define cohesion
Fφ as the maximum tensile or shear force that the bond can sustain before breaking. As long as Fn < Fφ
and Fs < Fφ, significant relative displacement and slip between the particles are suppressed. Conversely, if
the bond breaks either in tension or in shear, the standard contact model is resumed.

In our granular splash simulations, the dimensions of the computational domain are Lx = 20d and Ly = 10d,
with periodic boundary conditions in the x− and y−direction. The granular bed has a porosity p ≈ 0.6 and
mean height h ≈ 12d, which is sufficient to suppress the reflection of shock waves at the lower boundary
of the computational domain [Rioual et al., 2000; Carneiro et al., 2013]. A representation of our granular
splash simulations is shown in Figure S2. For each simulation, we assign the size di, velocity vi, and angle
αi of the impacting grain and conventionally identify the splashed grains as those particles that reach an
elevation above the surface equal to one mean diameter [Crassous et al., 2007]. Because aerodynamic forces
have negligible effects on the granular splash process [Haff and Anderson, 1993], we perform simulations in
absence of background wind.

Figure S2: Representation of the model simulations to study the effect of cohesion on the granular splash process.
(a) A high-speed grain (red sphere) impacts the granular bed, rebounds, and splashes other grains with small liftoff
velocities (green and light blue spheres). (b) Breaking of cohesive bonds upon the same splash event. In the vicinity
of the impact location, some of the cohesive bonds (red beams) break in tension (white beams) while others break in
shear (green beams).

S3 Implementation of the splash model in COMSALT

The numerical saltation model COMSALT [Kok and Renno, 2009] simulates the aeolian transport process
of granular material by solving for particle trajectories in turbulent flows after they are entrained by aero-
dynamic forces or granular splash. Here, we describe how we calculate the actual number and velocity of
single splashed grains given the ensemble mean values predicted by equations (S3), (S6), and (S7).

Whenever a grain of size di, velocity vi, and incident angle αi impacts with the bed, we calculate the
probability of rebound with equation (S9). We then assume that rebound occurs if x < Pr, where x ∼ U(0, 1)
is a random number sampled from a uniform distribution. In rebound occurs, we sample the rebound angle
αr ∼ Exp (〈αr〉) from an exponential distribution with mean 〈αr〉 = 40◦ [Kok et al., 2012]. Further, we
calculate the rebound velocity vr =

√
εr + δvi, where δ ∈ [−0.03, 0.03] is a uniformly distributed random

deviation, and constrain its value by accounting for the actual energy and momentum available for rebound,
i.e.,

vrcosαr ≤ vicosαi (1− µf ) , (S12a)

v2r ≤ v2i (1− εf ) . (S12b)

After solving for the rebound process, we compute the mean splash velocity 〈vs〉 with equation (S3) and the
number of ejected grains with equations (S4), and (S5). For this purpose, we assign µr = vicosαi/vrcosαr
and εr = v2r/v

2
i . We then perform a sequential random sampling of splashed grains until either the energy

balance (equation (S4)) or the momentum balance (equation (S5)) are satisfied. Finally, we sample the
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ejection velocity vs ∼ Exp (〈vs〉), with mean 〈vs〉 given by equation (S3), and the vertical ejection angle
αs ∼ Exp (〈αs〉), with mean 〈αs〉 = 60◦ [Kok et al., 2012].

S4 Calculation of the velocity profile in COMSALT

When examining the variation in saltation dynamics with grain size it is essential to accurately simulate the
effect of the surface roughness on the wind velocity. For this purpose, we calculate the wind velocity profile
in COMSALT accounting for the possible presence of a viscous sublayer in the wind profile developing over
smooth surfaces. The mean wind speed U(z) at elevation z is calculated based on the roughness Reynolds
number Rek = u∗ksρf/µ, where ks ≈ d is the aerodynamic surface roughness, u∗ the wind friction velocity,
and ρf and µ the atmospheric density and dynamic viscosity. When Rek > 100, the wall is aerodynamically
rough and the wind velocity presents a logarithmic profile

U(z) =
u∗
k

ln

(
z

z0

)
. (S13)

In equation (S13), k ≈ 0.4 is the von Kármán constant z0 ≈ d/30 is the roughness height [Nikuradse, 1933;
Bagnold, 1941]. Conversely, when Rek < 3, the wall is aerodynamically smooth and the velocity profile
presents a viscous sublayer underneath the log-layer (z . 30µ/ρfu∗). In the log-layer, equation (S13) applies
with z0 = µ/9ρfu∗, whereas a linear velocity profile applies in the viscous sublayer

U(z) =
u2∗ρfz

µ
. (S14)

When 3 < Rek < 100, the flow is in transitional regime and neither the smooth-wall nor the rough-wall
solutions apply. In this case, we follow the approach proposed by Pähtz et al. [2012] and calculate the
velocity profile in the log-layer with equation (S13) and z0 = dexp(−kB), where

B = 8.5 + [2.5ln (Rek)− 3] exp
{
−0.11

[
ln (Rek)

2.5
]}

. (S15)

This approach allows for a smooth transition in surface roughness z0 between the rough wall and smooth wall
conditions, as shown in Figure S3a. Furthermore, we assume that the viscous sublayer gradually disappears
going from Rek = 3 to Rek = 100. We thus calculate the velocity profile below the log-layer as

U(z) = wRe
u∗
k

ln

(
z

z0

)
+ (1− wRe)

u2∗ρfz

µ
, (S16)

where wRe varies linearly from 0 to 1 in the range 3 < Rek < 100 (note that we didn’t notice any significant
differences in saltation properties using a logarithmic variation instead of a linear one). As shown in Figure
S3b, this approach allows us to a continuous transition in velocity with Rek.

Accounting for the transition from smooth to rough wall significantly affects the prediction of the impact
threshold for sand particles smaller than 0.3 mm on Earth (red curves in Figure S4) and improves the
agreement between the model results and wind tunnel measurements (black markers in Figure S4). On
Titan, however, the effect of accounting for the viscous sublayer on the prediction of the impact threshold
is less significant (blue curves in Figure S4), due to the much lower atmospheric viscosity (ν ≈ 1.24 ×
10−6 m2s−1).
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Figure S3: Evolution of the velocity profile from smooth wall (Rek < 3) to rough wall (Rek > 100) conditions. (a)
Evolution of the normalized roughness with the roughness Reynolds number, from smooth wall (Rek < 3) to rough
wall (Rek > 100) conditions. (b) Variation of the normalized vertical velocity profile with the roughness Reynolds
number Rek, where the smaller value of Rek corresponds to a particle diameter d = 0.01 mm and the larger value to
d = 10 mm.

S5 Aeolian transport intermittency on Titan

Our analyses have suggested that saltation on Titan can be sustained at wind speeds much lower than
those required to trigger aerodynamic lifting of surface grains. Specifically, we estimated that aerodynamic
entrainment requires a wind friction velocity u∗ = u∗,ft ≈ 0.12 ms−1, whereas transport can be sustained by
granular splash at u∗ = u∗,it ≈ 0.03 ms−1. To understand the implications for aeolian transport on Titan,
we compare our transport threshold estimates with the wind speeds obtained from Titan general circulation
models (GCMs) [Tokano, 2010; Newman et al., 2016], which simulate the prevailing easterly winds throughout
Titan’s year. We find that Titan GCMs predict that the friction velocity u∗ in the equatorial band (30◦ S
- 30◦ N) lies between the impact and fluid thresholds for 15 - 30% of Titan’s year (shaded areas in Figure
S5).

These results suggest that the prevailing atmospheric circulation can sustain a ”background” aeolian trans-
port in intermittent conditions [Comola et al., 2019b]. To quantify the intermittency of aeolian transport
on Titan we account for the intermittency factor ηq in our mass flux computations (equation (6) of the
main manuscript), which indicates the fraction of active saltation when the wind speed oscillates between
the impact and the fluid thresholds. Following Comola et al. [2019b], we calculate ηq as a function of the
friction velocity u∗, predicted by GCMs, and using our estimates of the impact and fluid thresholds u∗,it,
u∗,ft. Specifically, Comola et al. [2019b] suggested that the intermittency factor can be calculated as

ηq = 1− Pft + α (Pft − Pit) , (S17)

where Pft = P (ũ < uft) is the probability that the lowpass-filtered wind speed ũ does not exceed the wind
speed uft corresponding to the fluid threshold. Similarly, Pit is the probability that ũ does not exceed the
wind speed uit corresponding to the impact threshold. Further, α in equation (S17) is the probability of
saltation occurrence when the wind speed lies between the impact and fluid thresholds. The expressions for
Pft (Pit) and α read

Pft(it) =
1

2

[
1 + erf

(
uft(it) − 〈u〉√

2σũ

)]
, (S18)
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Figure S4: Variation in the predicted impact threshold u∗,it with particle diameter d. The red curves indicate COM-
SALT results for sand on Earth, with and without including the effect of the viscous sublayer in the velocity profile
(red circles and red triangles, respectively). The black markers indicate wind tunnel measurements of the impact
threshold for sand on Earth [Bagnold, 1937; Chepil, 1945; Iversen and Rasmussen, 1994; Li and McKenna Neuman,
2012]. The blue curves indicate COMSALT results for organic grains on Titan, with and without accounting for the
effect of the viscous sublayer in the velocity profile (blue circles and blue triangles, respectively). Titan simulations
were carried out assuming a particle density ρp = 910 kgm−3 and a cohesive coefficient β = 20 mNm−1.

α =

[
1 + exp

(
u2ft − u2it − 2〈u〉 (uft − uit)

2σ2
ũ

)]−1

. (S19)

We estimate the values of uft, and uit based on the logarithmic law of the wall (equation (S13))

uft(it) =
u∗,ft(it)

k
log

(
zs
z0

)
, (S20)

where zs = 0.1 m is a reference height relevant for saltation dynamics [Comola et al., 2019b] and z0 = 0.005
m is the aerodynamic surface roughness assumed in Titan GCMs [Lora et al., 2019]. In order to apply
equations (S18) and (S19) we further need to specify the mean 〈u〉 and standard deviation σũ of the lowpass-
filtered wind speed ũ. The mean wind speed 〈u〉 is again calculated based on the law of the wall (equation
(S13))

〈u〉 =
u∗
k

log

(
zs
z0

)
, (S21)

whereas the lowpass-filtered wind speed standard deviation is calculated as

σũ = f (Ω)u∗

(
12 + 0.5

zi
−LMO

)1/3

. (S22)

In equation (S22), zi is the atmospheric boundary layer depth, LMO is the Monin-Obukhov length, and
f (Ω) ≈ 0.8 is a scaling factor that depends on the cutoff frequency Ω of the wind speed lowpass filter
[Comola et al., 2019b].
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Figure S5: Frequency distributions of wind friction velocities on Titan generated by the prevailing atmospheric
circulation. The prevailing atmospheric circulation was simulated with general circulation models [Tokano, 2010;
Newman et al., 2016] for the duration of one Titan year (approximately 29.5 Earth years). The red histogram is
specific for the anti-saturnian point (0◦ N, 180◦ E). The blue histogram is an ensemble from 23 locations in Titan’s
equatorial band (30◦ S - 30◦ N).

S6 Saltation mass flux scaling on Titan

To derive a mass flux parameterization for Titan conditions (equation (6) of the main manuscript), we
assumed specific scaling laws for the mean particle hop length L and the mean difference in horizontal particle
speed before and after impacting the surface 〈∆v〉. Specifically, we assumed that L ∼ u∗,it (u∗,it + u∗) /g and
〈∆v〉 ∼ u∗,it. Here, we verify the accuracy of our scaling assumptions for Titan saltation against COMSALT
simulations (Figure S6). In particular, we find that the proposed 〈∆v〉 (Figure S6a) holds despite a small
scatter caused by the dependence of the rebound probability on the impact velocity (see equation (S9)).
Furthermore, the proposed scaling for L (Figure S6b) and the resulting scaling for L/〈∆v〉 (Figure S6c) are
in good agreement with COMSALT simulations for a variety of particle size and friction velocities. This
suggests that the assumptions underlying the proposed mass flux parameterization for Titan accurately
describe the saltation mechanics.

Figure S6: COMSALT predictions of saltating particles’ characteristics on Titan. (a) Scaling of the mean difference
in horizontal particle speed before and after impacting the surface 〈∆v〉. (b) Scaling of the mean particle hop length
L. (c) Scaling of the ratio 〈∆v〉/L.
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S7 TAM simulations of Titan’s aeolian transport

The Titan Atmospheric Model (TAM) [Lora et al., 2015] is a three-dimensional general circulation model
(GCM) of Titan that couples a parameterized physics package to the Flexible Modeling System spectral
dynamical core developed at NOAA’s Geophysical Fluid Dynamics Laboratory. The physics package param-
eterizes processes that are unresolved at the grid scale, and includes schemes for computing radiative heating
and cooling rates, moist physics like convection and condensation of methane, and surface boundary layer
processes including turbulent fluxes of heat and moisture. It also includes a self-consistent land model that
incorporates methane hydrology, including representations of runoff, infiltration, ground methane, subsur-
face transport, and seepage [Faulk et al., 2020]. TAM’s simulated circulation and hydroclimate have been
benchmarked against numerous observations [Lora et al., 2015, 2019; Lora and Ádámkovics, 2017; Faulk
et al., 2020].

Here, we also incorporate the effects of Titan’s large-scale topography on the atmosphere. We use the
unsmoothed, geoid-corrected, interpolated topography map of Corlies et al. [2017] generated from Cassini
data, which is then smoothed to the resolution of the model (64 longitude points by 32 latitude points)
and regularized to minimize Gibbs ripples [Lindberg and Broccoli, 1996]. While this resulting topography
remains uncertain and largely unconstrained by observations, our results indicate that it nevertheless exerts
an important influence on the surface winds and, therefore, on the mass fluxes. Further investigations into
the impacts of topography are warranted.

We perform run-time calculations of the mass flux in TAM by solving equation (6) of the main manuscript
at the model time step of 10 minutes. The intermittency factor ηq is computed with equations (S17) - (S22)
using the values of the friction velocity u∗, Obukhov length LMO, and atmospheric boundary layer depth zi
calculated in TAM. We show in Figure S7 the magnitude and direction of the yearly mass fluxes calculated
with TAM, in absence of large-scale topography (drift directions are in this case aligned with the direction
of the prevailing circulation).

Figure S7: Cumulated mass fluxes (yellow and red arrows) predicted by Titan general circulation model
TAM for one Titan year (approximately 29.5 Earth years) in absence of large-scale topography.
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