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Key Points: 

·      The Mars Science Laboratory Navigation Cameras have taken 1,260 dedicated 
image sequences searching for dust lifting 

·     Approximately 42.7% of all sequences and 9.5% of all images show active dust 
lifting 

·      Dust lifting in Gale Crater most frequently occurs on sand-covered surfaces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Abstract 1 
 2 
 Martian dust lifting is believed to occur through two primary mechanisms:  dust devils and 3 
wind stress forced dust lifting.  Gale Crater’s varied terrain and meteorology provide a unique in 4 
situ perspective on martian dust lifting, with the Mars Science Laboratory Curiosity rover passing 5 
through both conditions and locations detrimental to dust lifting (e.g., the crater floor) and those 6 
with active sand motion and frequent dust lifting (e.g., the Bagnold Dunes). Between Ls = 248° in 7 
Mars Year 33 and Ls = 51° in Mars Year 37, over ~3.5 Mars years and 2,300 sols, the rover’s 8 
Navigation Cameras took 1,260 dedicated image sequences to search for dust lifting.  9 
Approximately 42.7% of all sequences, and 9.5% of the total images, have shown active dust 10 
lifting, both dust devils and linear/straight-line wind stress dust lifting.  79% of dust lifting events 11 
are classified as dust devils, while ~16% are linear wind stress dust lifting and the remainder are 12 
of an indeterminate type.  We analyze this large catalog of dust lifting events to provide ground 13 
truth on theoretical and model expectations of dust lifting and show that dust lifting in Gale Crater 14 
occurs throughout the martian year, is strongly peaked in frequency near solar noon (even after 15 
accounting for observational biases), and that dust lifting shows an affinity for sand-covered 16 
surfaces which highlights the importance of saltating sand grains for martian dust lifting in both 17 
dust devils and wind stress forced lifting.   18 
 19 
Plain Language Summary 20 
 21 
 Airborne dust is an important control on the modern martian climate.  Dust is lifted into 22 
the air by two primary mechanisms:  dust devils (rotating columns of air that are also common in 23 
dry areas on Earth) and the force of straight-line winds acting on dust-covered surfaces.  The Mars 24 
Science Laboratory Curiosity rover Navigation Cameras have taken regular movies to search for 25 
dust lifting in Gale Crater.  Approximately 42.7% of all sequences, and 9.5% of the total images, 26 
have shown active dust lifting and we analyze this large catalog of events to better understand the 27 
mechanisms and conditions that lift dust into the air on Mars.  We find that dust lifting in Gale 28 
Crater is more strongly clustered near solar noon than previously expected from analyses of air 29 
pressure and that dust lifting often occurs on sand-covered terrains, suggesting that motion of sand 30 
grains across the surface supports dust lifting.          31 
 32 
1 Introduction 33 
 34 
 Over nearly 11 Earth years and more than 5 Mars years, the Mars Science Laboratory 35 
(MSL) Curiosity rover has traversed >10 km horizontal distance (with a track length of >30 km) 36 
and ~700 m vertically from Bradbury Landing (within the floor or trench of Gale Crater) up the 37 
slopes of Gale Crater’s central mound, Mt. Sharp/Aeolis Mons.  Throughout the mission, Curiosity 38 
has taken observations in support of one of its core science objectives: studying the modern 39 



environment (Vasavada, 2022).  These have employed a variety of instruments and observation 40 
sequences to study dust lifting and depositional processes within Gale Crater.    41 
 The Rover Environmental Monitoring Station (REMS) measures pressure, air and ground 42 
temperature, wind speed and direction (although these sensors were damaged on landing and 43 
ceased operation altogether ~2.4 Mars years into the mission), ultraviolet (UV) radiation in several 44 
wavelength bands, and relative humidity (Gómez-Elvira et al., 2012).  Soon after landing, REMS 45 
pressure measurements showed transient drops consistent with convective vortices passing over 46 
or near the rover (Harri et al., 2014; Moores et al., 2015a; Steakley and Murphy, 2016; Kahanpää 47 
et al., 2016, Newman et al., 2019).  In a convective boundary layer forced by strong solar surface 48 
heating (e.g., Mason et al., 2023), wind shear and vertical motion produce vertically-oriented and 49 
stretched vorticity columns with central low pressure and a radially-oriented wind field (Ryan and 50 
Carroll, 1970; Rennó et al., 1998; Metzger et al., 1999; Greeley et al., 2003; Ringrose, 2005; Balme 51 
and Greeley, 2006; Neakrease and Greeley, 2010).  These convective vortices form along the 52 
edges, and especially at the corners, of daytime convective cells, where strong updrafts exist.  If 53 
mobile surface dust is present, and if near-surface atmospheric conditions (such as the wind stress 54 
due to tangential winds around the vortex) are sufficient to initiate dust lifting, this convective 55 
vortex can become visible as a “dust devil.”  REMS can also indirectly and opportunistically 56 
measure the dustiness of these convective vortices by concurrent decreases or increases in UV 57 
radiation (through shadowing or reflecting sunlight, respectively), but such searches early in the 58 
mission found comparatively few convective vortices with a distinct UV radiation signal (Steakley 59 
and Murphy, 2016; Kahanpää et al., 2016; Ordóñez-Exteberria et al., 2018; Kahanpää and Viúdez-60 
Moreiras, 2021).  On longer timescales, REMS has also measured seasonal variations in dust 61 
deposition and removal on the UV photodiodes located on the rover’s deck (Vicente-Retortillo et 62 
al., 2018; Vicente-Retortillo et al., 2020).     63 

Dust devils are believed to play an important role in the modern martian climate.  Based 64 
on modeling and orbital data analysis, dust devils may supply ~50% of the dust to the global 65 
atmosphere and maintain a moderate background level of atmospheric opacity throughout the 66 
martian year (Basu et al., 2004; Cantor et al., 2006; Balme and Greeley, 2006; Guzewich et al., 67 
2015).  Understanding the spatial and temporal (e.g., diurnal and seasonal) variation of dust devil 68 
occurrence and characteristics, and the link between atmospheric conditions and the amount of 69 
dust raised by these vortices, therefore informs our understanding of the entire martian climate and 70 
dust cycle.  The remainder of dust in Mars’ atmosphere is believed to be lifted through linear 71 
surface wind stress processes (Bagnold 1936, 1941; Kahre et al., 2017; Whelley and Greeley, 72 
2008; Kok et al., 2012; Guzewich et al., 2015), which also likely raise the most dust within the 73 
larger-scale dust storms that can occasionally reach planetary scales.  However, while vortex and 74 
dust devil activity is expected to decrease during a storm once widespread increased opacity 75 
reduces the convective forcing at the surface, recent modeling (Wu et al., 2021) and observations 76 
by the Perseverance rover (Lemmon et al., 2022) suggest that vortex and dust devil activity actually 77 
increases early on within the active lifting center of a storm, when opacity is still horizontally 78 



heterogeneous and can boost convective strength. Thus dust devils may also have a small role 79 
(relative to straight-line wind stress dust lifting) to play in the initial onset of dust storms.    80 

Another area of uncertainty is the precise mechanism by which dust is lofted by martian 81 
vortices. In addition to the tangential wind around the vortex, which produces surface wind stress 82 
peaking at the vortex edge, other factors may also contribute to dust lifting, ranging from a so-83 
called ‘suction’ effect due to the central pressure drop, to increased electrostatic forces on the dust 84 
particles within the fast-moving vortex. These factors may explain why the wind stresses 85 
associated with vortex / dust devil lifting appear to be smaller than those predicted for linear wind 86 
stress lifting (e.g., Baker et al., 2021). The role of sand in raising dust within vortices also remains 87 
a major question. Sand particles are larger than dust particles, and while this makes them heavier 88 
it also makes them far less cohesive, hence they are expected to be set into motion more easily 89 
(i.e., to have a lower wind stress threshold). It has long been suggested that saltating sand particles, 90 
which fall back to the surface and add the force of this impact to the background wind stress, may 91 
be necessary to raise dust in linear winds (e.g., Sagan and Bagnold, 1975). However, the 92 
importance of this ‘sand-blasting’ effect in raising dust within dust devils has not been explored to 93 
date.  94 

The coarse global spatial variation of dust devils has been studied with the benefit of both 95 
an orbital perspective (e.g., Thomas and Gierasch, 1985; Fischer et al., 2005; Stanzel et al., 2006; 96 
Cantor et al., 2006; Whelley and Greeley, 2008; Reiss et al., 2014; Fenton et al., 2016) and a 97 
variety of landers.  While the Viking Landers detected the signature of convective vortices in 98 
pressure data (e.g., Ryan and Lucich, 1983; Ringrose et al., 2003), no dust devils were seen in 99 
imagery.  The Pathfinder lander was the first to detect convective vortices in both the pressure 100 
signal and concurrent images of dust devils (Schofield et al., 1997; Metzger et al., 1999). The Spirit 101 
and Opportunity rovers, while lacking a pressure sensor, both saw dust devils in dedicated image 102 
sequences, with far more observed at Spirit’s field location in Gusev Crater (Greeley et al., 2006; 103 
Greeley et al., 2010).  Despite the InSight lander measuring abundant strong (up to 9.2 Pa) 104 
convective pressure vortices (Lorenz et al., 2020), and even seeing occasional newly created 105 
surface tracks, InSight never definitively imaged a dust devil or dust lifting event (Spiga et al., 106 
2021; Lorenz et al., 2021a; Baker et al., 2021; Charalambous et al., 2021; Jackson et al., 2021).  107 
Like InSight, Phoenix detected the signature of vortices in pressure data, but without visible 108 
detections (Ellehøj et al., 2010).  The disparity between Gusev Crater (Spirit) and Elysium Planitia 109 
(InSight) is also apparent in the frequent and reliable “cleaning” events that prolonged the energy 110 
production from Spirit’s solar panels, while InSight eventually succumbed to low power failure 111 
due to the lack of such cleaning events (Lorenz et al., 2021b).  The Mars 2020 Perseverance rover, 112 
however, immediately imaged frequent dust devils and wind gust-driven dust lifting events in 113 
Jezero Crater (Newman et al., 2022; Lemmon et al., 2022) and concurrently measured their signals 114 
in temperature, wind, air pressure and radiation signatures (Hueso et al., 2023; Jackson, 2022; 115 
Toledo et al., 2023), surface albedo (Vicente-Retortillo et al., 2023), and even sound (Murdoch et 116 
al., 2022).   117 



Studies of the wide variation in dust lifting frequency across landing sites have not yet 118 
utilized the unique perspective of Curiosity’s horizontal and vertical traverse across a wide variety 119 
of geological surfaces ranging from hard sandstone bedrock to basaltic sand dunes.  Like its 120 
predecessors, Curiosity regularly searched for dust devils and dust lifting events in image 121 
sequences after landing, and despite detections of convective vortices in REMS pressure data, only 122 
a single dust devil was seen over the first 360 sols of the mission (Moores et al., 2015a).  As 123 
Curiosity continued its drive toward Mt. Sharp, a further 18 dust lifting events were imaged 124 
through Sol 1561 (Lemmon et al., 2017), which still suggested that dust lifting was quite infrequent 125 
within Gale crater.  However, since ~Sol 1500, Curiosity has taken systematic dust devil imaging 126 
campaigns with the Navigation Cameras (Navcam) and Mast Cameras (Mastcam) and has seen far 127 
more abundant dust devils and dust lifting events.  For these reasons, we start our analysis at this 128 
point.  The increase in imaged dust lifting event frequency has been concurrent with increased 129 
REMS pressure detections of convective vortices (Kahanpää et al., 2018; Newman et al., 2019; 130 
Ordóñez-Etxeberria et al., 2020; Uttam et al., 2022) and appears to be associated with local-scale 131 
environmental factors that are more favorable for convective vortex/dust devil formation along the 132 
slopes of Mt. Sharp (largely increased sensible heat flux; Newman et al., 2019).    133 

In this paper, we present and analyze a rich catalog of dust devils and dust lifting events 134 
seen by the Curiosity rover in Gale Crater over more than 3.5 Mars years (corresponding to MSL 135 
mission Sols 1500-3800).  These events have been seen by dedicated Navcam imaging sequences 136 
to identify dust devils and dust lifting events.  In Section 2 we describe these Navcam image 137 
sequences, how dust lifting events are identified and cataloged within them, and what information 138 
can be determined from the Navcam images alone.  Section 3 presents our results, describing the 139 
patterns and characteristics of dust devils and dust lifting in Gale Crater.  Lastly, Section 4 puts 140 
these results in context of Gale Crater meteorology and the broader martian climate and dust cycle, 141 
and provides our conclusions.   142 

      143 
2 Methods 144 
 145 
 Curiosity’s Navigation Cameras are build-to-print copies of those on Spirit and 146 
Opportunity (Maki et al., 2003; Maki et al., 2012).  The Navigation Camera system consists of 147 
four Navigation Cameras mounted on top of the rover’s mast, two of which are operating at any 148 
given time based on which side of the rover’s redundant main computer is operating.  The cameras 149 
have 45° fields of view (FOV) with a 0.82 mrad/pixel scale (Maki et al., 2012).  They have 150 
broadband visible (600-850 nm) spectral ranges that return grayscale images. Our analysis uses 151 
the radiometrically calibrated ''RAS'' version of the images available on the NASA Planetary Data 152 
System (Maki, 2018).  While the Navcam field of view is nominally 1024x1024 pixels, nearly all 153 
observations used here are subframed to some degree, particularly in the vertical direction.       154 
 Navcam’s primary purpose is, self-evidently, to help navigate the rover and identify 155 
geologic targets of interest.  However, it also has been a capable workhorse science instrument for 156 
environmental science.  In addition to the observations we discuss focusing on dust devils and dust 157 



lifting events, Navcam has routinely executed observations to study clouds (Kloos et al., 2016; 158 
Cooper at al., 2018; Campbell et al., 2020) and to measure the line-of-sight opacity within the 159 
crater (Moore et al., 2016; 2019; Smith et al., 2019).   160 

In total, we have analyzed 1,260 image sequences taken during Sols 1500-3800, 161 
comprising more than 34,500 total images, as listed by Guzewich et al. (2023).  A “sequence” is a 162 
single packet of Navcam observations composed of multiple images or “frames.”  These image 163 
sequences fall into 3 broad categories:  dust devil surveys, dust devil movies, and “Shunt 164 
Prevention ENV Drop-In” (SPENDI) sequences.  Dust devil surveys are 24-image sequences that 165 
take 3 images in each of 8 azimuthal pointing directions, covering the entire 360° FOV around the 166 
rover.  There are ~13 second pauses between each image in a triplet and slews between azimuths 167 
take ~32 seconds.  Prior to Sol 1815, 6- and 8-image dust devil surveys were also used.  Dust devil 168 
movies have fixed azimuthal and elevation pointing (relative to the local planetary coordinate 169 
system) and come in 2 types:  short and long.  Short dust devil movies are 21-image sequences 170 
with ~13 second pauses between images.  Before Sol 1587, 4-frame short dust devil movies were 171 
used (with longer ~70 second pauses between frames).  Long dust devil movies are 45-image 172 
sequences with ~13 second pauses between images within a triplet grouping and ~93 second 173 
pauses between each triplet.  SPENDI activities, first used on Sol 2937, are image sequences 174 
judged to be safe over many sols without needing to be edited.  They can therefore be added late 175 
in the planning process to use excess energy that would otherwise be thermally shunted (Hayes et 176 
al., 2023).  A variety of SPENDI sequences exist with 48-192 images that are combinations of dust 177 
devil survey images and “suprahorizon” cloud movie images (e.g., Kloos et al., 2016; Hayes et al., 178 
2023).  Of the 1,260 total image sequences, 620 are surveys, 581 are movies, and 59 are SPENDIs.     179 

Downlinked Navcam images are typically compressed in some fashion to manage the 180 
rover’s data volume, whether lossy or lossless (Maki et al., 2012).  Over the course of the mission, 181 
the compression on individual dust devil imaging sequences has varied from highly compressed 182 
(e.g., 2 bits/pixel) to losslessly compressed, based on the mission’s overall data management 183 
posture at the time of imaging.  In very broad terms, sequences earlier in the mission were more 184 
compressed whereas lossless compression has been used more often later in the mission, following 185 
the arrival of the Mars Atmosphere and Volatile Evolution (MAVEN) and Trace Gas Orbiter 186 
(TGO) missions that have provided additional data relay capability.  In practice, higher 187 
compression makes identifying dust lifting more challenging, particularly for distant dust lifting 188 
events.  As compression increases, far-field dust lifting is reduced to the noise level in the mean-189 
frame subtracted images (see next paragraph) whereas kilometers-distant dust lifting can be 190 
confidently identified in losslessly compressed images.   191 

Few dust lifting events are visible to the naked eye in the raw or radiometrically calibrated 192 
images.  This indicates that most dust lifting events have low opacities with limited contrast to the 193 
sky or nearby terrain.  We employ the mean frame subtraction (MFS) technique (e.g., Moores et 194 
al., 2015a; Kloos et al., 2016; Campbell et al., 2020; Hayes et al., 2023; see also Metzger et al., 195 
2000) to isolate changing features within a single image sequence.  The mean-frame is created for 196 
each individual image grouping (e.g., a dust devil survey image triplet at a given azimuth or all 21 197 



frames of a short dust devil movie).  We additionally flag pixels with values more than 4 standard 198 
deviations away from the mean MFS pixel value.  This serves to remove cosmic ray hits to the 199 
detector and “hot pixels.”  Flagged areas are typically very small and visual inspection confirms 200 
this flag does not remove any dust lifting events.  Figures 1 and 2 show a dust devil survey and 201 
short dust devil movie, respectively, with their unprocessed and MFS images (see also 202 
Supplemental Movies 1 and 2).    203 

 204 
Figure 1.  One unprocessed image from each of the eight unique azimuth pointings of the 205 

Sol 3451 Navcam dust devil survey with an associated mean-frame subtracted image below each 206 
unprocessed image. Dust lifting can be seen in the mean-frame subtracted images 1 and 7-8 207 
highlighted with boxes.    208 

 209 



 210 

 211 
Figure 2.  One unprocessed image from the Sol 2717 short dust devil movie (top) and the 212 

associated 21 mean-frame subtracted images (bottom).  Dust lifting can be seen in mean-frame 213 
subtracted images 1-2 and 16-21 highlighted with boxes.     214 



 215 
 After generating MFS images for each sequence, the images are visually inspected for dust 216 
lifting events.  Dust lifting events can be seen in MFS images 1, 7 and 8 in Figure 1 and MFS 217 
images 1-2 and 16-21 in Figure 2.  In general, lofted dust is brighter than the surrounding surface 218 
and darker than the sky and thus appears whiter in the MFS against the ground and darker or 219 
invisible against the sky.  While most movies showed that brightness pattern clearly, surveys 220 
sometimes had more complex patterns due to using only 3 images in the MFS. For instance, Figure 221 
1 shows two dust lifting events that are seen in both positive (bright, dusty areas) and negative 222 
(dark areas within the mean frame that was subtracted).  Particularly in MFS images of an image 223 
triplet (compared to MFS over an entire 21-frame image), the dust devil or dust lifting event’s 224 
motion produces alternating black and white patterns from MFS image to MFS image (Figure 1 225 
panel 7, Figure 12). Additionally, care must be taken to note changing illumination and shadow 226 
patterns due to terrain features over the course of a particular image sequence.  For example, note 227 
the dark color of the nearby cliff in the lower right corner of MFS images 1-5 in Figure 2, which 228 
then becomes visibly brighter in MFS images 16-21.   229 
 MFS images with visually confirmed dust lifting events are then processed manually 230 
through a graphical user interface (GUI) written in the IDL programming language: the dust lifting 231 
event’s pixel locations are identified, the event is classified (as either a dust devil, wind-stress 232 
lifting event, or an indeterminate dust lifting event), and a subjective confidence level is assigned.  233 
Dust devils are visually identified by their columnar shape and vertical extent (e.g., Supplemental 234 
Movie 1), while straight-line wind stress events typically have very little apparent vertical extent 235 
and larger horizontal spread (e.g., Supplemental Movie 2).  Strictly speaking, dust may be lifted 236 
in dust devils by the wind stress of strongly rotating air on the surface that initiates saltation and 237 
splashing of dust particles into the air.  So while wind stress may be the agent causing dust lifting 238 
for both dust devils and straight-line or linear wind gusts, for the rest of this manuscript, we term 239 
straight-line or linear wind-drive dust lifting as “wind stress” dust lifting to differentiate it from 240 
rotating dust devils.   241 
 242 
3 Results 243 
 244 
3.1. Dust Lifting Occurrence Statistics 245 



 246 
Figure 3.  Complete record of Navcam dust devil imaging sequences by local true solar time 247 
(LTST) and MSL mission sol (top) or by solar longitude (bottom).  Black asterisks indicate each 248 
Navcam image and red triangles indicate images with observed dust lifting.  The vertical lavender 249 
bars represent significant gaps in observations due to rover safe modes and other events, while the 250 
gold bar indicates the MY34 global dust storm. 251 
 252 
 Over the ~3.5 Mars years analyzed, Curiosity has taken a dedicated Navcam sequence to 253 
monitor dust lifting about once every 1.8 sols on average.  The rate has not been constant over 254 
time based on mission priorities and other factors (e.g., Figure 4), but represents a substantial 255 
investment of mission resources to create this record.  Figure 3 presents the entire record of 256 
Navcam dust devil imaging sequences taken over this period and the identified dust lifting 257 
observations within those.  In total, 3,225 images were identified that included dust lifting (a dust 258 
devil, wind-stress dust lifting, or an indeterminate type) representing ~9.5% of all images taken 259 
within the 1,260 sequences and >34,500 images.  Out of the 1,260 sequences, 538 (~42.7%) 260 
included dust lifting.  Dust devils comprised ~79% of all dust lifting events, while ~16% were 261 
classified as linear wind stress lifting.  For all subsequent analysis, it is important to be mindful of 262 



the inherent observational biases within these data.  Navcam dust devil observations are far from 263 
systematically distributed in time-of-day, season, and pointing direction.  While some attempt has 264 
been made to mitigate these in the design of observations (e.g., dust devil surveys image in all 265 
360° of azimuth), these biases are still strongly present in the data.  Indeed, the relative lack of 266 
dust lifting detections prior to Sol 1500 (e.g., Moores et al., 2015a) is at least partially due to the 267 
Navcam dust devil image sequences pointing almost exclusively north over the crater floor rather 268 
than uphill toward the Bagnold Dune fields and areas with more conducive conditions for dust 269 
lifting (e.g., Newman et al., 2019).  Curiosity’s traverse through the complex terrain of Gale Crater 270 
(as opposed to the comparatively flat ground at the Spirit, Opportunity, InSight, and even 271 
Perseverance landing sites) has also resulted in a highly changeable viewshed where locations with 272 
frequent dust lifting have moved in-and-out of view from one sol to another.   273 

A variety of patterns are present in the data, some of which represent real meteorological 274 
information and some of which are driven by rover planning considerations.  The clustering of 275 
both images and dust lifting detections near local noon (12:00 LTST) is a combination of both.  276 
REMS pressure vortices occur most frequently at noon or in early afternoon when solar energy 277 
input is highest (e.g., Newman et al., 2019) and this pattern is also present in visible dust lifting 278 
detections.  But there is also a strong bias toward scheduling Navcam dust devil image sequences 279 
near noon, both because of that scientific expectation that noon and early afternoon is the most 280 
active dust lifting time of day and due to the pattern of the rover’s daily activity sequences.  281 
Curiosity typically has a midday (meaning hours around local noon) “science block”, when a 282 
variety of science activities occur, and this is when the majority of Navcam images are scheduled.  283 
Biases in the viewsheds used for the images are also present, with the science and operations team 284 
preferentially pointing movies in directions where previous dust lifting has occurred and dust 285 
lifting is more easily visible (even in MFS images) against darker or sandier surfaces.  There is 286 
also a somewhat sinusoidal variation on the earliest time of Navcam sequences in Figure 3, seen 287 
three times in the top panel (for each full Mars year) and then folded together on the bottom panel.  288 
This is driven by orbital and seasonal factors that determine when the rover’s daily activities begin.  289 
Because of this, the sampling of mid-to-late morning dust devil imaging sequences is far less 290 
systematic than that in the early-to-mid afternoon and our statistics are accordingly biased. Since 291 
Sol 2937, the inclusion of SPENDIs (which are included into plans at a late stage, once resources 292 
and the periods of power shunting are known, and without science team input) has greatly 293 
increased coverage of the late afternoon and early evening (pre-sunset) periods. This is because 294 
their goal - to productively use up excess power - is satisfied by the rover staying awake and 295 
imaging at this later time of day. Conversely, dust devil observations planned by the science team 296 
tend to occur earlier, especially in sols where power is limited. This is both due to the usual midday 297 
timing of the primary science blocks, and the difficulty of adding science block time later in the 298 
day in most sols.  299 

 300 



 301 
Figure 4.  Number of Navcam dust devil sequence images per sol (top) and number of images with 302 
observed dust lifting (bottom) by MSL mission sol with the vertical bars as described in Figure 3.   303 
 304 
 305 



 306 
Figure 5.  The fraction of Navcam dust devil sequence images with observed dust lifting by MSL 307 
mission sol.  The black line is a smoothed 30-sol running mean value with the vertical bars as 308 
described in Figure 3.   309 
 310 
 311 
 312 
 Figure 4 presents the same data in a different manner, to highlight the number of images 313 
taken per sol in a Navcam dust devil movie, survey, or SPENDI activity and the corresponding 314 
number of images with dust lifting within each sol.  It’s clear the most frequent number of images 315 
per sol is 21 or 24, corresponding to the most common types of Navcam dust devil movies and 316 
surveys, respectively.  The addition of SPENDI sequences causes a noticeable increase in images 317 
after Sol 3000.  Still, as mentioned above, most sols do not have any Navcam dust devil image 318 
sequences.   319 

The number of dust lifting detections per sol is highly variable, with zero being the most 320 
common by far, but with values ranging up to a maximum of 58 images with dust lifting on Sol 321 
3411.  Note that in the bottom panel of Figure 4, no effort is made to distinguish between a single 322 
dust devil that persists for an entire 21-frame movie or 21 unique dust devils over the same movie.  323 
It also does not double-count images with multiple distinct concurrent dust lifting events.    324 

Dividing the two panels of Figure 4 results in Figure 5’s normalized dust lifting activity 325 
values.  This provides a more consistent view of dust lifting activity across the entire mission, 326 
despite the highly variable frequency at which Navcam image sequences are taken.  The median 327 
value of the running 30-sol smoothed curve in Figure 5 is 9% with a mean value of 10% across 328 
the entire period of analysis.  Two time periods, however, have 30-sol frequency values near 0.4 329 
(40%):  near Sols 1600 and 3400.  Sol 1600 was soon after more frequent and dedicated Navcam 330 
dust devil movies and surveys began to be scheduled.  Curiosity was crossing the active Bagnold 331 
Dune field during this time near “Ogunquit Beach.”  Hence, the rover directly observed that such 332 
an active dune field is conducive to dust lifting and aeolian motion and despite fewer images per 333 



sol, those images frequently included dust lifting.  This dust lifting included both dust devils and 334 
straight line wind-stress forced dust lifting.  Straight line winds causing sand saltation and wind-335 
stress dust lifting in a location with active aeolian motion is expected, but dust devils were more 336 
common during this time period within the Bagnold Dune field. Near Sol 3400, Curiosity was on 337 
top of the Greenheugh Pediment with a long downslope viewshed over the Sands of Forvie 338 
sandsheet, Glen Torridon valley, and the Bagnold Dune field.  Essentially, all of the most 339 
productive dust lifting locations (see below) of the entire mission were in view concurrently.  There 340 
have also been two distinct time periods with limited dust lifting activity: Sols 2450-2600 and the 341 
current period starting near Sol 3600.  The current period (Sol 3600-present) is easily explainable 342 
by Curiosity’s location in the Marker Band valley, with a limited viewshed and terrain that appears 343 
less conducive to dust lifting with a lack of broad sand coverage and more frequent bedrock and 344 
boulder-covered terrain.  However, the Sol 2450-2600 period is not easily explained by issues of 345 
viewshed or location.  During that time, the rover was in the Glen Torridon valley, which in other 346 
seasons had frequent dust lifting. Indeed, more frequent dust lifting occurred both before and after 347 
this period, with the rover only a relatively short distance away.  This period of limited dust lifting 348 
is best explained by seasonal declines in meteorological conditions and solar forcing that are 349 
conducive to boundary layer convection.  Sols 2450-2600 covers Ls = 45-110°, when solar forcing 350 
is minimized at Gale Crater.  This matches well with predictions by Newman et al. (2019) showing 351 
dust devil activity is lowest during this season due to reduced thermal forcing and shallower 352 
planetary boundary layer depth during the afternoon.       353 
 354 



 355 
Figure 6.  Navcam dust devil imaging sequences by local true solar time and solar longitude for 356 
Mars Years 34 (top), 35 (middle), and 36 (bottom).  Black asterisks indicate each Navcam image 357 
and red triangles indicate images with observed dust lifting with the vertical bars as described in 358 
Figure 3. 359 
 360 



 361 
Figure 7.  Normalized dust lifting frequency (percent of Navcam dust devil sequence images with 362 
dust lifting events, asterisks) by 1° of solar longitude over Mars Year 34 (top), Mars Year 35 363 
(middle), and Mars Year 36 (bottom).  Solid black lines are 5° of solar longitude running smoothed 364 
means with the vertical bars as described in Figure 3.       365 
 366 
 367 
 Figure 3 shows that there are clusters of more frequent dust lifting near Ls = 180° and 368 
between Ls = 270-330°, with somewhat fewer dust lifting detections near southern hemisphere 369 
winter solstice (Ls = 90°), but with no time of year devoid of dust lifting.  Figures 6 and 7 show 370 
the three complete Mars years of our analysis period: Mars Years (MY) 34-36 in the calendar of 371 
Clancy et al. (2003).  Our analysis period starts at Ls = 248° in MY33 (mission Sol 1500) and runs 372 
to Ls = 51° (mission Sol 3800) in early MY37.  Moores et al. (2015a) discussed the initial single 373 
dust lifting detection in MY31 at the beginning of the mission on the Gale Crater floor and 374 
Lemmon et al. (2017) found another handful in late MY32 and early MY33 (slightly overlapping 375 
with this work).  Hence, Figures 3-7 cover well over 99% of all observed dust lifting within Gale 376 



Crater.  Additional dust lifting that is occasionally visible in Navcam image sequences dedicated 377 
to studying water ice clouds, or in Mast Camera dust devil movies, are excluded from our analysis.   378 
 Substantial interannual variability is present in Figures 6 and 7.  However, much of this is 379 
driven by the rover’s location through this period and its viewshed biases toward areas that are 380 
more or less favorable for dust lifting (as described both above and below).  MY34 includes the 381 
global dust storm, which almost entirely suppressed dust lifting activity within Gale Crater for a 382 
period of months (Guzewich et al., 2019).  MY36’s seasonal variation is strongly driven by rover 383 
location.  The strong cluster of dust lifting activity between Ls = 120°-180° that year was during a 384 
period when the rover had an excellent viewshed, as described above, and there was a high 385 
frequency of Navcam dust devil imaging sequences (although as seen in Figure 7, this time period 386 
had some of the highest normalized dust lifting frequency of the entire mission).  The near dearth 387 
of dust lifting detections after Ls = 210° that year occurred when the rover traversed into “Marker 388 
Band Valley,” where the viewshed was limited and very few nearby dust lifting events occurred.  389 
Of those three years, MY35 likely best samples the “true” meteorological variations in dust lifting 390 
within Gale Crater.  Throughout that year, Curiosity had a good viewshed through the “Glen 391 
Torridon” region (Sullivan et al., 2022), there was only a single period with no data collection 392 
(solar conjunction), and there were no major dust storms.   393 

These seasonal variations are seen more clearly in Figures 7 and 8.  Again MY35 likely 394 
represents the closest depiction to the true seasonal variation of dust lifting within Gale Crater with 395 
a relatively smooth variation between a broad peak in dust lifting in southern hemisphere spring 396 
and summer (Ls = 180-360°) and a minimum near Ls = 60-150°.  Comparable seasonal variation is 397 
also seen in model predictions and REMS pressure vortex detections (Newman et al., 2019).  The 398 
total observation period has some suggestion of this pattern, with the fewest detections occurring 399 
between Ls =30-120° throughout the mission, but significant observation biases are inherently 400 
included.  MY34 has a 60° of solar longitude gap between Ls = 210-270° due to both the MY34 401 
global dust storm and a long safe mode event immediately following the storm.  That reduction in 402 
what otherwise would have likely been an active time period results in the total period detections 403 
being noticeably double-peaked over the year.  MY36 has the inherent viewshed biases discussed 404 
above (particularly after Ls = 220°), producing a very anomalous seasonal pattern that is likely not 405 
meteorologically-driven.  By comparison, dust lifting observations from the Spirit rover were more 406 
clustered in season with pronounced gaps with very little activity, but a peak in dust lifting activity 407 
in southern hemisphere spring and summer (note Spirit’s landing site in Gusev Crater was at 408 
14.56°S, compared to 4.59°S for Curiosity) was clear for multiple Mars years (Greeley et al., 2006; 409 
2010), which generally aligns with Curiosity’s complete record and MY35 in particular.   410 

Although linear wind stress dust lifting events were a small fraction of total observed dust 411 
lifting events, we note that they have a distinctly different seasonal distribution (see Figures S1 412 
and S2).  Wind stress dust lifting events are strongly concentrated near Ls = 180° through the 413 
mission, however the inherent viewshed biases present in these data may be concentrated in this 414 
smaller portion of dust lifting events.  Both in MY34 and MY36, the time period near Ls = 180° 415 
included broad views of the Bagnold Dunes and the majority of all linear wind stress dust lifting 416 



events were observed in just these two narrow time windows.  In MY34, the start of the global 417 
dust storm and subsequent rover safe mode precluded dust lifting and observations following Ls ~ 418 
190°, while in MY36, the rover’s route into Marker Band Valley limited dust lifting detections as 419 
discussed above and below.  Still, MY35, without any of those obvious meteorological, 420 
technological, or geological impediments also saw a peak of linear wind stress lifting near Ls = 421 
180°.  Future modeling efforts should investigate whether meteorological conditions in this season 422 
are more conducive to strong straight-line winds.     423 
 424 
 425 
 426 

 427 
Figure 8.   Normalized histograms of dust lifting frequency (percent of Navcam dust devil sequence 428 
images with dust lifting events) by solar longitude over the entire period of analysis (top left), Mars 429 
Year 34 (top right), Mars Year 35 (bottom left), and Mars Year 36 (bottom right).     430 
 431 



 Far less interannual variability is present in the distribution of dust lifting activity by time 432 
of day.  The observed dust lifting activity histogram across the entire period presented here (Figure 433 
9) is strongly Gaussian with a peak very close to solar noon.  Each full year also has a Gaussian 434 
peak, although MY36 alone substantially influences the occurrence distribution for the entire 435 
mission.  MY34 and MY35 are more broadly peaked between 1130-1300 LTST.  As mentioned 436 
above, the relative lack of observations in the mid-late morning results in fewer detections between 437 
0930-1130 than what might truly be occurring in Gale Crater and what occurs in early-mid 438 
afternoon.   439 
 The earliest dust lifting detection was just before 1000 LTST (although there are very few 440 
image sequences before 1000 LTST) and the latest near 1530 LTST.  This is a narrower time range 441 
than was seen in Gusev Crater by Spirit, particularly for the afternoon times (Greeley et al., 2010).  442 
Spirit also was biased through the same rover planning cadence considerations as Curiosity with 443 
relatively fewer observations and detections in mid-late morning.  Still, the relative lack of activity 444 
in the afternoon in Gale Crater is notable.  REMS pressure vortices show a broader peak of activity 445 
with significant activity continuing into the afternoon (Newman et al., 2019).  As seen in Figures 446 
3 and 6 also, this lack of detections in the early to mid afternoon is robust.  Throughout the entire 447 
mission, there have been regular Navcam observations in the afternoon between 1300-1600 LTST, 448 
and even occasionally later into the evening.  SPENDI observations, in particular, are almost 449 
exclusively scheduled during the 1400-1800 time period.  To demonstrate this lack of dust lifting 450 
activity in the afternoon, we focus on the period around Sol 3300-3500 (late southern winter 451 
through early spring in MY36).  During this period, Curiosity had an excellent north-pointing 452 
viewshed of the Sands of Forvie sandsheet, Glen Torridon valley, and the Bagnold Dunes and saw 453 
abundant dust lifting activity during the middle of the day (note the peaks at this time in Figure 9 454 
for MY36).  There were also frequent SPENDI observations in the afternoon and evening, which 455 
also, in part, included north-pointing azimuths. Despite that, only a handful of dust lifting events 456 
were seen during this period in the mid-late afternoon.  This stands in contrast to model predictions 457 
of dust devil activity and REMS pressure vortex detections (Chapman et al., 2017; Newman et al., 458 
2019), which imply a peak in the early afternoon and continued activity through ~1600 LTST 459 
before a sharp decline after 1600.  Linear wind stress dust lifting events have a very similar 460 
distribution in local time to the entire dust lifting event catalog.     461 

Normalizing by observation frequency (Figure 10) also does not remove this relative lack 462 
of afternoon dust lifting activity (see also Figure S3).  Figure 10 shows a more gradual decline in 463 
dust lifting frequency during the afternoon compared to the raw counts shown in Figure 9, but dust 464 
lifting frequency still falls to 10% or below after 1300 LTST.  The source of this disparity must be 465 
meteorological (dust availability doesn’t change diurnally), but it is beyond the scope of this work 466 
to determine the cause.  We speculate that upslope and downslope flows, that even in mesoscale 467 
models are not fully resolved, may more effectively dissipate developing vertically-oriented 468 
vorticity at these times, or cause them to be narrower and thus raise dust over a smaller area 469 
(making them less visible), but additional modeling is required to help resolve this question.  Still, 470 



Figure 10 does help resolve some of the bias in observation times and hence shows a broader peak 471 
of dust lifting activity of generally 10-20% of images between 1100-1300 LTST.           472 

 473 
Figure 9.  Histograms of dust lifting events by local true solar time over the entire period of analysis 474 
(top left), Mars Year 34 (top right), Mars Year 35 (bottom left), and Mars Year 36 (bottom right).     475 
 476 
 477 



 478 
Figure 10.  Histograms of normalized dust lifting events (percent of Navcam dust devil sequence 479 
images with dust lifting events) by local true solar time over the entire period of analysis (top left), 480 
Mars Year 34 (top right), Mars Year 35 (bottom left), and Mars Year 36 (bottom right).     481 
 482 
3.2. Dust Lifting Locations and Surface Properties 483 
 484 
 Beyond the background meteorological conditions, surface properties and dust availability 485 
are integral to understanding dust lifting physics on Mars.  Therefore, localizing dust lifting events 486 
within Gale Crater is a necessary step to understand what surfaces can lift dust and are dust sources 487 
for the atmosphere.  This is far more challenging than with similar efforts for Pathfinder (Ferri et 488 
al., 2003) and Spirit (Greeley et al., 2006; 2010).  First, Curiosity has moved through much more 489 
complex terrain at an often faster pace than its predecessors.  Second, there have been few or no 490 
dust devil tracks identified from orbit along or near Curiosity’s traverse route (Ordóñex-Exteberria 491 
et al., 2018).  We attempt to localize observed dust lifting events using two different methods. 492 



 A systematic way to localize observed dust lifting is to simply report the azimuthal 493 
direction in which each dust lifting event occurs, and we do this in Figure 11.  We can determine 494 
the azimuth of each pixel in a given image using the camera’s pointing azimuth, CAHVOR 495 
(Camera center, Axis, Horizontal, Vertical, Optical, and Radial distortion vectors) model (Di and 496 
Li, 2004; Maki et al., 2012), and spherical geometry.  Figure 11 shows that the predominant 497 
directions of observed dust lifting have been incredibly variable over the 2,300 sols we analyze.  498 
Note that these data have not been normalized to pointing direction frequency in any way.  We 499 
divide the 2,300 sol period into seven periods based on the rover’s locations.  We note again that 500 
inherent viewshed biases are present here, particularly for dust devil “movies,” where the science 501 
and operations team preferentially pointed toward directions of known previous dust lifting 502 
activity.   503 

The Sol 1500-1610 period, when the rover was within or just north of the Bagnold Dunes, 504 
shows dust lifting preferentially toward the south and east directions.  Specifically, most dust 505 
lifting was occurring near and along the Bagnold Dunes with very few detections elsewhere.  As 506 
Curiosity passed through the Bagnold Dunes and approached the Vera Rubin Ridge (Sols 1610-507 
1900), there was the greatest diversity in dust lifting directions for the entire mission.  While there 508 
was a notable tendency for detections through the Bagnold Dune field (SW and NE directions in 509 
Figure 11), there were also a number of detections toward the Vera Rubin Ridge (S and SE 510 
directions).  As the rover moved to the top of Vera Rubin Ridge during Sols 1900-2300, a period 511 
which also spanned the MY34/2018 global dust storm and subsequent long rover safe mode event, 512 
the predominant directions of observed dust lifting reverted to a more bimodal distribution again.  513 
Again, dust lifting was most abundant over the Bagnold Dunes (N directions) with the second most 514 
common over the Glen Torridon valley and upslope toward higher terrain (S directions).   515 

Around Sol 2300, the rover descended the Vera Rubin Ridge into the Glen Torridon valley.  516 
Geologically and mineralogically, Glen Torridon is the clay-rich region along the slopes of Mt. 517 
Sharp that helped define the mission’s original scientific objectives (Bennett et al., 2023).  Glen 518 
Torridon is bounded on its north side by the Vera Rubin Ridge, which also obscured the rover’s 519 
view of the Bagnold Dune field.  Glen Torridon is bounded on the southern side by the increasingly 520 
higher terrain up the slopes of Mt. Sharp. Over the next 1000+ sols, numerous Navcam sequences 521 
showed that it is a region with abundant dust lifting, with both dust devils and wind-stress dust 522 
lifting.  Throughout this long time period, the rover saw frequent dust lifting toward the northeast, 523 
along the orientation of the Glen Torridon valley (southwest to northeast).  As the rover moved 524 
east through Glen Torridon (Sols 2800-3120), the directions of dust lifting became modestly more 525 
dispersed.  As the rover moved east, it passed north of the Sands of Forvie sand sheet, where dust 526 
lifting events were also observed, and it also had a broader viewshed of the western terminus of 527 
the valley along the Greenheugh Pediment.  Once the rover turned back to driving generally 528 
southwestward (Sols 3120-3330), dust lifting was only observed toward the northeast, through 529 
Glen Torridon and over the Sands of Forvie sand sheet.   530 
 531 
 532 



 533 

 534 
Figure 11.  Wind rose diagrams of azimuth of observed dust lifting events over seven color-coded 535 
time periods (MSL Sols) overlaid on orbital imagery of Gale Crater with the Curiosity rover’s 536 
traverse route and major terrain features labeled.   Rover traverse and background from: 537 
https://mars.nasa.gov/maps/location/?mission=Curiosity.   538 
 539 
 The final section of Figure 11, Sols 3330-3800, covers the steep ascent up the slopes of Mt. 540 
Sharp with highly variable viewsheds.  Twice the rover attempted to drive out onto the Greenheugh 541 
Pediment and had to retreat due to hazardous driving conditions.  However, those sojourns onto 542 
the Pediment provided incredibly productive viewsheds for dust lifting observations.  During those 543 
periods, the rover again had a view of the Bagnold Dunes (toward the north) while also having 544 
much of Glen Torridon within sight (toward the north and northeast).  This combination produced 545 



very frequent dust lifting detections in north-pointing directions.  However, the final ~250 sols of 546 
this period saw the fewest dust lifting detections of any comparable-length period.  During this 547 
time, as mentioned above, the rover was in Marker Band Valley, with a very constrained viewshed 548 
and apparently unfavorable local conditions for dust lifting.  What little dust lifting has been seen 549 
in this period has been almost exclusively toward the southeast (upslope) direction.     550 

After Sol 3400, Navcam dust devil movies were modified in an attempt to get precise 551 
locations for dust lifting events as part of standard image processing.  The MSL Engineering 552 
Camera team routinely calculates distances to objects (out to a maximum distance of ~400 m from 553 
the rover) when stereo images are taken by Navcam (Maki et al., 2012).  Thus, a stereo image pair 554 
was added to the dust devil movies to allow ranging.  However, no dust lifting events were seen 555 
within the calculated range of the stereo dust devil movies between Sol 3400-3800. With that 556 
stereo image-based method unsuccessful to date, we use a second method to localize dust lifting.  557 
Our second method of dust lifting localization is a best-effort attempt to get approximate locations 558 
(i.e., distance as well as direction) for some events to help understand the spatial variability of dust 559 
lifting within Gale Crater.  This localization, which is non-trivial and is subject to increasing error 560 
with increasing distance between an individual dust lifting event and the rover, allows us to 561 
understand the surface properties that are more conducive to dust lifting in Gale Crater.     562 
 Using the pointing azimuth and elevation of the Navcam sequence, spherical geometry, 563 
and the associated CAHVOR model (Di and Li, 2004; Maki et al., 2012), we calculate a vector 564 
between Navcam and each pixel within a dust lifting event identified by hand in the IDL GUI.  565 
This vector is then projected out onto Gale Crater’s topography as defined by the High-Resolution 566 
Imaging Science Experiment (HiRISE) digital terrain model (DTM) (Kirk et al., 2008).  The 567 
closest point to the rover represents the base of the dust lifting event.  Each localization solution 568 
is then visually validated based on identifying terrain features for plausibility.  This method is 569 
subject to a variety of potential errors due to rover localization, misidentification of pixels within 570 
the IDL GUI, and the complex terrain of Gale Crater.  For example, frequently the true base of a 571 
dust devil is obscured behind terrain and thus this method will produce spurious results and the 572 
result is discarded.  Driven by these different factors, quantifying the uncertainty in an individual 573 
location is not possible, but we can say that the errors are almost entirely in the radial direction 574 
rather than azimuthal.  Those radial errors can plausibly be tens of meters to even kilometers, 575 
depending on the specific dust lifting events, as the rover was often kilometers distant when they 576 
were observed. Only a small subset of all identified dust lifting events are successfully localized 577 
using this method and discussed below, but we believe it is a sufficiently robust sample to draw 578 
meaningful conclusions.  In total, we have 1,875 localizations, however note that in many cases 579 
the same individual dust lifting event is localized across multiple images as it moves.         580 
 We demonstrate the output of this localization method in Figure 12.  A dust devil is seen 581 
plainly in the mean-frame subtracted image with two dark representations of the dust devil in the 582 
subsequent two images (i.e., the dust devil is moving left to right across the images).  For this dust 583 
devil survey, the rover was pointing towards the northeast downslope with a view of the Sands of 584 
Forvie (dark sandsheet in the center of the unprocessed image) and the Glen Torridon valley.  After 585 



identifying the dust devil in our IDL GUI, the vector to it is projected out onto the HiRISE DTM 586 
resulting in the location shown on the left panel of Figure 12.   587 
  588 
 589 
 590 

 591 
Figure 12.  Example of dust lifting localization routine with the fourth image of the Sol 3275 dust 592 
devil survey.  The localized pixels are plotted on the HiRISE DTM topography with the rover’s 593 
position at the time of the sequence indicated by the asterisk (left).  The unprocessed image is on 594 
the top right with the mean-frame subtracted image below it showing a bright dust devil and two 595 
dark representations of the dust devil in the subsequent fifth and sixth images of the sequence.  596 
 597 
 Figure 13 shows locations for dust lifting events identified in 1,875 Navcam images 598 
overlaid on the HiRISE DTM.  While this only represents a small subset of identified dust lifting 599 
events, it represents a reasonable sample covering the entire Sol 1500-3800 period of observation 600 
and across different pointing azimuths.  Starting at the north end of the figure, there are scattered 601 
dust lifting locations on the crater floor, both for dust devil and wind stress dust lifting.  These 602 
crater floor events were all seen at great distance from the rover and thus have some of the largest 603 
uncertainties on precise location.  South of the crater floor lies the southwest–northeast oriented 604 
Bagnold Dune field which was consistently among the most favorable areas for dust lifting.  Figure 605 
13 represents the dominance of dust lifting within and near the Bagnold Dunes well with a high 606 
density of locations between approximately -4.69°S and -4.72°S.  Both dust devils and wind stress 607 
dust lifting are common in the dune field, although there is a notable reduction in plotted locations 608 
near the center of the DTM (~137.39°E).  This is due to the fact that this portion of the dune field 609 
was mainly in view during the period when the rover was on top of the Vera Rubin Ridge, and that 610 



time period included both the global dust storm and subsequent extended safe mode event, 611 
resulting in fewer dust lifting observations. 612 

The Vera Rubin Ridge cuts across the DTM with a distinct paucity of dust lifting events 613 
on top of the ridge itself.  However, clustered against the southern edge of the ridge is the greatest 614 
cluster of dust lifting locations through the Glen Torridon valley and its vicinity between 615 
approximately -4.71°S and -4.75°S and in the eastern 3/5ths of the DTM. As mentioned above 616 
when discussing Figure 11, Glen Torridon was in view for the majority of the observation period 617 
and was a productive region for dust lifting detections throughout the rover’s traverse through it.  618 
This included both dust devils and wind stress dust lifting, although wind stress dust lifting is 619 
notably more common in the Bagnold Dunes and along the sides of the western edge of the Vera 620 
Rubin Ridge.  South of Glen Torridon and higher along the slopes of Mt. Sharp, there are only 621 
scattered dust lifting locations identified, many of which were seen at great distance from the rover.  622 
Some of this relates to the directional observational bias discussed several times previously, but 623 
there were also truly less frequent dust lifting occurrences farther upslope on Mt. Sharp.  In 624 
particular, the eastern half of the Greenheugh Pediment and the Gediz Vallis ridge (the northwest-625 
southeast oriented ridge of higher elevation near -4.77°S and 137.395°E) has been in view of 626 
Navcam dust lifting observations numerous times (>1,000 images) with zero dust lifting detections 627 
(see also Figure S5).  We discuss this more below.   628 



 629 
Figure 13.  Estimated location of dust lifting events plotted over the HiRISE DTM topography 630 
(meters).  Asterisks represent dust devils, diamonds represent wind stress dust lifting, and triangles 631 
are indeterminate dust lifting events.  The thin white line represents the rover’s traverse during 632 
Sols 1500-3800.   633 
 634 
 In Figures 14-16 and S4, we plot the dust lifting locations of Figure 13 on a variety of 635 
surface maps to identify any patterns or preferences in dust lifting.  Figure 14 overlays the locations 636 



on a 100 m resolution Context Camera (CTX) mosaic of Gale Crater (Robbins et al., 2023), where 637 
dark areas are predominantly sand-covered (e.g., the Bagnold Dunes at the top half of the figure).  638 
There are three major sandy regions seen in the CTX image, and the dust lifting locations show a 639 
clear preference for them.  First, the Bagnold Dunes as previously mentioned.  Numerous dust 640 
lifting events occurred along and just south of the dunes (where ample surface sand patches are 641 
present).  Second, in the Glen Torridon Valley just south of the Vera Rubin Ridge there is sand 642 
collected against the southern edge of the ridge and occasional sand patches through the valley 643 
(Figure S4).  Dust lifting is again aligned closely to sandier areas.  Lastly, the Sands of Forvie also 644 
has a cluster of dust lifting on and near it.   645 
 Christian et al. (2022) used the orbital Compact Reconnaissance Imaging Spectrometer for 646 
Mars (CRISM) instrument to derive a sand cover index over a small portion of Gale Crater near 647 
the rover traverse (see also Viviano-Beck et al., 2014). In Figure 15, we overlay our dust lifting 648 
locations on this map.  Note that Figure 15 only covers a portion of the Greenheugh Pediment and 649 
the edge of the Sands of Forvie. But again, the dust lifting events largely plot on terrain that has 650 
more implied sand cover.  Even outside the cluster over the Sands of Forvie in the northeast corner 651 
of Figure 15, the scattered dust lifting events farther south/upslope show a notable preference for 652 
sandier locations.   653 
 Figure 16 overlays the dust lifting locations on Thermal Emission Imaging System 654 
(THEMIS) qualitative thermal inertia (TI) (Fergason et al., 2006).  Brighter areas in Figure 16 655 
indicate higher thermal inertia, while darker areas have lower thermal inertia.  Edwards et al. 656 
(2018) and Christian et al. (2022) discuss the thermal inertia of terrains near Curiosity’s traverse 657 
using THEMIS and CRISM observations, respectively.  Thermal inertia has also been derived 658 
using the rover’s onboard sensors (e.g., Vasavada et al., 2017; Martínez et al., 2021).  In the 659 
vicinity of the traverse, the Bagnold Dunes have some of the lowest thermal inertia (~240 TI units) 660 
while the Greenheugh Pediment has the highest (~590) (Edwards et al., 2018).  Both features can 661 
be seen plainly in Figure 16, as can the Vera Rubin Ridge, which also has comparatively high TI. 662 
Newman et al. (2019) noted that TI is a secondary control on dust devil activity and also that TI 663 
and albedo can cancel each other out if one is high and the other low (compare Figures 14 and 16).  664 
Lower albedo and thermal inertia will cause the surface to warm more rapidly after sunrise, 665 
resulting in greater thermal infrared and sensible heating of the lower atmosphere (the latter due 666 
to larger surface-to-atmosphere temperature gradients), and hence a greater drive for convection 667 
and the formation of vortices and dust devils.   668 
 Dust lifting locations plotted in Figure 16 occur on surfaces with a wide range of TI.  669 
Indeed, the distribution of thermal inertia of dust lifting locations closely follows the distribution 670 
of the entire region, with similar mean and median values.  As mentioned previously, very few 671 
events were seen on top of the Vera Rubin Ridge itself or on the Greenheugh Pediment (the highest 672 
TI regions).  One region of particular interest for its lack of dust lifting is the Gediz Vallis Ridge 673 
and neighboring eastern portion of the Greenheugh Pediment.  The Gediz Vallis Ridge itself has 674 
modest TI, lower than the surrounding Greenheugh Pediment (Figure 16), and both areas have 675 



relatively little sandcover (Figure 15, see also Bennett et al. (2018)).  Despite the modest TI, both 676 
areas have zero dust lifting detections in >1,000 images across the observation period.   677 

In combination, we believe Figures 14-16 show that surface sand cover is a key factor in 678 
supporting dust lifting by both dust devils and wind stress forcing.  Hence, it is the importance of 679 
saltating sand grains that can “splash” dust particles into the air (Kok et al., 2012; Neakrease et al., 680 
2016) that is conducive to dust lifting.  Plausibly, this sand cover is even more important than a 681 
visible layer of surface dust coverage.  The dark albedo of sandy areas seen in Figures 11 and 14 682 
indicate that bright martian dust is largely absent relative to other terrains, but what little dust is 683 
present on the surface is still available to be lifted when saltating sand particles are present and 684 
sufficient to produce visible dust lifting events.  Secondly, Figure 16 supports the modeling work 685 
of Newman et al. (2019) that thermal inertia is a secondary control on dust lifting and dust devil 686 
frequency.  The highest TI locations (Vera Rubin Ridge and Greenheugh Pediment) do see much 687 
less frequent dust lifting, but dust lifting is not strongly biased towards the lowest TI surfaces.   688 

 689 
Figure 14.  Dust lifting locations and symbols from Figure 13 overplotted on a 100 m resolution 690 
Context Camera mosaic of Gale Crater.   691 



 692 

 693 
Figure 15.  Dust lifting locations and symbols from Figure 13 overplotted on unitless CRISM-694 
derived sand coverage (scaled between 0 and 1; Christian et al., 2022).  Brighter terrain indicates 695 
higher sand coverage.   696 
 697 



 698 
Figure 16.  Dust lifting locations  and symbols from Figure 13 overplotted on a 100 m resolution 699 
map of THEMIS qualitative thermal inertia.  Brighter terrain indicates higher thermal inertia.  700 
 701 
3.3. Dust Lifting Motion 702 
 703 
 Finally, we have used the Navcam dust devil image sequences to determine approximate 704 
directions of motion of some dust lifting events.  Out of the entirety of the data, we were able to 705 
track approximately 750 dust lifting events across multiple images to determine motion in two 706 
orthogonal directions: across the frame (orthogonal to the image pointing azimuth) or toward or 707 
away from the rover (along the image pointing vector).  For example, if a dust devil movie was 708 
taken pointing due north (azimuth 360°) and a dust devil was moving right-to-left across the field-709 
of-view during the movie, we count that as a component of motion toward the west (azimuth 270°).  710 
If the same dust devil was also moving equally fast toward the rover, we add those two motion 711 



components and count that as moving southwest (azimuth 235°).  As described by Sinclair (1969) 712 
and Balme et al. (2012), dust devils typically move with the mean wind direction, although they 713 
can tend to form curving or cycloidal tracks.  Using these dust lifting event motion directions, we 714 
can estimate at least a component of the wind vector.  In the example above with a west-moving 715 
dust devil, it implies a component of the wind vector from the east (azimuth 90°).   716 
 Figure 17 uses a wind rose to present the implied wind direction components across the 717 
entire ~750 dust lifting events for which we could determine motion.  As with all sections in this 718 
work, we are mindful of observational biases present in these data.  For example, as has been said 719 
previously, all pointing azimuths are not equally observed.  Additionally, motion toward or away 720 
from the rover is far more difficult to determine from the image sequences, particularly for distant 721 
dust lifting events.   722 

Easterly and northerly winds are the dominant implied wind directions, with a complete 723 
dearth of winds from the southwest.  True easterly wind directions are the most common, 724 
representing ~25% of the total, with northeasterly winds the second most frequent.  While implied 725 
southeasterly winds have been seen, true south or southwest winds were never observed.  In the 726 
topography of Gale Crater along the rover’s traverse, these wind directions are generally oriented 727 
along the slope of Mt. Sharp (the easterly winds) or upslope (the winds with a northerly 728 
component).  Southerly or southwesterly winds would represent downslope flow.  The northerly 729 
and northeasterly implied wind directions are well-matched to previously observed REMS wind 730 
directions, even though most of those data were taken prior to our Sol 1500-3800 period.  Viúdez-731 
Moreiras et al. (2019) shows a strong preference for northerly and northeasterly winds during 732 
midday (1000-1500 LTST) across the year (see their figure 9).  Newman et al. (2017) similarly 733 
shows a strong bias to northerly winds when the rover was moving through the Bagnold Dunes, 734 
with supporting MarsWRF model simulations also predicting northerly and northeasterly wind 735 
directions.  As those references discuss, upslope flow is expected during the day as Mt. Sharp heats 736 
up and rises due to convection and air moves upslope with anabatic wind flows to maintain 737 
hydrostatic balance.  While we see easterly implied winds most often in Figure 17, true easterly 738 
winds are not common in either REMS observations or model simulations during the daytime in 739 
the vicinity of the rover’s traverse.  However, this discrepancy could be reconciled well if the 740 
easterly components in Figure 17 also have a northerly component (i.e., the dust lifting events also 741 
had a component of southward motion) that was not distinguishable in the images.  Given that 742 
many of these implied easterly wind directions are based on dust lifting events near the Bagnold 743 
Dunes and seen from kilometers distance, this seems plausible.        744 

Looking for variations across solar longitude or time of day, we see very little robust 745 
indications of variability in either dimension (not shown).  The first half of the year (Ls = 0-180°) 746 
has a preference for more northerly or even northwesterly wind components compared to the 747 
second half of the year (Ls = 180-360°), but the broad pattern shown in Figure 17 is common across 748 
all seasons.  Similarly in time of day, there is very little change (and we do not thoroughly sample 749 
all daytime hours as discussed above in Section 3.1).  The most variability is across different 750 
periods of the mission as delineated in Figure 11.  But we believe this variability is largely due to 751 



inherent viewshed biases present in each particular portion of the traverse which results in a strong 752 
preference to observe motion in certain directions (e.g., westerly motion/easterly wind direction 753 
when pointing north at the Bagnold Dunes), and is not due to true changes in meteorological 754 
conditions.   755 

 756 
Figure 17.  Wind rose diagram of implied wind direction components as determined by dust lifting 757 
event motion over the entire observation period.   758 
 759 
 760 
4 Discussion and Conclusions 761 
 762 
 We have analyzed 1,260 Navcam image sequences to search for dust lifting in Gale Crater 763 
over MSL mission Sols 1500-3800, spanning Mars years 33-37.  On average, a Navcam image 764 
sequence searching for dust lifting has been taken once every 1.8 sols during this period using a 765 
mix of three primary types of sequences:  movies, surveys, and SPENDI activities (see Section 2 766 



for descriptions).  Approximately 9.5% of all images taken have included dust lifting, entailing 767 
both dust devils and wind stress forced dust lifting.  Prior to Sol 1500, only a handful of dust devils 768 
was observed (Moores et al., 2015a; Lemmon et al., 2017) because images were most commonly 769 
pointed northward over the floor of Gale Crater where environmental conditions are less suitable 770 
for dust lifting (Newman et al., 2019).  Dust devils comprise ~79% of all observed dust lifting 771 
events, while ~16% were classified as linear wind stress dust lifting.   772 

Dust lifting occurs in all seasons of the martian year across the ~3.5 Mars years included 773 
in this observation period.  The constantly changing viewshed of the Curiosity rover (Figure S5) 774 
as it has ascended the slopes of Mt. Sharp/Aeolis Mons have also produced significantly varying 775 
seasonal patterns to observed dust lifting in each of the complete Mars years (MY34-36) included 776 
in this observation period.  Across the entire Sol 1500-3800 period, more dust lifting events have 777 
occurred in the second half of the martian year (Ls = 180-360°, southern hemisphere spring and 778 
summer), with a minimum in activity in southern hemisphere winter (Ls = 90-120°).  We believe 779 
Mars Year 35 is the qualitatively most meteorologically representative year of the MSL mission, 780 
with a generally sinusoidal variation in dust lifting frequency between its peak near southern 781 
summer solstice and a minimum near winter solstice.  Mars Years 34 and 36 each included events 782 
(e.g., the MY34 global dust storm) or rover positions (e.g., Marker Band Valley in the second half 783 
of MY36) that precluded or minimized dust lifting observations.  This shows broad agreement 784 
with detections of convective pressure vortices by the REMS instrument (Kahanpää et al., 2016; 785 
Ordóñez-Etxeberria et al., 2018; Uttam et al., 2022; Newman et al., 2019), with more convective 786 
vortex activity during the dustier second half of the martian year.  Linear wind stress dust lifting 787 
detections are strongly clustered near Ls = 180° across the 3 full Mars years in the observation 788 
period.  However, these wind stress lifting detections are strongly viewshed biased.  A direct 789 
comparison between the Navcam observed dust lifting events analyzed here and concurrent REMS 790 
observations is left for future work.   791 

Observed dust lifting is clustered near local solar noon, the peak of longwave solar heating 792 
and sensible heating that drives convective instability.  However, even when accounting for 793 
inherent Navcam observational biases, observed dust lifting is more strongly peaked near solar 794 
noon than was previously expected.  Other factors that drive convection and vortices, such as 795 
planetary boundary layer depth, for example, peak later in the afternoon near 15:00 LTST.  Dust 796 
lifting observation frequency falls sharply by 13:00 LTST and is nearly absent after 14:00 LTST.  797 
Modeling and REMS observations of convective pressure vortices show a much more gradual 798 
decline in the 12:00-14:00 LTST period, with only notable declines in activity after 15 or 16:00 799 
LTST (Kahanpää et al., 2016; Ordóñez-Etxeberria et al., 2018; Newman et al., 2019).  This 800 
suggests that meteorological conditions that support convective vortices can persist into the 801 
afternoon, while some additional factor for actual dust lifting becomes suppressive by early to mid 802 
afternoon in Gale Crater.  MSL’s operations played an important part in assessing the robustness 803 
of this decline in afternoon dust lifting activity.  The addition of occasional low-resource 804 
“SPENDI” activities without science team involvement over the last ~900 sols has been highly 805 
valuable, and other missions should consider such activities in the future.   806 



The varied viewsheds observed by Curiosity through this period, and other inherent biases 807 
discussed previously, make it difficult to consistently calculate a representative dust lifting event 808 
frequency or areal density for the entire mission as is described by Lorenz and Jackson (2016).  809 
However, during the Sol 2300-2900 period, Curiosity had a frequent view of the Glen Torridon 810 
valley with a cumulative viewshed area of ~6.5 km2.  As this also largely covered MY35, with the 811 
fewest inherent viewshed biases, we use 85 Navcam dust devil movies (long and short) from this 812 
period and conservatively determine a frequency of ~4.5 dust lifting events/km2/sol.  We calculate 813 
this value for the 1000-1400 LTST period, so any dust lifting at earlier or later times is not captured 814 
by this metric.  This falls logarithmically half-way between the “Navcam Survey” and “Navcam 815 
Stare” values reported by Lorenz (2009) for Spirit in Gusev Crater and falls modestly below the 816 
50/A power law fit shown by Lorenz and Jackson (2016).   817 

The terrain of Gale Crater and Curiosity’s mobility provide a unique opportunity to 818 
understand how varied surface properties influence dust lifting.  We use two methods to help 819 
localize observed dust lifting.  In both cases, we use the pointing information associated with each 820 
Navcam sequence, the camera’s CAHVOR model, and spherical geometry to orient each image 821 
pixel in azimuth and elevation space.  The simplest step is to simply report the azimuth of each 822 
dust lifting event, described above in Figure 11. The subsequent step, shown in Figures 12-16, is 823 
to project a vector from the rover’s position out onto the topography of Gale Crater using the 824 
HiRISE DTM.  In combination, these two methods show that dust lifting is most frequent along 825 
and in the vicinity of the Bagnold Dune field and broadly through the Glen Torridon valley.  This 826 
includes both dust devils and linear wind stress dust lifting, although wind stress dust lifting is 827 
more frequent through the Bagnold Dunes and less common in the Glen Torridon valley.  Dust 828 
lifting is far less frequent farther upslope on Mt. Sharp, although observational biases play a role 829 
in these statistics.  Still, certain well-observed portions of Gale Crater have notable paucities of 830 
dust lifting (see Figure S5):  the top of the Vera Rubin Ridge and the eastern parts of the 831 
Greenheugh Pediment and Gediz Vallis Ridge.  Comparing the dust lifting locations to various 832 
maps of surface properties, there is a noticeable preference for dust lifting to occur on sandier 833 
surfaces.  Throughout this observation period, Curiosity has been near or within view of the 834 
Bagnold Dune field, the Sands of Forvie sandsheet, and various other sand patches.  The preference 835 
for dust lifting near sandier surfaces suggests that wind-blown sand saltating across the surface is 836 
important for dust lifting, possibly more than direct suspension of dust.  Given that sandier surfaces 837 
are less dust-covered than bedrock surfaces, this implies that a high dust cover is not necessary for 838 
lifting and that available saltating sand grains are more important to splash dust particles into the 839 
atmosphere.  Note also that there are thermodynamic reasons that sandy locations could also be 840 
favored for dust lifting.  Low albedo and low TI basaltic sand is conducive to stronger daytime 841 
heating supportive of convection and pressure vortex formation.           842 

Lastly, we tracked the motion of ~750 dust lifting events as a proxy for wind direction 843 
component and find broad agreement with published REMS wind direction observations (prior to 844 
the failure of the wind sensors, Viúdez-Moreiras et al., 2019; Newman et al., 2017).  Throughout 845 
our observation period, there is a strong preference for implied easterly and northerly wind 846 



components.  This makes intuitive sense with upslope flows expected during the midday hours 847 
when most Navcam dust devil image sequences are scheduled.   848 

MSL operational planning routinely makes a best effort attempt to overlap scheduled 849 
Navcam image sequences with REMS measurements.  In future work, we will correlate these 850 
visually detected dust lifting events with REMS meteorological observations.   851 

 852 
Data Availability 853 
 All Navcam images are publicly available on the Planetary Data System (Maki, 2018). 854 
Guzewich et al. (2023) archives our derived dust lifting information and statistics.   855 
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