
Fig. 1. Martian dust devil imaged by the NASA 
Mars Exploration Rover Spirit on Sol 486. 
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Introduction:  Martian dust is an important com-

ponent of the current atmospheric, meteorological and 
surface processes in action on the Martian surface.  
Mars dust cyclones or dust devils are of particular 
interest to the scientific community due to their ability 
to create and maintain the presence of fine-grained 
dust in the atmosphere [1], [2]. 

Since 2001 we have been designing, building and 
field testing proof-of-concept Mars lander instrumen-
tation at a Mars analogue site on the Santa Cruz flats 
in southern Arizona in preparation for flight opportu-
nities to measure the dynamics and characteristics of 
Martian dust and sand.  This research has led to the 
development of several instrument and instrument 
suite designs that will accurately measure particle 
characteristics and dynamics at the surface of Mars.  
A recent development in the maturation of these tech-
nologies has been the demonstration of a dust flux 
instrument that can measure the size, shape and veloc-
ity of airborne particles without relying on particle 
capture.    

Research Motivations:   
Science Motivations.  The study of Martian dust is 

currently an active topic of research due to the role it 
plays in the current atmospheric, meteorological and 
surface processes on the planet.  Mars surface proper-
ties and dynamics at several areas on the planet are 
known to depend on the local dust characteristics [3].  
Suspended dust directly absorbs and scatters solar 
radiation, while absorbing infrared radiation, and 
therefore affects the atmospheric heating rate [4] and 
modifies the surface radiative balance [5]. This causes 
increases in the atmospheric temperature near the top 
of the dust layer, and decreases in the temperature at 
low levels and the surface.  These effects depend 
strongly on the dust particles’ composition and size 
distribution, as well as the atmospheric dust content.   
Suspended dust also provides nucleation sites for con-
densing water and carbon dioxide ice, removing it 
from the atmosphere and depositing it at the Martian 
surface and polar caps [6], [7].   

It has been suggested that electrical discharges and 
nonthermal emission might occur during Martian dust 
storms [8].  The intensity of these discharges depends 
on the dust particles’ composition and size distribu-
tion [9].  Triboelectric charging of saltating and col-
liding dust particles produces strong electrical fields 
in terrestrial dust events, sometimes in excess of 100 
kV/m [10]. 

Our current best estimates for Martian dust pa-
rameters have come from fits of various atmospheric 
scattering models to telescopic, orbiter and lander 
remote sensing observations.  But such modeling is 
strongly affected by the assumptions for particle 
shape, size distribution and opacity.  The uncertainties 
in these input parameters have led to various estimates 
for the dust cross-section weighted mean radius that 
vary by almost an order of magnitude [11].  Recent 
studies into Martian water-ice cloud microphysics 
suggest that even the particle size distributions are 
also not well known [12].  Clearly, research focused 
on Martian atmospheric and surface dynamics needs 
better-constrained dust particle data.   

In addition to our need to better understand the 
ambient dust environment on Mars, we are also inter-
ested in developing a better understanding of dynamic 
Martian dust events:  dust cyclones or dust devils in 
particular.  Extremely large and active dust cyclone 
events have been observed on Mars by the Viking Or-
biter [13], the Mars Global Surveyor [14] and the 
Mars Pathfinder [15] spacecraft.  Fig. 1 shows a Mar-
tian dust devil imaged by the Mars Exploration Rover 
Spirit on Sol 486.  At present they are the most fa-
vored mechanism for explaining the continual pres-
ence of fine-grained dust in the Martian atmosphere 
[1], [2]. 

Exploration Motivations.  The potential threat 
planetary dust poses to manned missions has been a 
known risk to mission planners for quite some time. 
The surface missions of the Apollo Moon program 
clearly demonstrated the need for the implementation 
of dust mitigation strategies on future long duration 
planetary surface missions.  Apollo 17 commander 
Gene Cernan, for instance, stated during his Apollo 
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17 technical debrief, “I think dust is probably one of 
our greatest inhibitors to a nominal operation on the 
Moon.  I think we can overcome other physiological 
or physical or mechanical problems except dust” [16].  
And during Apollo 12, dust degraded the seals on Pete 
Conrad’s Extravehicular Mobility Suit (EMS) enough 
to cause a measurable leak during the very first extra-
vehicular activity (EVA).  The leak worsened after the 
second EVA and would probably have caused the can-
cellation of a third Apollo 12 EVA, had it been sched-
uled [16]. 

Since Apollo, various theoretical studies have been 
conducted to understand the nature of the threat both 
on the Moon [17] and Mars [18]. 

Perhaps the best understood and least troubling 
types of planetary dust hazards are those that might 
affect a planetary lander’s or habitat’s engineering 
systems.  For instance, mechanical systems could be 
compromised if small particles become lodged be-
tween moving parts – causing excessive wear and 
premature failure. Or dust could coat a lander’s inte-
rior and exterior radiators and, due to the low emissiv-
ity of most soil-derived types of dust, cause premature 
system failures through the generation of excessive 
heat. A habitat’s electrical systems could also be dam-
aged by dust if the dust coats electrically conductive 
components or causes an electrical shock due to elec-
trostatic discharge.   

The more troubling types of dust hazards that 
might confront a manned planetary mission are those 
that could directly affect the health of the crew. The 
Viking lander missions, for instance, indicated the 
Martian soil might have chemically reactive oxidation 
properties.  And due to the high concentrations of 
sulfur and chlorine in the Martian soil, it is also pos-
sible that airborne dust might be acidic.  Not only 
could this cause excessive equipment corrosion but 
Martian soil and dust could also be irritating to the 
skin or damage human organs [18]. Even chemically 
inactive dust poses a risk to humans.  Individuals ex-
posed to dusty environments on Earth are known to be 
at risk for developing silicosis, an inflammation of the 
lungs due to concentrated exposure to silica.  Long-
term astronaut health could also be jeopardized due to 
the presence of other hazardous material in dust and 
soil. Based on robotic Mars lander measurements to 
date, hexavalent chromium, arsenic, beryllium and 
cadmium are all metals that could conceivably be pre-
sent in Martian dust [18].  If such particulate material 
were present in a Martian habitat at concentrations 
greater than 1 mg/m3, then astronauts would be ex-
posed to an unacceptably high level of risk for devel-
oping cancer during their lifetime [18].  Biological 
contamination of a Mars habitat by Martian organisms 

is also a risk, but one that is considered extremely 
remote. 

The primary mechanism by which planetary dust 
will be transported into a habitat or spacecraft will be 
through human interaction with the planet’s surface 
and atmosphere.  Part of a manned mission’s normal 
activities will be for astronauts to leave the habitat and 
go out on EVA to: explore the terrain, conduct scien-
tific experiments and surveys, collect samples for fur-
ther study back in the habitat or on Earth, and conduct 
repair and service activities on their spacecraft and 
equipment.  This type of activity will end up coating 
the astronauts and their equipment in a layer of dust 
and soil that will be transported into the habitat 
through the spacecraft’s airlock upon an astronaut’s 
return.  Various pilot studies have been completed at 
Mars analogues on Earth to better understand the 
scope of the problem [19]. 

In order to develop a reliable understanding of 
planetary dust particles and accurately characterize 
their upward and downward fluxes, concentrations, 
size distributions and dynamics, an in situ planetary 
lander experiment is needed.  Such an instrument 
needs to continuously and autonomously monitor the 
planetary dust environment with minimal directions 
from the ground and be designed so as not to bias the 
particle measurements. 

Instrumentation Development:   
Overview.  Since 2001 we have been experiment-

ing with various proof-of-concept configurations of 
electromagnetic and electro-optical instrumentation to 
measure and characterize naturally occurring dust 
activity at a Mars analogue located on the Santa Cruz 
flats in southern Arizona.  These sensors have in-
cluded:  electrometers, an ultra-violet Doppler lidar 
(see Fig. 2), visible imagers, thermal-infrared imagers 
(see Fig. 3), bright-field illumination digital micro-
scopes and a particle image velocimeter.  The results 
from our field test experiments have led us to the con-
clusion that a dust flux instrument needs to be an in-
tegral part of an airborne Martian dust experiment. 

 
Fig. 2. Doppler lidar backscatter return as a function 
of distance from a large dust cyclone observed on June 
11, 2005 on the Santa Cruz Flats. 
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Fig. 4. Typical dust flux measurements from a me-
dium-size, terrestrial dust devil. 

Fig. 5. PIV instrument field-tested with ancillary 
anemometers and dust flux sensors to independently 
measure performance. 

Fig. 6. Calibration image of the PIV field tested in-
strument. 

 
Fig. 3. Three thermal infrared images of the same dust 
devil observed on June 13, 2006 – the middle frame 
was acquired 35 seconds after the frame on the left, 
the frame on the right was acquired 42 seconds after 
the center frame. 
 
Although airborne particle sizes and particle size dis-
tributions can be inferred by inverting the data re-
turned from visible imagers, infrared imagers and 
lidar, the most accurate particle measurement tech-
nique is to measure particles in situ. 

Dust flux instrumentation.  Our measurements of 
dust concentrations inside terrestrial dust devils typi-
cally indicate particle mass concentrations on the or-
der of 20 mg/m3 for typical, medium-sized dust cy-
clones and concentrations greater than 150 mg/m3 for 
large, long-lived (>30 min.) ones.  During our Santa 
Cruz field trials we have experimented with a variety 
of techniques to measure airborne particle concentra-
tions.  These techniques have included 2 main types of 
strategies:  the use of witness samples and microscope 
imaging and devices that rely on the backscattering of 
light from a known light source to infer particle size.  
We have found difficulties with using both of these 
types of approaches and they are incapable of measur-
ing particle velocity.  To get around these problems, 
we have developed a novel particle imaging velocime-
ter (PIV) to measure particle sizes, particle concentra-
tions and particle velocities. 
   

 

Large Depth-of-Field Particle Image Velocime-
ter (PIV):   We have developed a large depth-of-field 
PIV instrument over the last two years to remedy the 
problems we found with existing particle measure-
ment architectures.  It is currently our preferred in-
strument design for measuring particle sizes, particle 
concentrations and particle velocities on the surface of 
Mars.  It was successfully field-tested at our Santa 
Cruz flats Mars analogue site in 2006 and 2007 (see 
Fig. 5).   

 

The instrument is designed to operate afocally 
such that particles in a large volume (0.5 ml) are im-
aged with the same resolution, independent of where 
the particles are located within the volume (see Fig. 
6).  An active light source provides the particle illu-
mination and to date we have successfully used both 
light emitting diodes (LED) and diode lasers in the 
445-470 nm wavelength range.  The instrument util-
izes a two-dimensional array CMOS detector to meas-
ure both particle sizes and velocities.  It currently op-
erates at 1000 Hz and has a minimum exposure time 
of 10 µs. 
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Fig. 7. Close up PIV image of a 258 µm particle and 
its trajectory over 21.25 ms.   

 
Fig. 7 shows a dust devil particle track measured 

by the PIV instrument over a 21.25 ms time period in 
2006 – 18 frames were recorded in all.  Near-field 
diffraction modeling of the PIV system has indicated 
that the near-field diffraction effects in the particle 
images can be ignored for particle size measurements 
when the particles are on the order of 90 µm and lar-
ger.  For smaller particles, near-field diffraction ef-
fects need to be considered in the size measurement.       
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