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Introduction: The last half-decade of Mars explo-
ration has greatly enhanced our knowledge of the active 
Martian surface. Wind-driven sand motion has been 
firmly established by the observations of active sand 
ripples and dunes. Orbital-based studies have shown 
spatial variations in bedform activity [1–3] and quanti-
fied size-independent volumetric sand fluxes [4–9], 
while surface rovers provide critical details on local 
conditions [10–14]. The purpose of this abstract is to 
update the community on major advances in our 
knowledge of contemporary aeolian bedform dynamics 
across Mars, including: the range of bedform classes, 
relevant boundary conditions, spatial and temporal 
trends, possible transport modes, and implications for 
landscape evolution. This report also provides an update 
to several overarching observations, which were put for-
ward at the 8th International Conference on Mars led by 
the late Nathan Bridges [1].  

Datasets and methods: The main dataset utilized to 
assess aeolian activity at a global scale consists of im-
ages acquired by the High Resolution Imaging Science 
Experiment (HiRISE) camera (0.25–0.5 m/pix). Bed-
form dynamics can be assessed with simple manual (lo-
cal) image registration [1, 2], full image orthorectifica-
tion from stereo-photogrammetry [7, 8], and/or precise 
tracking of ripple movement using COSI-Corr software 
[4, 5, 9]. These methods are greatly supplemented by the 
information gained from in situ rover observations [10–
14] – see Lapotre et al. (this conference) for an update.  

 Overarching results:  
(1) Active sand dune metrics: Active bedform 
heights, migration rates, and sand fluxes all span two to 
three orders of magnitude across Mars. Heights for mi-
grating sand dunes vary widely (2-120 meters tall), but 
most are 15–25 meters-tall [8]. Global studies show av-
erage dune migration rates converge around 0.5 m/yr 
(1s ±0.4 m/yr), dune crest fluxes are near 7.8±6.4 (1s) 
m3 m-1 yr-1, and the highest flux for an individual dune 
is 35 m3 m-1 yr-1 [3, 8]. The Bagnold Dunes of Gale 
crater, investigated by the Curiosity rover, show lower 
rates (0.2 m/yr) and fluxes (1 m3 m-1 yr-1) [7, 12, 13]. 
(2) Sand dune activity and sediment fluxes show 
regional heterogeneity: The highest sand fluxes are con-
centrated in three regions: Syrtis Major, Hellespontus 
Montes, and the North polar erg [8]. These regions are 
located near prominent transition zones of topography 
(e.g., basins, polar caps) and thermophysical properties 

(e.g., albedo variations). These boundary conditions, 
along with the presence of seasonal volatiles, have been 
proposed to contribute to large-scale slope winds as a 
driver of sand movement [8]. In contrast, dune-field-
scale topography and roughness will cause thickening 
of the internal boundary layer, resulting in decreased 
sand transport [9]. Site elevation, and its indirect effects 
on saltation threshold with pressure, is another global 
control impacting sand mobility [3].  
(3) North polar erg: Recognized early as a promi-
nent region for active bedforms [1], north polar dunes 
display the greatest migration rates and fluxes [8], de-
spite a state of limited sediment availability for half of 
the martian year due to seasonal autumn/winter 
CO2/H2O ice accumulation. This seasonal CO2 ice ap-
pears to contribute to up to 20% of the local sand move-
ment in the form of large slipface alcoves that develop 
during the colder seasons and are driven by seasonal 
frost [15]. Spring and summer katabatic winds are 
driven by the retreat of the seasonal CO2, and increas-
ingly large thermal and albedo change (15-25%), while 
steered zonally by Coriolis-force directed winds [8, 16].  
(4) South polar dune fields: In vast contrast to the 
north polar erg, southern dune fields (<45°S) are less 
active [3]. Southward of 57°S, some slowly migrating 
ripples are detected [3, 8] but dunes south of this latitude 
appear static and without crisp slipfaces [3, 17]. These 
contrasts in morphology and sand mobility are at-
tributed to the greater relief and katabatic winds of the 
northern cap, along with the longer and colder winters 
(longer duration of frost) and higher regional elevation 
(lower surface pressure) in south polar areas [3, 8, 17].  
(5) Abrasion rates and landscape evolution: Abra-
sion rates of local basaltic bedrock are estimated to be 
0.1–25 μm/yr for flat ground and 1–120 μm/yr for a ver-
tical rock face [1, 4, 7]. The abrasion susceptibility of 
softer sedimentary terrains composed of clays and sul-
fates will allow for greater erosion [7]. Recognizing 
these units is important, as sand blasting may rapidly 
expose potential organic-bearing sedimentary layers, 
minimizing degradation due to cosmic rays [18] - thus 
providing favorable conditions for sampling by future 
missions [7]. Abrasion of sedimentary deposits over 
deep geologic time can also lead to young exposure ages 
and contribute to landscape evolution [19].  
(6) Temporal trends in sand transport: Sand 
transport will be greater during periods of higher 
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atmospheric pressure as the threshold friction speed 
would be depressed [3]. Seasonal monitoring of ripples 
[5] showed the greatest fluxes during perihelion (esti-
mated local pressure of 6.3 mbar), while they were low-
est during aphelion (5.3 mbar). This ~15% change in air 
pressure resulted in a three-fold increase in sand fluxes 
[5, 7]. Locations with annual measurements from differ-
ent years indicate sand fluxes can vary by a factor of 
five, providing evidence for years of enhanced sand 
transport [20]. Other sites show bedform fluxes that are 
nearly identical from year-to-year, indicating a typical 
annual wind regime for some areas [20, 21]. Winds from 
planet-encircling dust events (e.g., 2007, 2018) may 
also enhance or retard sand transport rates [6, 10, 22]. 
(7) Dark-toned ripples (DTRs): The activity of 
meter-scale (1-5 m spacing and ~40 cm tall) DTRs [1, 
3, 8, 14] is quite variable. Active DTRs are typically as-
sociated with dark dunes [23], but may also occur as iso-
lated sand patches (Jezero crater delta), and on steep 
slopes (20-30°) where Recurring Slope Linea (RSL) 
form [24]. This contrasts with the inactivity for ripples 
of a similar scale in Meridiani Planum (near Oppor-
tunity) [25, 26] and Gusev crater (near Spirit) [7, 10] 
(Fig. 1). Some of these DTRs have been constrained to 
be inactive to ~50-200 ka, thought to be due to their sta-
bilization via a lag of coarse material [25, 26].  
(8) Megaripples and Transverse Aeolian Ridges 
(TARs): Larger ripples (spacing of ~8-18 m and heights 
of 0.8-2 m), variable in tone, have also been observed to 
migrate similar to, and in continuity with DTRs (Fig. 1) 
[8, 27]. This may suggest that these decameter-scale 
megaripples exist on a continuum of Martian bedforms 
from DTRs to TARs. TARs are light-toned, moderate-
scale (10-100 m spacing and 1-14 m tall) bedforms, with 
a debated origin [28, 29], but have been widely-ac-
cepted to have been inactive based on lack of change 
and super-position relationships [1, 10, 30]. New detec-
tions of TAR migration in a few locations might suggest 

some of these bedforms are in a state of low activity, 
rather than completely stabilized and a relic of past cli-
mates [31]. 
(9) Modes of transport: Whereas decimeter-scale 
impact ripples, common to landing sites and terrestrial 
deserts, likely form from impact processes (i.e., hopping 
or saltating/reptating grains) [32], decameter DTRs on 
Mars have a more debated origin. Curiosity’s explora-
tion of the Bagnold Dunes has provided new insight into 
DTRs [12]. It has been suggested that DTRs form anal-
ogously to terrestrial current ripples, which may de-
velop from Martian winds because of the planet’s higher 
kinematic viscosity (caused by the low-density atmos-
phere) [14]. Another proposed mechanism suggests that 
“saltation clusters”, which develop as sand particles are 
aerodynamically entrained at speeds between the impact 
and fluid velocity thresholds [11], conspire to form me-
ter-scale ripples [33]. It is unclear if these mechanisms 
apply to larger scale megaripple bedforms (>10 m 
wavelengths) found in continuity with DTRs (Fig. 
1)[27]. Dune transport under high sand availability is 
frequently recognized as developing under “bed insta-
bility mode” [34]. In contrast, conditions of low sedi-
ment supply form dunes in “fingering mode”, where 
dunes elongate in the approximate longitudinal direc-
tion of the resultant sand flux at their crest [35]. Both of 
these modes of sand transport are being recognized on 
Mars, from morphology [36] and dynamic motion [8]. 
DTR motion can also progress longitudinally down-
wind, rather than transversely [37, 38], which has criti-
cal implications for the numerous prior studies that had 
assumed the latter when interpreting wind directions 
and sand fluxes from bedform morphology.  
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Figure 1. Four bedform sites in HiRISE at that same scale. 
TARs, DTRs, and megaripples are shown.  
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