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Introduction: Dust devils are dry, low-pressure vor-
tices that lift dust and may occur whenever atmospheric
conditions support convection. On Earth, dust devils may
contribute to the global dust flux [9], while on Mars,
they may even dominate the dust budget [6]. Condi-
tions near the surface of Saturn’s moon Titan also sug-
gest dust devils may stalk Titan’s equatorial dune fields.
Indeed, Cassini data confirm an active aeolian cycle on
Titan [17], and dust devils may significantly contribute
to aeolian transport on that world. NASA’s Dragonfly
mission to Titan will document dust devil activity, and,
as we will discuss, dust devil likely pose no hazard to
the mission. Our field work with an instrumented drone
replicates, in some ways, the kinds of encounters Drag-
onfly may have, and we will present video footage and
measurements made during these encounters.

Titan’s Atmosphere and Dust Cycle: Saturn’s
moon Titan has a significant atmosphere, consisting pri-
marily of nitrogen and with a surface pressure 50% larger
than Earth’s [7]. At Titan’s temperatures, water forms the
bedrock, while atmospheric methane and ethane act as
condensables. Titan’s atmosphere is also laden with or-
ganic aerosols, produced high into the thermosphere by
photolysis of N2 and CH4 and recombination into long
hydrocarbon chains. These aerosols slowly settle onto
the surface at a rate 10−7 kg m−2 s−1 [10].

Titan also exhibits active aeolian processes. Cassini’s
instruments observed fields of giant sand dunes gird-
ing Titan’s equator and covering about 13% of its sur-
face [14], with expected grain diameters Dp ∼ 200µm
[2]. Cassini’s Visual and Infrared Mapping Spectrometer
(VIMS) also revealed three regional dust storms near the
equator [17] during Titan’s equinox season in 2009, and
radiative transfer models implicate grains about 5µm in
radius and resembling the haze in composition [17].

The dust storms also suggest the possibility of dust
devils. While dust devils observations go back millenia
[13], our understanding of their physics remains poor. If
dust devils do exist on Titan, the unique aerodynamic en-
vironment may provide a novel window into dust devil
physics. We can assess the likelihood for dust devils
on Titan by analyzing the available meteorological data
from the Cassini and Huygens missions.

Dust Devils on Titan: Previous work suggests that
the deeper a planet’s atmospheric boundary layer (PBL),
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Figure 1: Titan’s potential temperature profile. The
blue curve shows the potential temperature profile Θ
(blue) in degrees Kelvin as a function of altitude z in
km, while the orange curve shows the derivative. The
dashed black lines indicate significant kinks in the Θ pro-
file, possibly corresponding to boundary layer features.

the more active and vigorous may be convective vor-
tices such as dust devils [15], so we considered the near-
surface meteorological measurements returned from Ti-
tan by the Huygens probe in 2005, including the potential
temperature profile Θ(z) [20, 5] – Figure 1. To estimate
the boundary layer depth h, we calculated the altitude
derivative of potential temperature dΘ/dz and applied
the Bayesian blocks algorithm [18] to search for statis-
tically robust change points. Frequent convective over-
turn takes place in the PBL, which can produce a region
with a uniform potential temperature (i.e., an isentropic
region). Thus, a change in the potential temperature pro-
file may correspond to the top of the PBL [20].

Below 3-km altitude, we found four change points
at 46 m, 288 m, 440 m, and 2.6 km altitude. The lower-
most point may be the top of the surface layer [19], while
the next two points higher up coincide closely with the
top of a boundary layer previously identified at 300 m
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[20] and which may diurnally deepen to 800 m [4]. The
point at 2.6 km may correspond to the seasonally aver-
aged boundary layer suggested in analyses of GCMs [4]
and the morphology of Titan’s equatorial dunes [11]. For
our analysis, we considered 440 m and 2.6 km for h.

For active convection, there must be sufficient con-
vective energy in the boundary layer to overcome the
boundary layer shear, which we formulated into a cri-
terion for the minimum temperature perturbation ∆T re-
quired to initiate a dust devil convective vortex [8]:
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where f is the Coriolis parameter (1.6 × 10−6 s−1), κ
the von Kármán parameter (≈ 0.4), g the gravitational
acceleration (1.35 m s−2), and CH the surface heat co-
efficient, which is comparable to the surface drag coef-
ficient ∼ 0.002 [1, 20]. Figure 1 shows ∆T/T for the
two h-values. Given a temperature profile and boundary
layer depth, we can estimate the tangential wind speed
corresponding to a given atmospheric temperature per-
turbation near Titan’s surface [16] – Figure 2 shows that,
even for small ∆T , dust devils could loft even small dust
grains. For a PBL 440 m deep, dust devils may have di-
ameters of several tens of meters [8]. Based on these re-
sults, we estimate that dust devils might loft many orders
of magnitude times more dust than is deposited by photo-
chemical haze production [10], significantly contributing
to Titan’s dust cycle.

Implications for Dragonfly: Given the recent selec-
tion by NASA of the octocopter Dragonfly to explore Ti-
tan’s equatorial dune fields in 2034, we may have the
opportunity to probe active dust devils on Titan. The fre-
quency of dust devil encounters will depend, in part, on
the dust devil areal density. We can estimate this den-
sity using scalings for convective activity that have previ-
ously been applied to Titan [12], and we find that, while
they are active during Titan’s mid-day, dust devils may
have an areal density N ∼ 28 km−2 [8].

Assuming dust devils reach Dragonfly’s altitude (≈
500 m), an encounter while Dragonfly is in flight might
occur every 13 km of flight, with two to three encounters
during each flight. The dust devil winds, sufficient to loft
dust, are unlikely to pose a hazard to Dragonfly, though.
However, Dragonfly will spend most of its time on the
ground, meaning encountered dust devils will likely be
carried by the ambient wind. With Titan’s usually gen-
tle winds of . 1 m/s, Dragonfly might encounter one
dust devil every 3.6 Earth hours. More modeling would
improve these estimates, but they suggest Dragonfly will
encounter dust devil regularly, if they exist on Titan.
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Figure 2: Dust devil wind velocities υ (blue/solid
and orange/dashed) for a given temperature perturba-
tion ∆T/T at the center of the convective vortex. The
solid/dashed lines assume h = 2.6 km/440 m. The
solid, horizontal black lines show threshold speeds to ini-
tiate particle movement [3] with diameters Dp = 5µm
(dust) and 200µm (sand). The black vertical lines show
the minimum ∆T/T from Inequality 1.
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