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Introduction:

Dust devils have been studied in two principal
ways - by remote observation and by in-situ meas-
urements. Here I attempt to reconcile these very dif-
ferent kinds of data.

Optical Surveys:

Various widely-discrepant optical surveys have
been reported in the literature, from Sinclair’s work
in the 1960s to observations from Mars rovers and
orbiters. Lorenz (2009) showed that surveys to date
all fell on a line of N~50/A, where N is the occur-
rence rate in devils/km2/day ; a more recent evalua-
tion including additional surveys (Lorenz, 2013)
supports that relation, but notes that a particularly
active Chilean site, and Mars orbital observations
(perhaps made more efficient by looking from
above, where the slender aspect ratio of optically-
thin dust devils means their optical contrast and thus
detection efficiency may be higher) may be more
accurately described by N~1000/A.

This perhaps surprising reciprocal relationship
results from a roughly fixed angular size threshold
for detection of devils, such that when a large area is
observed from a fixed station, only the less abundant
large devils are seen. The distance at which a devil
occurs, varies as VA and thus the solid angle sub-
tended (total pixels) varies as 1/A. The cumulative
number of devils above a given diameter varies as
~1/d.

Lorenz (2013) also noted a correlation of dust
devil longevity with diameter, of roughly T~40d"
where T is the duration in seconds and d the diame-
ter in meters.

In-Situ Surveys:

Dust devils (and indeed vortices more generally)
are detected in meteorology data most reliably by a
drop in pressure and/or a rotation in wind direction.
Windspeed and temperature changes are sometimes,
but less reliably, detected. Although various signa-
tures have been measured by vehicle (or foot-borne)
penetrations of devils, for unbiased population sur-
veys, long time series data from fixed stations is
needed, much as such data have been acquired at
Mars.

Lorenz (2012a) evaluate the pressure drops APy
recorded in the two Mars (Pathfinder and Phoenix —
by Murphy and Nelli, 2002 and Ellehoj et al., 2010,
respectively) surveys and one terrestrial one (lam-

beth, 1966), with numbers N of vortex detections of
~80,~450 and ~19 respectively. The Mars data indi-
cate a differential power law (-2) of observed pres-
sure drop. New terrestrial data (N>100, Lorenz, in
preparation) acquired with long-duration ‘expenda-
ble’ data loggers (Lorenz, 2012b) also support this
relationship, which can be expressed as
N(>=AP,)~1/=AP,. It is important to recognize,
however, that the sensed pressure drop at a fixed
station depends on the miss distance x and diameter
d of the vortex, as well as its central pressure drop
AP,

Comparing in-situ with imaging:

A key point here is to assume a typical transla-
tion velocity of dust devils. Fortunately, this is gen-
erally very close to the ambient wind speed, and dust
devils tend only to form when windspeed u is in the
range 1.5<u<7.5 m/s. Thus to within a factor of two
or so for Earth we can assume u~3 m/s.

Oke et al (2007) report in the most active bare
ground sites initiated ~40 devils per km? in a 20-day
period, forming ~30km of track per km? (a rate
quite consistent, given the survey area A=35 km’
with 50/A devils’lkm’/day). Thus to a first order,
there were two devils formed per km® per day, and
each devil produced a track of ~750m, and thus last-
ed about 4 minutes.

If one imposes a periodic boundary condition on
a square lkm domain, then if 40 devils had lkm
tracks, and one would expect one to pass within 25m
of a fixed station. Roughly speaking, with 750m
tracks, perhaps ~40m would be the expected mini-
mum distance.

The pressure drop and windspeed have tradition-
ally been modeled with the classic 1880s Rankine
vortex model, which captures the overall structure
well. However, it introduces an undifferentiable sin-
gularity in the radial profiles which in real vortices is
smoothed out by friction. A less peaked windspeed,
and a slower fall-off with radial distance, that repro-
duces field data better is described by the formalisms
of Burgers, Rott, and most succinctly by Vatistas et
al. (1991).

If a ‘typical’ dust devil (a somewhat meaning-
less term) has a diameter of ~15m, and has a central
pressure drop of ~Imbar, then the observed pressure
drop can be calculated from Vatistas’ formula
(slightly re-expressed)

AP, =AP,,{1- (2/r) arctan ([2x/d]*)}

Which yields an unobservable 0.03mbar. This



calculation underscores the inadequacy of consider-
ing ‘typical’ values, since it is known that fixed sta-
tion observations are of the order of ~1/day for a
0.3mbar threshold. To made a useful evaluation we
must integrate over the population - for example, not
only does a larger dust devil have a lower propor-
tional decrease in pressure drop for a given miss
distance (i.e. for fixed x, arctan ([2x/d]) is much
larger for larger d, but as we noted earlier a larger
dust devil tends to last longer, and thus is more like-
ly to make a close encounter of a given station.

Such an evaluation is best performed by numeri-
cal simulation, and our model is named VEMOOSE
(Vortex Evolution Model with Observation Opera-
tions Simulated Explicitly). A population of dust
devils is introduced into a lkm square grid; they
have a -2 power law central pressure drop (CPD).
The pressure drops observed by a fixed station are
shown in figure 1, under two different assumptions.
First is that the CPD and the diameter are independ-
ent (but both have -2 power laws). If this is the case,
then the observed distribution has a similar shape
(dashed line). On the other hand, it could be that
larger dust devils are more intense — in this (dotted
line) case, the diameter is assumed to be proportional
to the CPD. In that instance, the pressure drops ob-
served have a much shallower fall-off : a large cen-
tral pressure is associated with a large diameter, and
thus a smaller decline with distance. Hence the ob-
servation efficiency of the larger devils is greater.
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Figure 1. Observed pressure drops for a station
at the center of a 1km grid for uncorrelated (dashed)
and correlated (dotted) diameters and central pres-
sure drops, assuming the Vastitas et al. (2013)

It is because these various variables are correlat-
ed that the notion of an ‘average’ dust devil is so
problematic. For a given observing technique, the
‘average’ of what shows up may be quite different
from the average indicated in another dataset. Thus
the population parameters and correlations (e.g. lon-
gevity vs diameter) must be considered in evaluating
the overall dust lifting potential, and in comparing
different datasets.

Dust Devil Tracks

Another window on Mars into dust devil behav-
ior is the (usually-dark) tracks formed by them (fig-
ure 2). These have been used to estimate total dust
devil activity over long periods, and to estimate the
duration of individual dust devils. However, their
interpretation requires some care, as it is known (e.g.
Verba et al., 2012 — see figure 3) that the size distri-
butions of tracks and of dust devils are different.

Figure 2. Abundant trails on the Martian sur-
face are a convenient record of dust devil activity,
providing information on their size evolution, the
tortuosity of their paths, and their longevity.

Such a difference can arise naturally if larger
dust devils are more intense (i.e. higher windspeeds,
which will be associated with higher CPD) and
therefore are more likely to etch visible tracks by
dust-lifting. This is consistent with the most fre-
quently-observed track diameter being larger than
the most frequently-observed dust devils. Note that
the fall-off of track numbers at widths <30m is not
obviously a resolution effect, as the HiRISE imaging
resolution is only 0.5m.
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Figure 3. Data from Verba (2012) showing the
observed relative abundances of dust devil tracks
seen from orbit against dust devils observed in-situ
by the



Reconciling the track and diameter characteris-
tics with in-situ measurements will be a next step in
this work. If CPD is correlated with diameter (as
perhaps the track data suggests) then it may be that
the CPD population is actually a much steeper fall-
off than the -2 power law indicated by the in-situ
observed pressure drops.

Acknowledgements

This work was supported in part by the NASA
Mars Fundamental Research Program
NNX12AI104G. I thank Drs Brian Jackson, Peter
Lanagan, Lynn Neakrase and John Anderson for
assistance with the field deployments.

References

Ellehoj, M. D., et al, Convective vortices and
dust devils at the Phoenix Mars mission landing site,
Journal of Geophysical Research, 115, EOOE16,
2010

Lorenz, R. D., Power Law of Dust Devil Diame-
ters on Earth and Mars, Icarus, 203, 683-684, 2009

Lorenz, R. D., Pressure Drops in Dust Devils :
Earth and Mars, Planctary and Space Science, 60,
370-375, 2012

Lorenz, R. D., Observing Desert Dust Devils
with a Pressure Logger, Geoscientific Instrumenta-
tion, Methods and Data Systems, 1, 209-220, 2012

Lorenz, R. D., The Longevity and Aspect Ratio
of Dust Devils : Effects on Detection Efficiencies
and Comparison of Landed and Orbital Imaging at
Mars, Icarus, 226, 964-970, 2013

Lambeth, R. L,. On the measurement of dust
devil parameters. Bulletin of the American Meteoro-
logical Society 47, 522-526, 1966.

Murphy, J. and S. Nelli, Mars Pathfinder convec-
tive vortices: Frequency of occurrence, Geophysical
Research Letters, 29, 2103, 2002

Oke, A. M. C., N. J. Tapper and D. Dunkerley,
Willy-willies in the Australian landscape: The role
of key meteorological variables and surface condi-
tions in defining frequency and spatial characteris-
tics, Journal of Arid Environments, 71, 201-215,
2007

Vastitas, G. H., V. Kozel, and W. C. Mih, 1991:
A simpler model for concentrated vortices. Exp.
Fluids, 11, 73-76.

Verba, C. A., P. Geissler, T. Titus and D Wal-
ler, 2012, Observations from the High Resolution
Imaging Science Experiment (HiRISE): Martian dust
devils in Gusev and Russell craters, Journal of Geo-
physical Research, Volume 115, E09002,
10.1029/2009JE003498




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


