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Dust devils have always been an unusual phenomenon found in arid regions of the earth, but they have been little more than a curiosity to most spectators.  While they may or may not play a significant role in the global weather patterns of the earth, dust devils are an absolutely essential ingredient to understanding the weather cycles on Mars, and as such, they provide an interesting case study for applied fluid dynamics.  To those who study Mars, the transport of dust across its surface and the suspension of particles in the atmosphere are both topics of interest.  Every few years, the Red Planet’s surface is obscured by global dust storms that are so dramatic that they can be detected even by backyard astronomers with relatively inexpensive telescopes [1].  These large-scale dust storms tend to be seasonal though, and they offer no explanation for the amount of dust that remains airborne year-round.  This airborne dust is important to Mars, because the dust impacts the rise and fall of temperatures as the particles in the air absorb and reflect sunlight.  The temperature cycles, in turn, create wind patterns and dictate the global weather on Mars.  Currently, it is believed that dust devils provide a significant portion of the airborne particles in the Martian atmosphere, and thus they indirectly regulate the weather.  In addition to the airborne particle effects, dust devils may also account for much of the erosion and dust transport on the ground.  It is for this reason that physicists have recently begun to study dust devils on Mars, both through direct observation and by testing the theory with computer models.
History


On July 20, 1976, the Viking I lander touched down on the surface of Mars; then, on September 3, 1976, the identical Viking II module also landed on Mars.  The purpose of this mission was to look for evidence of life on Mars, but both of the landers were equipped with meteorological and seismic sensors as well [2].  Dust devils on Mars were first discovered when data was analyzed from both of the Viking landers; however, the discovery was not made in 1976.  In fact, dust devils on the Red Planet were not reported until 1983 [3]!  Even though the landers were equipped with digital cameras, the technology was not capable of capturing dynamic photographs due to its long exposure time and was only effective in photographing static images [4].  Therefore, dust devil evidence was found only through analysis of the meteorological data recorded.  Interpretation of the data was strengthened by data from the Viking orbiter, which produced images in which large dust devils were evident, but they were not interpreted as being dust devils until the early 80’s.  Visual confirmation of the existence of dust devils on Mars was obtained later through pictures taken from more sophisticated orbiters and rovers including at least five images from the Pathfinder rover in 1997 [5].

Dust devils on Mars are comparable to those on earth, and terrestrial dust devils are often studied as an analog for their Martian counterparts.  The dynamics that cause dust devils are quite similar on earth and Mars, but some significant differences exist also, due to differences in planet mass and atmosphere.  On earth, a typical dust devil will span tens of meters and rise several hundred meters into the air.  On Mars, a dust devil can reach upwards of one thousand meters in diameter and rise to over four kilometers high, sometimes carrying thousands of kilograms of dust into the air [5].

The existence of dust devils on Mars has been an undisputed fact since the early 1980’s; however, the observation of dust devils is just the beginning.  Scientists now seek to understand these dust devils more thoroughly, because they offer a highly observable clue toward understanding the dynamics of weather on Mars.  For this reason, many scientists have undertaken the task of finding a suitable model to explain the generation, dynamics, and environmental interaction of dust devils within the Martian atmosphere.
Modeling a Martian Devil 

The simplest model for a dust devil is the “Rankine vortex model”.  An ideal Rankine vortex consists of two parts:  the outer area (called the “zone of influence”) and the core.  The zone of influence exhibits wind speeds that are inversely proportional to the distance from the center of the vortex; within the core, the wind speed increases linearly with distance.  This is a two-dimensional model that applies to any vortex (in any substance), and it is very useful for detecting dust devils (and also non-dust-bearing vortices), estimating the radius of the dust devil, and determining the sensor’s distance from the core [6].  This simple model was used to ascertain that some dust devils passed directly over or near both of the Viking landers.  By analyzing the wind speed measurements, several patterns resembling Rankine vortices were found.  It was determined that some of these vortices were dust-bearing because the power from the solar panels dropped at the same time as the vortex detection, suggesting that airborne dust was reducing the amount of light hitting the solar panels.  This technique has also been used to effectively detect terrestrial dust devils [3].  

The Rankine vortex model is very useful for detecting a dust devil, but it is too simplistic to explain the complex dynamics of a three-dimensional dust devil.  A good model will account for the three-dimensional aspects of a dust devil and will offer some insight into how a dust devil can form.  The current understanding is that the dust devils are generated as a result of surface heating and convection.  As sunlight hits the surface of Mars, the temperature rises, heating the air near the ground.  The hot air rises due to convection and is replaced by relatively cool air that is higher above the planet’s surface.  The cooler air is sucked down the core of the dust devil as the hot air swirls upward around it.  This is found both in simulations and observations of dust devils on earth.
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While the Rankine model only accounts for wind speed, more sophisticated models account for the three-dimensional dynamics of a dust devil involving temperature, wind speed, pressure, and various other variables, depending on the model.  Such models do not implicitly require that dust devils form, but they have demonstrated that the generation of “convective vortexes” is a natural result of the atmospheric conditions simulated.  Further these models have generated virtual dust devils of a comparable size and behavior to those which are observed on Mars [8].  


There are several weather models for Mars, but they share many commonalities.  Most models typically find a numerical solution to the partial differential equations related to convection and diffusion and incorporate feedback from the temperature, pressure, air-density, and any other factors relevant to the desired output.  Most of the models are built using continuum mechanics concepts.  Continuum mechanics ignores the atomic structure of a material and approximates its behavior as a continuous substance with various properties that relate to how the material deforms when subjected to stress or strain.  These properties apply uniformly across every infinitesimal piece of the continuum.  Continuum mechanics assumes conservation of mass and defines the rate of change in the total linear momentum as the sum of all external forces acting on the continuum [9].  

When developing a continuum model, there are several common approaches available for implementing the model on a computer.  It is impossible to calculate a continuum directly on a computer, because that would require calculating differential equations over an infinite number of points, so the continuum is divided into a grid, where each element of the grid contains average property values for all of the substance within that grid element. For example, each element in the grid could be represented by a mass, volume, and net momentum.  There are three common schemes for setting up such a grid for computation.  An Eulerian scheme maintains a fixed set of points and measures deformation of a continuum with respect to those points.  That is, the computational grid describing the material in an Eulerian scheme is fixed in space so that the mass, volume and momentum of the substance within an element of the grid will change with time.  A Lagrangian scheme tracks deformation of a continuum with respect to a previous state of the system, so that the mesh deforms to follow the fluid (constant mass per mesh point but variable volume and momentum).  The most common method for modeling a fluid, however, is the Semi-Lagrangian method.  This method is a hybrid between the Lagrangian and Eulerian methods, in which the substance moves relative to a grid that is fixed in time but not in space.  That means that the grid will deform spacially through a single time step, but then the data is remapped to the undistorted grid shape so that each element has new values.  The mathematical framework for any modern weather model is far too extensive to fit within the scope of this paper; however, as an illustration of the type of calculations that are performed, below  is the general advection-diffusion equation in both Eulerian and Semi-Lagrangian form [6]:


Eulerian Form: 
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Semi-Lagrangian Form:            
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where u is the velocity field of the continuum, Φ is a scalar-field and is a function of the physical properties of the system (pressure, temperature, time, etc), and v is a constant current ( this would be an external wind source in the case of weather modeling).  The advection-diffusion equation is a very general and common formula in fluid dynamics, and it is used in most weather models.  The flow function Φ depends on what model is used for the Martian atmosphere, but it could, for example be a function of pressure, wind speed, and temperature. 

There is still much to understand about dust devils on Mars.  Much is still to be learned about the mechanisms by which dust is lifted from the ground, especially in cases of relatively slow wind speeds [10], but in spite of this, the physical models of dust devils (and of the Martian atmosphere in general) have become highly sophisticated and they have matched observations of Mars in many aspects.  The Mars MM5 model in particular, which is an adaptation of a weather model for Earth, generated very realistic dust devil behaviors.  One of simulated vortices that occurred had a downdraft inside the core of the vortex near the surface (this is the first time that a model has exhibited this observed behavior), and the pressure drop inside the core was also similar to both observations and the theoretically expected values [5].  
Discussion


In studying this topic, it has become apparent that dust devils are of interest to those who study Mars for several reasons.  As stated earlier, dust devils play a significant role in erosion and in the transport of dust on the Red Planet; dust devils also lift significant amounts of dust into the atmosphere.  One estimate based on the Viking lander data showed that approximately 800kg of dust per square kilometer was lifted from the ground each (Martian) day!  This is significant, because the temperature in Mars’ troposphere is stabilized by a nearly constant amount of suspended dust [5].  In addition to understanding the global weather patterns on Mars though, these convective vortices are also of interest to scientists who wish to assess the threat a dust devil poses for Martian rovers (or eventually human explorers).  Dust devils not only generate high winds and flying dust, but it has recently been shown that they also may produce enormous electrostatic potentials.  It has been shown that a 30m terrestrial dust devil can generate electrostatic potentials on the order of 20KV per vertical meter [11]!  Thus they pose a multi-level threat to Martian explorers by threatening to clog mechanical parts, cover solar panels with dust, and possibly even damage electronic equipment by creating high electric fields.  
Observations

Dust devils are very complex, and to understand the theory behind them requires a significant amount of fluid dynamics, continuum mechanics, and thermodynamics, yet conceptually, their role on mars can be easily understood, at least on a basic level.  Based on the idea that dust devils are convection-induced vortices generated when a significant temperature differential exists between the surface and the air above the surface, it appears that dust devils serve an important regulatory role in Martian weather.  It would seem that low dust content in the air over a region would lead to a larger amount of sunlight directly hitting the Red Planet’s surface.  The surface, in turn, would heat up and create the type of temperature differential needed to form a dust devil.  When a dust devil forms though, it picks up dust, thereby reducing the amount of sunlight that is incident upon the ground, which would reduce the temperature differential and the likelihood of more dust devils.  In this way, a dust devil on Mars seems to serve indirectly as a surface temperature regulator much like a cloud does on earth.
References
1. University of Nevada at Reno Website (http://www.unr.edu/nevadanews/vol2no118.htm) 
2. “Viking Fact Sheet” http://www.jpl.nasa.gov/news/fact_sheets/viking.pdf
3. Ringrose, T.J., “VIKING LANDER 1 AND 2 REVISITED: THE CHARACTERISATION AND DETECTION OF MARTIAN DUST DEVILS”, Proceedings from the 6th Annual Conference on Mars, 2003
4. Carr, James R., “The Little Twisters' Impact: Dust Devils on Mars”, Mercury Magazine Vol. 29 Issue 2 page 11 (http://www.aspsky.org/mercury/mercury/0002/contents.html)
5. Metzger, S.M, “Recent Advances in Understanding Dust Devil Processes and Sediment Flux on Earth and Mars”, Lunar and Planetary Science Vol. XXXII, 2001.

6. Ringrose, T.J., Zarnecki, J.C., “Martian and Terrestrial Dust Devils”, Lunar and Planetery Science, Vol. XXXIII, 2002.
7. Xu, Jin, Xiu, Dongbin, and Karniadakis, George Em, “A Semi-Lagrangian Method for Turbulence Simulations Using Mixed Spectral Discretizations”, J. Scientific Computing, Vol 17 #1, December 2002

8. Toigo et al, “Numerical Simulation of Martian Dust Devils”, J. Geophysical Research Vol 108 No. E6, p.5047, 2002.

9. Kennet, B.L.N., “Introduction to Continuum Mechanics”, online textbook-- publisher unknown, Date unknown (I have a pdf copy, but I cannot find the website).

10. Newman, C.E, Lewis, S., “A Dust Transport Model for Mars: From Injection to Deposition”, Department of Atmospheric Oceanic and Planetary Physics, Oxford University.

11. Farrel et al, “A simple electrodynamic model of a dust devil”, Geophysical Research Letters, Vol 30 No 20, p.2050, 2003
*Cover image is from NASA’s Jet Propulsion Laboratory and is freely licensed for use.

**Chart of wind speed vs. radius of a Rankine vortex generated in an Excel spreadsheet for demonstration purposes only.
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