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Abstract
CRISM (Compact Reconnaissance Imaging 
Spectrometer for Mars) on-board MRO (Mars 
Reconnaissance Orbiter) acquires observations under 
varied geometry conditions in visible/near infrared 
which can provide constraints on the surface physical 
properties. The study consists on the estimation of 
the surface photometric parameters by inverting 
Hapke's photometric model in a Bayesian framework 
at Mars Exploration Rover (MER) landing sites 
(Gusev Crater and Meridiani Planum). We present  
here one of the 6 photometric parameter map, the 
single scattering albedo ω,  which is related to the 
composition and the particle size. The map of the 
parameter ω is estimated at 750 nm with a spatial 
resolution of 180m/pxl.

1. Introduction
Photometric parameters were related to chemical 
properties such as composition and physical 
properties of surface materials such as particle size, 
particle shape (from round to angular), particle 
internal heterogeneity and their organization such as 
compaction state and macroscopic roughness. These 
parameters are very useful to characterize geological 
terrains and to have information on the geological 
context of the surface materials such as the history  
of their formation, transportation, deposit and 
modification. A previous study had been conducted 
by Jehl et al. [1] from High Resolution Stereo 
Camera observations at Gusev Crater.

2. Methodology
Taking into account the capability of CRISM on-
board MRO to provide multi-angle images [2], we 
estimate the surface bidirectional reflectance after 
aerosols correction using the Multi-angle Approach 
for Retrieval of Surface Reflectance from CRISM 
observations technique (MARS-ReCO) [3] and the 
surface photometric parameters given the possibility 
to provide these information for regional areas on 

Mars [3]. Fernando et al. [4,5] proposed an approach 
to estimated the photometric parameters of the 
surface materials in terms of structural information 
by inverting Hapke's photometric model [6] in a 
Bayesian framework [4,5] that include: the single 
scattering albedo ω, macroscopic roughness θ-bar, 
particle phase function which is described by a 2-
term Henyey-Greenstein function that includes the 
asymmetric parameter b and the backscattering 
fraction c, and opposition effect described by its 
width h and magnitude B0. Our objective is to derive 
the surface photometric maps at 750 nm with a 
spatial resolution of 180m/pxl., applied at MER 
landing sites at Gusev Crater and Meridiani Planum. 
They can be compared to the in situ and orbital 
observations which provide complementary 
information on surface composition and texture 
permitting us to validation and to go further in the 
geological interpretations. In this abstract, we only 
focuse on the single scattering albedo parameter ω as 
an example which is related to the composition and 
the particle size distribution.

3. Results 
Gusev Crater (Fig. 1 top): Local variations of the 
parameter ω are visible (cf.  Fig. 1c). The region with 
high ω values correspond to the region where the 
nanophase ferric oxides index are less than 1 but 
higher than 0.95 (cf.  Fig. 1b), compatible with the 
presence of an intermediate quantity of dust-size 
particles compared to the region with low ω values 
which seems to be cleaned of dust-size particles.  The 
CRISM RGB image show a dark streak feature in the 
unit 1 and dark linear tracks in the unit 2 (cf.  Fig. 1a). 
These features seem to be the result of a wind 
transportation by suspension of dust-size particles 
revealing the lower-albedo surface (regional winds in 
the unit 1 or local winds such as dust devils in the 
unit 2). The in situ observations by the Microscopic 
Imager (MI) validates this scenario [7]. 
Meridiani Planum (Fig. 1 bottom): Local variations 
of the parameter ω are visible (cf. Fig. 1c). The 
Meridiani plain seems to be cleaned of fine dust 
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(npOx index <1) (cf. Fig 1b). Compared to the Gusev 
plain, the variations of the parameter ω values are 
more compatible with the variation of the 
composition. In fact,  the brightest areas (unit 2, cf. 
fig. 1a) observed in the CRISM RGB image is related 
to the presence of sulfate outcrops, corresponding to 
a bright composition and compatible with the highest 
ω values (0.67) [8]. The darkest areas (units 1 and 3, 
cf. fig.  1a) is related to the presence of hematite 
spherules corresponding to a dark composition 
compatible with lowest ω values  (<0.65) [8].

4. Conclusion
First, variations of the single scattering albedo  
parameter can be observed at both MER landing sites 
which means that geological processes modeled the 
surface and they were recorded by the composition 
and the texture. Second, at Gusev Crater the 
variations of the ω values are related to the difference 
of particle size distribution showing the removal by 
suspension of the dust-size particles by wind 
transportation (aeolian process) revealing the the 
under-layer of sand-size grains. At Meridiani Planum, 
the variations of the ω values are related to the 
difference of composition (chemical processes). The 
results are compatible with the in situ observationss 

and the presented maps can provide complementary 
information on the regional geological contexts 
useful to constrain the geological history. 
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Figure 1: Results at Gusev Crater (top) and Meridiani Planum (bottom) (a) CRISM red, green, blue images at 
180 m/pxl superposed with the context map of principal features. (b) nanophase oxide or 1/0.8 µm slope 
related to the presence of dust (ratio- ≥1). (c)  map of the parameter ω estimated from CRISM observations 
(Gusev: FRTC9FB, Meridiani: FRTB6B5) at 750 nm at 180m/px.
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Toulouse, le 13 Juin 2011, 

Avis et lettre de recommendation pour Jennifer Fernando à une candidature au 
contrat doctoral 2011-2012 

Madame, monsieur, 

J’ai assuré pour moitié l’encadrement du stage de Master2 de Mademoiselle Jennifer 
Fernando. Ce stage, articulé entre Toulouse et Orsay (F. SCHMIDT, laboratoire IDES), portait sur 
la caractérisation photométrique de la surface martienne au moyen des observations de 
spectroimagerie multiangulaire orbitale en cours d’acquisition par l’instrument CRISM (Mars 
Reconnaissance  Orbiter). L’objectif ambitieux affiché dans ce stage visait à séparer dans le signal 
intégré (surface + atmosphère) les effets liés à la contribution atmosphérique (gaz, aérosols) de ceux 
liés directement à l’état de surface proprement dit, donnant accès à des investigations de nature 
géologique. Ce problème reconnu comme très difficile à traiter par la communauté internationale 
voit ici une solution prometteuse, la surface étant considérée non lambertienne (ce qui est 
physiquement le cas), à la différence des approches menées jusque-là. 

La validation de la méthode a été réalisée au sein du cratère Gusev, en confrontant les 
résultats produits avec ceux atteints antérieurement par des données multiangulaires, acquises in 
situ par la caméra panoramique PanCam du rover Spirit, et donne lieu à des résultats physiquement 
très cohérents qui ouvrent la porte à de nombreuses possibilités au plan de la géologie martienne. 

L’analyse s’est appuyée sur une méthodologie numérique d’inversion des fonctions de phase 
produites à partir des données CRISM. Ce stage a permis à Jennifer Fernando de développer ses 
compétences en analyse numérique, en traitement d’image, et sur la physique des processus de 
diffusion optique, avec la mise en œuvre d’un code de transfert radiatif adapté à l’étude des 
régolites planétaires. Au cours de son stage faisant appel à des notions pluridisciplinaires complexes 
et mené dans le cadre d’une collaboration inter-laboratoires, impliquant l’IDES à Orsay, l’IRAP à 
Toulouse et l’IPAG à Grenoble (partie atmosphère), J. Fernando s’est révélée être une étudiante 
travailleuse, brillante et motivée, douée d’une compréhension rapide, d’une excellente aptitude à 
mettre en oeuvre les outils et méthodes numériques de traitement, le tout allié à une très bonne 
capacité de synthèse. Jennifer Fernando a en outre un sens relationnel inné qui lui permet d’interagir 
très efficacement au sein d’une équipe de recherche.  

Je considère qu’elle a toutes les qualités requises pour réaliser un excellent travail de thèse. 
 

Dr. Patrick PINET, Directeur de Recherche CNRS 
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Reflectance of the planetary surfaces is not only tightly controlled by the composition of the materials 
but also by their texture such as the grain size, the grain shape, the grain internal heterogeneities, 
and their organization such as the surface porosity, and roughness. The reflectance can be 
characterized by measurements at different wavelengths, viewing geometries (emergence direction), 
and solar illuminations (incidence direction). Composition and texture of surface materials are very 
useful to characterize geological terrains and to have information on the geological context such as the 
history of their formation, transportation, deposit and weathering. Since 2006, multi-angle 
observations are acquired by the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) 
[Murchie et al. 2007, JGR] on-board the Mars Reconnaissance Orbiter, composed of a sequence of 11 
hyperspectral images of the same target with different emission angles (±60°) whereas the incidence 
angle remains constant. This sequence, so-called Emission Phase Function (EPF) describes the 
scattering properties of the surface materials and the atmospheric mineral aerosols. They are used (i) to 
correct for mineral aerosol contribution in order to estimate the surface bidirectional reflectance 
(BRF) (MARS-ReCO algorithm) [Ceamanos et al. 2013, JGR] and then from the estimated surface BRF 
(ii) to determine the surface photometric parameters (single scattering albedo ω, macroscopic 
roughness θ-bar, particle phase function including the asymmetric parameter b, and the 
backscattering fraction c, opposition effects described by its width h, and its magnitude B0 
underconstrained in our studies), using a Hapke’s model [Hapke, 1993, Cambridge University Press] in 
a Bayesian inversion framework [Fernando et al. 2013, JGR]. 

Methodology: 2. Hapke’s parameters (Hapke 1993)

2.2. Photométrie des surfaces planétaires 
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BS0 est l’amplitude du SHOE et est physiquement contraint entre 0 et 1. Il est relié à 
l’opacité des particules, une valeur de 1 signifiant que toute la lumière est diffusée à la 
surface et la particule est par conséquent opaque. Le paramètre hS est la largeur 
angulaire du SHOE. Il est relié à la porosité et à la distribution en taille des particules 
suivant : 
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où E est le coefficient d’extinction du milieu, a  est le rayon moyen de la particule et 

I  est le facteur de remplissage, fraction du volume occupé par des particules solides 

( p� 1I , p étant la porosité). Les surfaces plus compactes et/ou avec une distribution 

de taille plus uniforme auront de plus grandes valeurs de hS (Hapke [1993]). La figure 
2.15 illustre la signification de ces paramètres sur une courbe de phase. 
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Fig. 2.15 : Paramètres BS0 et hS représentés sur une courbe de phase. 
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BC0 est l’amplitude du CBOE, Ȝ la longueur d’onde, et ȁ le libre parcours moyen dans 
le milieu (distance moyenne parcourue par un photon avant que sa direction ne soit 
changée par un obstacle). 
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anisotropic, and (3) the incorporation of coherent backscattering. Second, the model269

[Hapke, 2008] overcomes the limitations of the original model in order to predict porosity270

dependance of the bidirectional reflectance, in case of a particulate medium such as a271

planetary regolith. For that purpose the treatment of light propagating through the272

particle spacing.273

Following Johnson et al. [2006a, b]’s works and for the sake of the comparison coherence274

we use the expression of Hapke [1993] as follows:275

r (✓0, ✓, g) =
!

4⇡

µ0e

(µ0e + µe)
{[1 + B(g)] P (g) + H(µ0e)H(µe)� 1}S(✓0, ✓, g), (1)

• Geometry ✓0, ✓, and g: The incidence, emergence and phase angles, respectively. .276

• Single scattering albedo !: Factor ! (0  !  1) depends on wavelength and repre-277

sents the fraction of scattered light to incident light by a single particle [Chandrasekhar ,278

1960].279

• Particle scattering phase function P (g): Function P (g) characterizes the angular280

distribution of an average particle. The empirical 2-term Henyey-Greenstein function281

(hereafter referred to as HG2) is used commonly for studying planetary surfaces [e.g.,282

Cord et al., 2003; Hartman and Domingue, 1998; Jehl et al., 2008; Johnson et al., 2006a, b;283

Souchon et al., 2011]. It reads:284

P (g) = (1� c)
1� b2

(1 + 2b cos (g) + b2)3/2
+ c

1� b2

(1� 2b cos (g) + b2)3/2
(2)

where the asymmetric parameter b (0  b  1) characterizes the anisotropy of the285

scattering lobe (from b = 0, which corresponds to the isotropic case, to b = 1, which286
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.

E06002 GREELEY ET AL.: MARTIAN VARIABLE FEATURES

3 of 7

E06002

dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.

E06002 GREELEY ET AL.: MARTIAN VARIABLE FEATURES

3 of 7

E06002

dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.

[12] Acknowledgments. We are grateful for the dedication of the
flight teams for Mars Express and Mars Exploration Rovers projects for
successful missions. We thank our fellow members of the HRSC and
Athena science teams for fruitful discussions of aeolian processes. We also
thank Matt Balme and an anonymous reviewer for helpful comments that
improved the report. Our work was supported by grants and contracts from
NASA and the DLR.

References
Balme, M. R., P. L. Whelley, and R. Greeley (2003), Mars: Dust devil track
survey in Argyre Planitia and Hellas Basin, J. Geophys. Res., 108(E8),
5086, doi:10.1029/2003JE002096.

Bell, J. F., et al. (2004), Pancam multispectral imaging results from the
Spirit Rover at Gusev Crater, Science, 305, 800–806.

Cantor, B. A., and K. S. Edgett (2002), Martian dust devils: 2 Mars years of
MGS MOC observations, Eos Trans. AGU, 83(47), Fall Meet. Suppl.,
Abstract P51A-0331.

Christensen, P. R., et al. (2004), The Thermal Emission Imaging System
(THEMIS) for the Mars 2001 Odyssey mission, Space Sci. Rev., 110,
85–130.

Edgett, K. S., and M. C. Malin (2000), Martian dust raising and surface
albedo controls: Thin, dark (and sometimes bright) streaks and dust devils
in MGS MOC high resolution images, Lunar Planet. Sci. [CD-ROM],
XXXI, abstract 1073.

Grant, J. A., and P. A. Schultz (1987), Possible tornado-like tracks on Mars,
Science, 237, 883–885.

Greeley, R., R. Leach, B. White, J. Iversen, and J. Pollack (1980), Thresh-
old windspeeds for sand on Mars: Wind tunnel simulations, Geophys.
Res. Lett., 7, 121–124.

Greeley, R., R. O. Kuzmin, S. C. R. Rafkin, T. I. Michaels, and R. Haberle
(2003a), Wind-related features in Gusev crater, Mars, J. Geophys. Res.,
108(E12), 8077, doi:10.1029/2002JE002006.

Greeley, R., M. R. Balme, J. D. Iversen, S. Metzger, R. Mickelson,
J. Phoreman, and B. White (2003b), Martian dust devils: Laboratory
simulations of particle threshold, J. Geophys. Res., 108(E5), 5041,
doi:10.1029/2002JE001987.

Greeley, R., et al. (2004), Wind-related processes detected by the Spirit
rover at Gusev Crater, Mars, Science, 305, 810–813.

Herkenhoff, K. E., et al. (2004), Textures of the soils and rocks at Gusev
Crater from Spirit’s Microscopic Imager, Science, 305, 824–826.

Iversen, J. D., and B. R. White (1997), Saltation threshold on Earth, Mars
and Venus, Sedimentology, 29, 111–119.

Malin, M. C., and K. S. Edgett (2001), Mars Global Surveyor Mars Orbiter
Camera: Interplanetary cruise through primary mission, J. Geophys. Res.,
106(E10), 23,429–23,570.

Neakrase, L. D. V., R. Greeley, and J. D. Iversen (2004), Dust devils on
Mars: Scaling of dust flux based on laboratory simulations, Lunar Planet.
Sci. [CD-ROM], XXXV, abstract 1395.

Neukum, G., R. Jaumann, and the HRSC Co-Investigator Team (2004),
HRSC: The High Resolution Stereo Camera of Mars Express, in Mars
Express: The Scientific Payload, Eur. Space Agency Spec. Publ., ESA-SP
1240, 17–36.

Rafkin, S. C. R., and T. I. Michaels (2003), Meteorological predictions for
2003 Mars Exploration Rover high-priority landing sites, J. Geophys.
Res., 108(E12), 8091, doi:10.1029/2002JE002027.

Sagan, C., and J. B. Pollack (1969), Windblown dust on Mars, Nature, 223,
791–794.

Sagan, C., J. B. Pollack, and J. Veverka (1972), Variable features on Mars:
Preliminary Mariner 9 television results, Icarus, 17, 346–372.

Squyres, S. W., et al. (2004), The Spirit Rover’s Athena Science Investiga-
tion at Gusev Crater, Mars, Science, 305, 794–799.

Thomas, P., J. Veverka, D. Gineris, and L. Wong (1984), ‘‘Dust’’ streaks on
Mars, Icarus, 60, 161–179.

Wells, E. N., J. Veverka, and P. Thomas (1984), Experimental study of
albedo changes caused by dust fallout, Icarus, 58, 331–338.

Whelley, L. P., et al. (2004), Searching for active dust devils in Gusev
Crater from orbit by Mars Express and the ground from Spirit, Eos Trans.
AGU, 85(47), Fall Meet. Suppl., Abstract P31B-0983.

White, B. R., B. M. Lacchia, R. Greeley, and R. N. Leach (1997), Aeolian
behavior of dust in a simulated Martian environment, J. Geophys. Res.,
102(E11), 25,629–26,640.

!!!!!!!!!!!!!!!!!!!!!!!
R. Arvidson, Department of Earth and Planetary Sciences, Washington

University, St. Louis, MO 63130, USA. (arvidson@wunder.wustl.edu)
J. F. Bell III, S. W. Squyres, and R. Sullivan, Department of Astronomy,

Space Sciences Building, Cornell University, Ithaca, NY 14853, USA.
(jfb8@cornell.edu; squyres@astro.cornell.edu; rjs33@cornell.edu)
P. Christensen, D. Foley, R. Greeley, L. D. V. Neakrase, S. D. Thompson,

P. L. Whelley, and D. Williams, Department of Geological Sciences,
Arizona State University, Box 871404, Tempe, AZ 85287-1404, USA.
(greeley@asu.edu)
A. Haldemann, Jet Propulsion Laboratory, MS 238-420, 4800 Oak Grove

Drive, Pasadena, CA 91109-8099, USA. (albert@shannon.jpl.nasa.gov)
R. O. Kuzmin, Vernadsky Institute, Russian Academy of Sciences,

Kosygin St 19, Moscow 117975 GSP-1, Russia. (rok@geokhi.ru)
G. Landis, Glenn Research Center, MS 302-1, Cleveland, OH 44135,

USA.
G. Neukum, Department of Earth Sciences, Freie Universitat Berlin,

Malteserstrasse 74-100, Building D, D-12249 Berlin, Germany. (gneukum@
zedat.fu-berlin.de)

Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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dustier than dark areas, the surface of which appears to be
relatively free of dust. Observations of the sandy surface
beneath the rover during an interval of 20 sols show that
sand grains were repositioned without being removed,
leading to the formation of relatively dark areas where
winds are expected to be accelerated beneath the body of
rover, generating high surface shear stresses. We suggest
that local wind gusts and dust devils (rather than prolonged
winds) can be responsible for the removal or infiltration of
dust on a sandy surface to form some dark wind streaks.
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Figure 5. Diagrams of suggested movement of wind-
blown particles to account for the formation of dark streaks:
(a) thin mantle of fine dust settled from the atmosphere on a
bed of sand; (b) dust ‘‘perched’’ on the tops of large sand
grains is removed into suspension by the wind; (c) dust
infiltrates between the sand grains by the movement of the
sand; in both cases, there is a greater exposure of coarse
grains that would result in a lower-albedo surface.
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differences in reflectance seen in many variable features.
Thus it seems likely that, although the general area of the
Spirit landing site was experiencing net deposition of dust in
the three month period of orbiter observations, the forma-
tion of dust devils and their passage over the terrain, and/or
local wind gusts led to local dust-lifting and removal,
leading to a relatively darker surface and the formation of
dark wind streaks.
[6] Although several attempts were made to observe

active dust devils from Spirit, none were captured [Whelley
et al., 2004]. However, Spirit images provide new informa-
tion on the characteristics of dark streaks, including the
streak at the landing site. Figure 2b is a Pancam image [Bell
et al., 2004] taken from the rover on its traverse to Bonne-
ville crater, viewed back toward the landing site. Clearly
visible is the boundary between the dark streak within
which the rover landed and the zone outside the dark streak
[Greeley et al., 2004]. Although some of the differences in
brightness in the Pancam view can be attributed to the local
terrain and the viewing geometry from the rover, the
boundary coincides with the boundary of the streak seen
in orbiter views. The Spirit Microscopic Imager (MI) has a
spatial resolution of 31 mm per pixel [Herkenhoff et al.,
2004]. MI images of the soil on the crest of ripples inside
the dark streak zone show coarse sand grains !1 mm in
diameter that are relatively ‘‘clean’’ of finer grained material
(Figure 2c), while MI of ripple crests outside the dark streak
zone (Figures 2d and 2e) show sand grains set in a matrix of
finer grains, inferred to be dust.
[7] Numerous studies based on theory [e.g., Sagan and

Pollack, 1969] and wind tunnel experiments [e.g., Greeley
et al., 1980; Iversen and White, 1997] show that smooth
beds of dust-sized particles require a higher wind surface
shear stress for particle entrainment than smooth beds of
sand-sized particles. However, wind tunnel experiments
also show that dust particles mantling rougher surfaces are
more vulnerable to entrainment [White et al., 1997]. Local
wind gusts, winds within dust devils, and the ‘‘vacuum
cleaner’’ effect of lower atmospheric pressure beneath the
core of dust devils [Greeley et al., 2003b] also facilitate
lifting of dust from the surface. Once lifted, dust is easily
transported in suspension. Thus we suggest that dust grains
that settle on the tops of sand grains are relatively easily
swept away by gusts or the passage of a dust devil, leaving

Figure 2. (a) Mars Orbiter Camera image showing the
landing site for Spirit (CMS; star) within a dark linear
streak and the traverse to Bonneville crater (dashed line);
(b) Pancam image viewed from near the rim of Bonneville
crater back toward the landing site and the traverse path of the
rover; the boundary between the dark streak and the bright
ejecta is visible. Figures 3c, 3d, and 3e show the locations of
Figures 2c, 2d, and 2e: (c)MI image taken on sol 39 of soil on
the crest of a bedform within the dark streak showing coarse
sand that appears relatively ‘‘cleaner’’ of fine dust; (d) MI
image taken on sol 52 of soil on the crest of a bedform within
the bright zone near the dark streak boundary, showing
coarse sand grains and a texture indicative of fine dust
coating the grains, and (e) MI image taken on the crest of a
bedform near the rim of Bonneville crater in the bright zone,
showing ‘‘dusty’’ appearance of the sands.
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