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Introduction: An important question in the inves-
tigation of the Martian atmosphere is how much dust is
added to it by dust devils. In this study we examine
images of dust devils from the Mars Exploration Rover
(MER) mission to determine the upward mass flux of
dust in the Martian atmosphere, due to dust devil activ-
ity, as a function of height. Thus, we find expressions
for both the quantity of dust lifted from the surface by
dust devils and the height distribution of its exit from
the vortices. We also examine the morphology of dust
devils imaged by the rovers to determine whether it
correlates significantly with upward dust mass flux or
the height distribution for dust devil mass loss to the
atmosphere.

Discussion: Data and observations. The data set is
comprised of images taken by the Spirit and Opportu-
nity cameras between sols 455 and 715. Each imaged
dust devil is examined by hand to find its width at
three points: its intersection with the ground, the hori-
zon, and the top of the visible disturbance, all in pix-
els. The height of each dust devil, as well as all ob-
served dust devil genisis and dissipation events are
also recorded. Each continuous dust devil is numbered
so that the resultant data can later be sorted by individ-
ual dust devil identity or any of the measured charac-
teristics. The distance of the dust devil from the cam-
era is estimated by use of landmarks in the surrounding
terrain as described by Greeley et. al. [1]. Given the
distance from the camera, all the lengths measured
above in pixels can be given in meters.

Analysis of dust devil geometry. This information is
fitted to an assumed quasiconical shape passing
through the three heights at which dust devil width is
measured, generating a unique estimated geometry for
each observation. The geometry of each dust devil is
parameterized by deviation from that of a cylinder
with the same height as the dust devil and the same
diameter as the observed width of the dust devil at the
surface.

Estimation of dust devil mass and vertical velocity
distributions. Material in dust devils usually appears
lighter than the material on the ground and darker than
the background radiance of the Martian sky. The opti-
cal depth of the dust may be determined by compari-
son to these background states. While the optical prop-
erties of dust particles are likely to vary somewhat
with the terrain over which a dust devil passes, esti-
mates are available for the relationship between the

optical depth of a pixel and the mass of dust interposed
between the camera and the edge of the atmosphere, or
the ground, respectively.[1] This process yields a con-
tinuous vertical distribution of dust devil mass at the
time of each examined photograph, running from the
ground to the top of the disturbance—a plot of m
against z.

Renno et al. [2] and Ferri et al. [3] have modeled
the updraft velocities within Martian dust devils to be
near 15 m/s and 20 m/s respectively. Greeley et al.
have subsequently described a process for determining
vertical velocities in Martian dust devils by tracking
the progress of identifiable features from one image to
the next, finding a peak value in their study of 8.8
m/s.[1] We use a variation on their idea. For this
analysis, we simplify the situation by assuming that the
dust particles are small enough that they follow the
flow in which they are embedded, and that the upward
velocity in each dust devil is constant with height.
When consecutive images of the same dust devil are
available, we perform the analysis described above to
get a additional snapshots of the vertical mass distribu-
tion. The vertical mass distribution at each time should
have irregular peaks and valleys which move upward
within the disturbance at some constant speed. This
information, together with knowledge of the time
elapsed between images, would allow for an estima-
tion of upward velocity in an observed dust devil by
charting the progress of such irregularities in the
curve. Rather than rely on a few specific identifiable
features, however, we take advantage of the fact that
our mass distribution is approximately continuous by
simply displacing the mass distribution from the later
images downward until they are in best agreement
with that of the earliest image. The length of the dis-
placement needed to achieve this yields the average
vertical velocity over the time between frames. From
the vertical velocity and mass distribution, we may
determine the vertical mass flux through any horizon-
tal cross section of the dust devil. We can also find out
the quantity of ‘new mass’ that has entered the dust
devil between images, which is just the mass contained
in the dust devil below the height given by the applied
displacement.

Determination of mass ejected from the vorticies
per unit time as a function of height. It is expected that
mass enters dust devils near their bases and exits them
at higher altitudes. Thus the vertical mass distributions
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within dust devils tend to attenuate with height. The
degree of attenuation may be estimated by the applica-
tion of various attenuation factors to the mass distribu-
tion before carrying out the vertical displacement de-
scribed above to find the vertical velocity. This factor
is used to amplify the observed mass curve to what it
would be if no attenuation were taking place, so that
the downward displacement of the curve will fit the
earlier situation well. For example, suppose that a por-
tion of a curve looks like sin(x) near the surface in the
first image, and sin(x)/3 in a later image. Then an at-
tenuation factor of 3, applied to the curve in the later
image, would produce the unattenuated result that best
fits the previously observed curve. The attenuation
factor that provides the best fit to the previous mass
distribution after displacement is used in our calcula-
tions. This factor is a function of height and not neces-
sarily linear.

Since mass is conserved, the mass of dust lost to
the atmosphere by the dust devil is the difference be-
tween the observed attenuated mass distribution and
the calculated unattenuated mass distribution. Since
the mass distribution and attenuation factor are both
functions of height, we are able to estimate the amount
of mass lost in the attenuation process as a function of
height.

Correlation of mass loss to cylindrical and non-
cylindrical morphologies. It is possible that the height
distribution of dust devil mass loss to the atmosphere
is related to the geometry of the dust devil. To investi-
gate this possibility, the dust devils examined in this
study are characterized by their deviation from the
cylindrical shape. We determine the degree of correla-
tion between deviation from a cylinder and both the
vertical velocity and the mass attenuation factor.

Summary: Numerous Martian dust devils are ana-
lyzed to determine their size, morphology and density
distributions. The conservation of mass is utilized to
develop an expression for the density distribution of
dust leaving Martian dust devils and entering the gen-
eral atmosphere as a function of height. These results
are compared to other estimates of the dust distribution
due to dust devils. An analysis is also carried out to
determine whether dust transport varies as a function
of dust devil morphology in terms of deviation from
the cylindrical shape. A data set containing dust devil
heights, geometries, and optical contrast levels is pro-
vided for future workers in the field.

Future Work: More complete analysis of the mor-
phology dependence. The categorization of dust devil
geometry only in terms of deviation from a cylindrical
shape is probably too imprecise to fully express the
dependence of the mass transport characteristics of
dust devils on their morphologies. Dust devils vary not
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vary not only in overall shape, but in mass and velocity
distributions within the bounds of the observed shape.
Further studies may attempt a more rigorous analysis
of dust-devil morphology and how it changes.
Determination of settling velocities. Once the
amount of dust entering the atmosphere due to dust
devil activity is determined, the next logical question is
how long it takes for the dust to settle out. Future stud-
ies may use the optical properties of dust devils, along
with an analysis of the source regions of their particles,
to estimate the settling velocities of particles ejected
from them. Once good estimates of mass transport and
settling rates are available, the concentration of dust in
the Martian atmosphere due to dust devils may be de-
termined.
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