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Abstract

Dust devils are low pressure convective vortices able to lift dust from the surface of a planet.
They are a common feature on Mars and they can also be found on desertic locations on
Earth. On Mars they are considered an important part of the atmospheric dust cycle. Dust
in Mars is an essential ingredient of the atmosphere where it affects the radiative balance
of the planet. Here we review observations of these dusty vortices from orbit, from in situ
measurements on the surface of Mars and some of the models developed to simulate them.

1 Introduction

Dust devils are low pressure convective vortices, with a dusty core and high rotational wind
speeds, whose intensity depends on the vertical extension of the Planetary Boundary Layer
(PBL) [20]. They are usual in Earth and Mars, being much more common and one order
of magnitude larger in Mars [I]. When these convective vortices attain horizontal velocities
large enough they are able to lift dust inside of the vortex and then they can be directly
observed by high-resolution cameras on orbiters as dusty plumes. Depending on the intensity
and dust amount of the dust devil, and also of the illlumination angle from the Sun, it is
possible to observe its shadow on the ground, and therefore to measure its height. Images
from orbit can also observe the track that dust devils leave on the ground, which can last for
months.

There are now several missions that have landed on Mars. Some of these missions have
carried meteorological sensors like pressure sensors and visual cameras where dust devils
can also be identified. The Phoenix lander, Mars Pathfinder and Mars Science Laboratory
rovers carried both kind of instruments. The close pass of a dust devil produces a short-lived
pressure drop of about 1 Pa in these sensors. However, without further information it is not
possible to know if the sudden pressure drop is due to a dust devil or just to a convective
vortex with no dust inside. Without simultaneous wind data it is also not possible to identify
how far or close the vortex passes or the maximum intensity of the pressure drop at the vortex
center.
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2 Visual observations from orbit

Dust devils from orbit can be directly observed in high-resolution images of the planet; or
their tracks can be identified by linear structures in the ground which sometime can be
observed on different days showing surface changes. Since the use of orbital images provides
a nearly global coverage of the Martian surface statistical inferences of where these events are
more probable can be obtained. Orbital images with dust devils large enough to be observed
allow to estimate their dimensions and movement over the surface. However, only the largest
events are directly observed and their observation depends on the availability of orbit images
of suitable regions for dust devil formation and close to the noon when these events develop
more frequently possibly due to the larger thermal differences between the hot surface and
the colder air. For instance, [0] noticed that images from the Mars Global Surveyor (MGS)
Mars Orbiter Camera (MOC) of some regions with extensive track formation (e.g. Casius
quadrangle) showed absence of dust devils observed, due to the time at which the images
were collected far from local noon.

There are several published works that have studied the dust devils tracks on the
surface. [28] and after [I9] present a search of these ground features using Compact Re-
connaissance Imaging Spectrometer for Mars (CRISM), Context Camera (CTX) and High
Resolution Imaging Science Experiment (HiRISE) images. From these observations they in-
ferred wind directions and dust devils formation rate from 557 dust devils traks. They also
extracted an estimation of the duration of dust devils (from 10s of seconds to several minutes)
from their track lengths and diameters. Vortex wind motions were measured from HiRISE
images in [2] in which dust devils appear in motion revealing tangential winds of around 20
to 30m/s. An extensive survey was made by [0] using images from the MOC camera on MGS
over nine regions on Mars including the Amazonis region, known as one of the most active
dust devil sites on Mars. Images from the same instruments were also used by [3] to evaluate
the four possible landing regions for the Phoenix Mars Lander, measuring dust devils tracks
but with no evidence of active dust devils.

Figure 1: Dust Devil captured from orbit, inside the orange circle, in the image
ESP_021925.1650 from HiRISE instrument on March 31, 2011.

Other instrument that has been used to do similar dust devil studies is the High Resolu-
tion Stereo Camera (HRSC) on board Mars Express (MEX). From these images it is possible
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to measure the dimensions and speed of dust devils, concluding that these dusty events move
with the wind direction [23]. Analysis of dust devil tracks on MOC and HiRISE images by
[24] and [25] also allow to infer surface wind directions that can be compared with results
from simulations donw using General Circulation Models (GCM) [26].

3 Visual observations from rovers

First direct observations of dust devils from Mars surface were obtained by the cameras on
the Mars Pathfinder (MPF) rover. Dust devils were not obvious in the images obtained by
MPF but at least five dust plumes could be identified removing the contribution of the dust
haze and using spectral differencing techniques [13]. New events were detected by [5] varying
the contrast range of the frames, and correcting them with a flat field to eliminate the signal
of the background dust haze. More solid results were obtained by the Spirit mission in the
Gusev crater which identified 533 dust devils observed from Ls 137 to 339 covering a full dust
devil season in the sourthern hermisphere [§].

Figure 2: Dust Devils observed on Sol 616 of Spirit’s mission in Gusev Crater at approximately
1 PM Mars Local Solar Time. NASA/JPL.

Data from the Phoenix lander were analyzed in [4] resulting in 37 unique dust devils in
images provided by the Surface Stereo Imager (SSI) instrument. However sizes and distances
to these dust devils were difficult to analyze. The last visual detection of dust devils was
reported by [14] with images from the Navigation Cameras (Navcam) of MSL. Currently this
is the only visual detection of a dust devil by MSL but this detection is controversial due to
the low contrast of the dust devil that requires very strong image processing techniques to
make it visible.

4 Detections from pressure drops

Sudden pressure drops in the pressure signal of a variety of meterorological instruments on
Mars surface have been used as the basis to characterize statistically the abundance of dust
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devils of many Martian landing sites. Typical dust devils and warm vortices produce local
pressure drops of 0.5 Pa or larger with a variable duration of a few to some 10s of seconds.

A systematic search with the Mars Pathfinder surface pressure data were published by
[15], with 79 detections of sudden pressure drops observed during a period of 83 sols centered
at Ls 163 (North late summer). [4] published a detailed analysis of pressure data from the
Phoenix Mission with 197 vortices found in a period of 150 sols centered at Ls 113 (North
early summer). Systematic studies of Dust Devils with REMS data have been published
recently: [I4] found 149 vortices during the first 360 sols of the mission; [10] and [27] found
245 and 252 events during 707 and 681 sols respectively. Similar methodology was used in [16]
to evaluate the pressure data from REMS instrument during the first two Martian years of
MSL on Mars, with 694 sudden pressure drops found. The larger amount of data examined in
this last work allowed to characterize seasonal changes in the abundance of warm vortices at
Gale crater, observe interannual variability with more pressure drops in the second martian
year than in the first, and characterize the dayly variation of warm vortices activity.

Sol: 86b Sol: 1086
799.00 100.50 872.00
c c
- W\'\A\V/\W/\MW : \AM'\'\«\[/‘MVM . :
€ 87000 f 1S
—_ o~ C
© v © [
o 797.00 ) 3
Q Q
g A_/_/\/\/_U\/_N\N\ W 100.00 2 g /WW 100 X
w0 > 0 >
9 796.00} £ n 868.00 G
£ | 5 & g
3 2
£ £
795.00 > >
=) 866.00 9 >
794.00 99.50
11:01:20 11:01:59 11:02:38 11:03:17 12:31:22  12:32:01 12:32:40 12:33:19
LMST LMST

Figure 3: Pressure drops captured during sol 86 (Ls=200°) and sol 1086 (Ls=32°), with an
almost simultaneous small drop of UV signal (0.3% and 1.2% of UV intensity respectively).
The geometry discards any shadow cast from the masthead or REMS booms.

In order to find if these vortices correspond to dust devils able to lift dust from the
surface one possible strategy is to examine variations in the signal from the REMS UV sensors
at the same time or close to sudden pressure drops. This UV light variations could be caused
by the partial shadowing of sunlight from the dust in the dust devil. One of these events was
found in [10] with a UV drop of 0.3% and a second one on [16] with a more intense decrease
of the UV signal on the order of 1.2 %. Both events are shown in Figure

5 Dust devil models: From data analysis to Large-Eddy Sim-
ulations

Phenomenological models able to provide more information on the vortex characteristics from
the pressure signal they produce [II] and from pressure and simultaneous wind data have
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been presented in [I2]. Simple analytical models have been developed to understand the
basic physics governing dust devils on Mars [20, [9]. General Circulation Models (GCM)
can also be used to investigate the conditions in which these vortices can develop ([17, [18]).
Advanced Large-Eddy Simulations (LES) solving the equations of atmospheric fluid dynamics
with enough spatial resolution to simulate convective vortices have been applied to the study
of Martian dust devils. LES provide an excellent tool to understand the conditions of the
formation of dust devils [22]. From these simulations the convective vortices show velocities
up to around 10 m/s, tangential velocities from 10 to 20 m/s and a pressure drop in the center
of the vortex of about 2 Pa, similar to large events in the in situ measurements from different
spacecrafts. LES show a strong correlation between the intensity of convective motions with
surface pressure that is more noticeable when the pressure is lower [2I]. According to several
simulations, the wind conditions affect also to the formation of convective vortices which are
less probable in windy conditions [7].

6 Conclusions

Dust devils are a common feature on Mars and Earth surfaces. On Mars they are larger, more
frequent and have a larger overall impact than on Earth. The study of dust devils involves
different methodologies from image analysis to meteorological measurements at Mars surface
and numerical simulations. Comparison with results from GCMs and LES can be used as one
of the tests to validate these models. In spite of their frequency and intensity, their overall
effect in the dust cycle on Mars atmosphere is yet to be assesed.
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