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Abstract

In the absence of consistent meteorological data on Mars, the morphology of dunes can be employed to study its atmosphere.

Specifically, barchan dunes, which form under approximately unimodal winds, are reliable proxies for the dominant wind

direction. Here, we characterize near-surface winds on Mars from the morphology of >106 barchans mapped globally on the

planet by a convolutional neural network. Barchan migration is predominantly aligned with the global circulation: northerly

at mid-latitudes and cyclonic near the north pole, with the addition of an anti-cyclonic north-polar component that likely

originates from winds emerging from the ice cap. Locally, migration directions deviate from regional trends in areas with

high topographic roughness. Notably, obstacles <100 km such as impact craters are efficient at deflecting surface winds. Our

database, which provides insights into planetary-scale aeolian processes on modern-day Mars, can be used to constrain global

circulation models to assist with predictions for future missions.
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Key Points: 

• We derive global barchan dune migration directions on Mars using a convolutional neural 
network 

• Aeolian sediment pathways on Mars are largely controlled by the planet’s global 
circulation 

• Surface winds are locally deflected by topographic obstacles < 100 km horizontal scales. 
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Abstract 
In the absence of consistent meteorological data on Mars, the morphology of dunes can be 
employed to study its atmosphere. Specifically, barchan dunes, which form under approximately 
unimodal winds, are reliable proxies for the dominant wind direction. Here, we characterize near-
surface winds on Mars from the morphology of >106 barchans mapped globally on the planet by a 
convolutional neural network. Barchan migration is predominantly aligned with the global 
circulation – northerly at mid-latitudes and cyclonic near the north pole – with the addition of an 
anti-cyclonic north-polar component that likely originates from winds emerging from the ice cap. 
Locally, migration directions deviate from regional trends in areas with high topographic 
roughness. Notably, obstacles <100 km such as impact craters are efficient at deflecting surface 
winds. Our database, which provides insights into planetary-scale aeolian processes on modern-
day Mars, can be used to constrain global circulation models to assist with predictions for future 
missions. 
Plain Language Summary 

Crescent-shaped sand dunes are prevalent across the deserts of Mars. Here, we use the physical 
relationship between the shape of these dunes and the winds that form them to infer the directions 
of surface winds on Mars on a global scale. We find that dunes typically adhere to the global 
circulation patterns of Mars’ atmosphere, and that local topographic winds are mostly important 
in areas with high topographic roughness such as inside deep impact craters. Our global wind map 
can serve to calibrate numerical climate models, which in turn can help us learn about the recent 
and modern-day climate of Mars. 

1 Introduction 
Winds have been a dominant driver of geologic activity on Mars, setting the pace of 

landscape erosion (Chojnacki et al., 2019), sediment transport and deposition (Baker et al., 2018; 
Bridges et al., 2012; Gunn et al., 2022), and controlling dust lifting (Greeley et al., 1981; Newman 
et al., 2004). Understanding the global circulation of modern surface winds is therefore not only 
important to model present-day atmospheric phenomena such as global dust storms in preparation 
for future crewed mission (e.g., Cantor et al., 2001; Greeley et al., 1981; Levine et al., 2018; 
Montabone & Forget, 2018), but also to calibrate global climate models (GCMs) that could then 
be used to decipher the planet’s climatic record (Banham et al., 2018, 2021; Day & Dorn, 2019; 
Ewing et al., 2017; Fenton et al., 2005; Fenton & Hayward, 2010; Hayward et al., 2007; Kite, 
2019; Lapôtre et al., 2020, 2021; Rubin et al., 2022; Tsoar et al., 1979; Ward et al., 1985; 
Wordsworth, 2016).  

Crescentic (or barchan) dunes, which form under roughly unimodal winds in regions of 
limited sand supply, are widespread across the modern arid landscapes of Mars (Breed et al., 1979; 
Diniega et al., 2021; Fenton, 2020; Hayward et al., 2007, 2012; Rubanenko et al., 2021). The 
morphology of actively migrating barchan dunes can be used to infer the dominant wind direction 
and aeolian sediment transport pathways. The crestline orientation near the slipface center and 
horn orientations of actively migrating barchan dunes indicate the dominant wind and sediment 
transport directions (Figure 1; e.g., Gao et al., 2015). In some cases, the horns can become 
asymmetric, e.g., in the presence of a secondary wind component, as a result of dune-dune 
interactions, or topography (Bourke & Goudie, 2009; Parteli et al., 2014; Tsoar & Parteli, 2016). 
Thus, orbiter observations of barchan dunes have been used to indirectly characterize surface 
winds on Mars, where meteorological data is scarce (Hayward et al., 2007, 2012; Tsoar et al., 
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1979). However, the majority of investigations that mapped individual dune migration directions 
focused on local-regional phenomena, as examining individual dunes globally has remained 
challenging (Ward et al., 1985). In contrast, the global database of Hayward et al. (2012) reports 
average slipface azimuths from ~10,000 measurements, ~25% of which were barchans. 

Here, we expand the database of mapped barchan dunes by using higher resolution Mars 
Reconnaissance Orbiter Context Camera images (MRO CTX, Malin et al., 2007) as well as 
including recently mapped smaller dune fields (Fenton, 2020), which allows us to include barchan 
dunes in non-polar latitudes. We analyze a global dataset of barchan-dune outlines previously 
mapped on Mars by a convolutional neural network (Rubanenko et al., 2021). From dune outlines, 
we infer the orientation of dune slip-faces and horns (and their asymmetry) to infer local and global 
barchan migration patterns, driven by Mars’ dominant near-surface winds and aeolian sediment 
transport pathways on a planetary scale. We further quantify the influence of topography on local 
winds by analyzing horn asymmetry and deviations between local dune migration direction and 
modeled regional winds. Altogether, our results provide a new global view of wind-driven sand 
transport on modern Mars that could be used to benchmark and refine GCM simulations of Mars’ 
winds.  

 

2 Methods 

2.1 Automatic Measurement of Dune-Migration Direction 

A convolutional neural network (CNN) is a type of machine learning technique that excels 
at tasks that require abstraction, such as object detection and segmentation in images. The CNN 
we employ in this study, Mask R-CNN (He et al., 2017), outlines objects in images by generalizing 
from a manually labeled dataset through an optimization process called training. Here, we employ 
a dataset of barchan dunes’ outlines compiled by Rubanenko et al. (2021), who trained Mask R-
CNN on images of barchan dunes tiled from the global MRO CTX mosaic (5 m/px) of Dickson et 
al.  (2018).  The trained model, which achieved a detection mean average precision of 77%, was 
used to automatically outline barchan dunes across the surface of Mars.  

To spare computation time, and since the goal was to characterize known dunes and not to 
detect new ones, Rubanenko et al. (2021) focused on regions that were found to contain dune fields 
in previous investigations (Fenton, 2020; Hayward et al., 2007) between latitudes −𝟕𝟎°𝐍 and 
𝟕𝟎°𝐍. Poleward of ±𝟕𝟎°𝐍, all CTX images were inspected for the presence of barchan dunes. 
Through this process, the CNN detected over a million individual isolated barchan dunes on Mars, 
which were subsequently filtered to increase the robustness of the results (Rubanenko et al., 2022; 
Supplementary Materials). After manually reviewing a representative sample of the model 
detections, Rubanenko et al. (2022) elected to ignore any detections poleward of −𝟕𝟎°𝐍 due to 
the presence of sublimation-related features, such as spiders (Zuber, 2003), which the model 
occasionally misclassified as barchan dunes. 

To measure the migration direction of a single barchan dune, we follow the procedure 
developed in Rubanenko et al. (2022). The algorithm automatically identifies six reference points 
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along the dune contour: the center of the slipface, the two horn apexes, the “tail” (upwind edge of 
the stoss) and sides. For relatively symmetric dunes (arbitrarily defined here as horn length ratio 
𝐦𝐚𝐱	(𝑳𝟏, 𝑳𝟐)/𝐦𝐢𝐧	(𝑳𝟏, 𝑳𝟐) < 𝟐	), the migration direction is estimated as the bisector vector to 
the angle formed by the slipface center and horn apexes (e.g., green arrows in Figure 2c–g). For 
asymmetric dunes (𝐦𝐚𝐱	(𝑳𝟏, 𝑳𝟐)/𝐦𝐢𝐧	(𝑳𝟏, 𝑳𝟐) < 𝟐	), the migration direction was approximated 
to be in the direction of the line that links the tail to the slipface center (e.g., orange arrows in 
Figure 2c–g). To improve the robustness of our results, we further removed dunes with convexity 
defects < 2.5% the dune length (L in Figure 1), and dunes for which the ratio between the second-
deepest and deepest convexity defects (𝒅𝟐/𝒅𝟏 Figure 1) exceeds 10%. The latter condition 
removed dunes with noisy contours, either due to mis-segmentation by the model or from natural 
complexities. Following this filtering, our dataset contained 737,521 dunes in 51,307 images. 

Finally, we compute the average migration direction of all remaining detected dunes in 
each CTX image, weighting their individual migration vectors by the detection certainty (an output 
of the CNN) and the depth of the slipface convexity defect (as barchans with well-developed horns 
are more easily interpreted), and bin the results in 𝟏𝟎° × 𝟏𝟎° bins between −𝟕𝟎°𝐍 and 𝟕𝟎°𝐍, and 
𝟐° × 𝟐° bins poleward of 𝟕𝟎°𝐍 (where dunes are more abundant). To validate this method, we 
compared the migration direction of terrestrial barchan dunes, derived from satellite images and 
our automatic method to in-situ measurements of sand flux direction (Figure S1; Supplementary 
Materials). 

2.2 Net-Sand Flux Direction from GCMs 
 To compare our results with GCM predictions, we computed the net sand-flux direction 
using outputs from (1) Laboratoire de Météorologie Dynamique (LMD) simulations archived in 
the Mars Climate Database (MCD; Forget et al., 1999; Millour et al., 2018), and (2) Mars Weather 
and Research Forecasting (MarsWRF; Richardson et al., 2007) simulations (Supplementary 
Materials). From these, we extracted wind shear velocity (𝑢∗), atmospheric density at the surface 
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Figure 3: Definition of morphometric parameters. The dune slipface is identified as the deepest convexity defect along the 
dune contour (d1), and horns lengths (L1≥L2) are measured as the distance between the slipface and the horn apexes. 
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(𝜌$), and average wind azimuth (𝜃) at a height of 1 m above the surface. For LMD simulations, 
outputs were binned spatially at 5° and temporally in intervals of 30° solar longitude, whereas 
MarsWRF outputs were binned spatially at 5° and temporally in intervals of 1 hour. Next, we 
calculate the net sand-flux direction, 𝜃̅%, as the average wind azimuth weighted by the magnitude 
of the saltation flux vector, 𝑞&, i.e., 
 

𝜃̅% = arctanD
𝑆̅
𝐶̅
G 

where, 

𝑆̅ =
∫ sinK𝜃(𝑡)M 𝑞&(𝑡)𝑑𝑡

∫ 𝑞&(𝑡)𝑑𝑡
;	𝐶̅ =

∫ cosK𝜃(𝑡)M 𝑞&(𝑡)𝑑𝑡
∫ 𝑞&(𝑡)𝑑𝑡

 

(Eq. 1) 

 

Decades of experimental and field studies of aeolian sand transport have led to the formulation 
of numerous empirical saltation-flux laws (Kok et al., 2012). We conducted the calculations in 
Equation 1 using the semi-empirical saltation-flux law Martin & Kok (2017), 

𝑞& ∝ 𝜌$𝑢∗'((𝑢∗) − 𝑢∗'() ) 
(Eq. 2) 

where 𝑢∗'( ≈ 0.7	m	s*+ is the effective impact threshold for sand transport as relevant to modeling 
at 10–100 km spatial scales on Mars (Ayoub et al., 2014). Whereas we chose to illustrate our 
results with this commonly used flux law, we found results to be insensitive to the choice of the 
flux law (e.g., Werner, 1990) and the chosen impact threshold, which was varied in the range 0 −
1	m	s*+. As a result, the different temporal resolutions of the two GCMs, which may in principle 
affect calculated fluxes, does not significantly affect calculated net sand-flux directions. Finally, 
estimates of 𝜃̅% from GCM outputs were binned to match the resolution of measured barchan-
migration directions. 

 

3 Results: Global Dune Migration Directions 

We find that dune-migration direction is dominantly to the east at latitudes > 𝟒𝟓°𝐍, 
whereas it is mostly to the south between −𝟒𝟓°𝐍 and 𝟒𝟓°𝐍. Furthermore, dune migration 
directions follow continuous streamlines over thousands of kilometers over much of the surface of 
Mars (Figure 2a), some of which appear to mimic the routes of dust storms as previously mapped 
for Mars Years 24–32 (white dashed lines in Figure 5a; Battalio & Wang, 2021). The alignment 
between storm tracks and dune-migration direction suggests that, in many places, the same wind 
circulations are responsible for the propagation of dust storms and the migration of sand dunes. 
This hypothesis is further corroborated by the overlap between the seasonal windows of dust 
storms (solar longitudes Ls ~ 140–250° globally, with secondary windows at 300°–360° and 10–
70° in the northern and southern hemispheres, respectively; Battalio & Wang, 2021) and the 
seasonality of sand transport as observed on the ground and from orbit (e.g., Ls ~ 200°–10° in Gale 
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crater and ~200°–350° in Nili Patera; (Ayoub et al., 2014; Baker, Lapôtre, et al., 2018; Baker, 
Newman, et al., 2018; Bridges et al., 2017; Lapôtre & Rampe, 2018). Whereas our data and 
analysis does not confirm any causal relationship, the correlation between dust-storm tracks and 
sand-transport pathways hints at the role of saltation in lofting finer dust and initiating dust storms 
on Mars (Greeley, 2002; Newman et al., 2002; Pollack et al., 1976). 

At high northern latitudes (Figure 5b), dune migration directions largely follow Mars’ polar 
vortex circulation (Lancaster & Greeley, 1990), with an additional southward component that 
appears to be pervasive across the north polar region. We find good agreement between our results 
and previously manually mapped barchan migration directions (Ward et al., 1985). Additionally, 
we identify two major surface wind convergence zones near the north pole using the dune 
orientations: (1) at the southern end of Chasma Boreale (labeled “f” in Figure 2b), and (2) between 
polar cyclonic and anti-cyclonic flows (~𝟖𝟓°𝐍, − 𝟏𝟐𝟎–𝟏𝟐𝟎°𝐄; Olympia Undae). These wind 
convergence zones are likely responsible for observed enhanced dune sizes in those regions 
(Rubanenko et al., 2022).  

Most of the ground-based wind and sand-flux measurements on Mars (yellow arrows in 
Figure 5a) agree with our machine-learning-derived migration directions. Where winds were 
measured directly on the ground, any disagreements is explained by the influence of local 
topographic winds (e.g., at the Viking 1, Curiosity, and Insight landing sites; Baker et al., 2022; 
Banfield et al., 2020; Hess et al., 1977). 
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sand flux direction from landed spacecraft (Supplementary Materials). Gray streamlines are LMD-derived migration 
directions (Forget et al., 1999). (c–g) Machine-learning-derived dune outlines and derived migration vectors for individual 
dunes overlain on CTX imagery. Green and orange arrows are the estimated migration vectors from bisector (symmetric 
dunes) and tail-slipface vector (asymmetric dunes), respectively. North is up in (c–g). Image coordinates: (c) 
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4 Discussion 

4.1 Global Sand Flux Predictions by GCMs 

The net-sand flux directions computed by the two GCMs (streamlines in Figures 2 and S2) 
generally agree with observed dune-migration directions, and mostly disagree in areas with large 
topographic relief or gradients, such as near Valles Marineris (-13.9°N, -59.2°E), the Hellas (-
42.4°N, 70.5°E) and Argyre (-49.5°N, 136.0°E) impact basins, or near the dichotomy boundary 
(Section 4.2). In other places, such as in northern Terra Sabaea from Meridiani Planum to Syrtis 
Major (approximately 𝟎 − 𝟒𝟓°N;	𝟎 − 𝟔𝟎°E), GCM predictions are poorly aligned with (and in 
places are even opposite to) measured dune-migration directions – even though the dunes 
themselves appear to follow continuous streamlines. Inspection of repeat High Resolution Imaging 
Experiment (HiRISE) imagery (Chojnacki et al., 2019) reveals that the modern migration direction 
of meter-scale ripples, superimposed onto the barchan dunes, agrees with inferred dune-migration 
direction, thus ruling out the possibility that dune morphology in that region does not reflect 
contemporaneous wind conditions. This discrepancy points to potential limitations of GCM 
predictions. Another notable example of potential disagreement between GCM predictions and 
observations is the presence of an anti-cyclonic “inner ring” of barchans migrating west poleward 
of 𝟕𝟖°𝐍 (purple-blue arrows in Figure 5b), which was also identified by Tsoar et al. (1979) and 
Ward et al. (1985) but does not appear to be resolved by GCMs. We speculate that this wind 
corridor, proximal to the ice cap, may be linked to topographic winds emerging from the polar ice 
cap (Ewing & Kocurek, 2010; Spiga & Smith, 2018; Tsoar et al., 1979). This hypothesis is 
supported by the slight but pervasive southward component of dune migration vectors within that 
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corridor (Figure 5b). We do not identify any systematic differences in the performance of the two 
GCMs; they appear to provide equally overall accurate predictions of net sand-transport pathways  
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Figure 6: (a) Rose diagrams of dune-migration directions, binned in 1,500	𝑘𝑚! equal-area bins. (b) Correlation between the 
RMS slope of topography, 𝛿, and the standard deviation of dune-migration directions, 𝜎, within each spatial bin (bin area = 
1,500 km2, baseline = 4 km). N values indicate the number of dunes within each bin. (c) Correlation coefficient, 𝜌, between 𝜎 
and 𝛿 as calculated for different bin sizes (labeled within each panel) and topographic baselines (x-axis). Red circles indicate 
non-significant (p > 0.05; Wald test) correlations. Green square highlights the example correlation shown in (b). 
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4.2 Influence of Topography on Surface Winds  

Topographic roughness from micro- to planetary scales may affect the magnitude and 
direction of surface winds. Specifically, deviations in wind direction from its regional trend, e.g., 
caused by impact craters, may result in a local misalignment between barchan migration direction 
and regional winds. Such deviations are notably observed in regions characterized by high 
topographic relief, such as Valles Marineris and the Isidis and Hellas basins, as evidenced by a 
larger dispersion in dune migration direction within adjacent dune fields in those regions (Error! 
Reference source not found.a). 

To quantify the relationship between wind dispersion and topography, dune-migration data 
were binned spatially in equal-area bins. We correlated the Yamartino (angular) standard deviation 
of observed dune-migration directions (𝝈) with the root mean square (RMS) slope (𝜹) derived 
from Mars Orbiter Laser Altimeter (MOLA; Fergason et al., 2018; Smith et al., 2001) data within 
each bin, resampled over a given distance, which determines the topographic baseline (the 
horizontal scale of the considered topographic roughness). A stronger correlation (higher 
correlation coefficient) between 𝝈 and 𝜹 could imply that increased topographic roughness leads 
to a greater dispersion in dune migration directions; i.e., that the presence of topographic roughness 
impacts the direction of surface winds that drive dune migration. Increasing the spatial bin size 
increases the number of dunes within that bin, thus decreasing the statistical error in calculating 𝝈 
and 𝜹, but it also leads to fewer (𝜹, 𝝈) pairs from which the correlation is calculated, negatively 
impacting the significance of any correlations. To explore this tradeoff, we performed the analysis 
for wide ranges of spatial bin sizes (500–2,000 km2) and topographic baselines (2–500 km) 
(Error! Reference source not found.b).  

Regardless of spatial bin size, we find a consistent correlation between 𝝈 and 𝜹 for 
topographic baselines smaller than ~10-50 km (Error! Reference source not found.b, c), 
suggesting that at those scales, dune migration is influenced by winds induced or diverted by local 
topography (Chojnacki et al., 2019; Ewing & Kocurek, 2010; Hess et al., 1977; Parteli et al., 2014). 
The strength of the correlation between 𝝈 and 𝜹 decreases with the topographic baseline, until it 
ceases to be statistically significant for horizontal scales > 100 km. This implies that at scales < 
100 km, topography affects the regional circulation. In turn, dune migration is more affected by 
Mars’ global circulation, which would orient dunes in the same direction and decrease 𝝈. For 
example, dune migration within topographic depressions (such as craters) > 100 km is more likely 
driven by regional circulation and not, e.g., by local slope winds or winds deflected by topographic 
obstacles (Ewing & Kocurek, 2010; Fenton et al., 2005; Gunn et al., 2022). 
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Martian impact craters trap sand, which often accumulates to form dune fields or windblow 
deposits (Gunn et al., 2022), some of them ancient and lithified (Banham et al., 2018, 2021; Day 
& Catling, 2020; Day & Dorn, 2019; Grotzinger et al., 2005; Lapôtre et al., 2016, 2021; Milliken 
et al., 2014; Rubin et al., 2022). We find that crater depth exerts a strong control over the potential 
distance between the center of dune fields and the center of the crater that hosts them, such that 
dunes within deep craters are typically found closer to the crater center. In contrast, dunes within 
shallower craters (but not necessarily smaller craters) typically accumulate near the crater wall 
(Figure 4a). Additionally, deep craters cause dune-migration direction to deviate from the average 
regional migration direction (Figure 4b), as estimated by binning migration direction in the same 
bins as in Figure 3. For example, an increase of an order of magnitude in crater depth increases the 
average difference between dune-migration direction within the crater and the average regional 
migration direction two-folds.  

5 Conclusion 
The morphology of barchan dunes can be used to infer their migration directions as a proxy for 
the direction of the winds that shape them. We employed a neural network to map and outline 
barchan dunes globally on Mars. From dune outlines, we derived their orientation and their 
corresponding migration directions. In the absence of long-lived and global meteorological 
monitoring on Mars, our dataset provides a unique opportunity to investigate the planet’s modern 
(Figure S4) near-surface wind circulation on a global scale. 

We find that dune migration on Mars follows continuous streamlines that extend for thousands of 
kilometers, indicating that dune migration on the planet is mainly dictated by its global 
atmospheric circulation. We find that dune migration is aligned with dust-storm tracks – possibly 
hinting at dust lifting by saltating sand – and in good agreement with ground-based wind 
direction or sand-flux constraints. Misalignments between dune-migration directions and direct 
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Figure 7: (a)	Maximum	distance	between	the	center	of	mass	of	the	dune	field	and	the	center	of	the	crater	decreases	with	
crater	depth.	Error	bars	show	the	width	of	the	dune	field	normalized	by	crater	diameter.	(b)	Angular	difference	between	
the	migration	directions	of	intracrater	dunes	and	dunes	within	the	greater	region	outside	of	the	crater.	Migration	
direction	of	dunes	within	deep	craters	are	more	statistically	likely	to	deviate	from	the	direction	of	the	regional	migration	
directions	(binned	as	in	Figure 5).	
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measurements can in all cases be explained by winds induced by local topography. Outputs from 
two GCMs (LMD and MarsWRF) compare similarly well to inferred net sand-flux directions, 
with a few exceptions, especially in regions of high topographic relief. Notably, the GCMs do 
not appear to resolve an anti-cyclonic wind corridor at the base of the north polar cap. 

To quantify the influence of topography on dune-migration directions, we measured the 
topographic roughness at different horizontal baselines. We find that the dispersion in migration 
directions, quantified by the angular standard deviation, increases with the topographic 
roughness, quantified by the RMS slope. Specifically, we find that the topographic signature of 
impact craters significantly influences dune formation and migration. Dune fields found within 
deeper craters (d/D > 0.01) tend to be located closer to the crater center, and display larger 
deviations from the average regional dune-migration direction.  
We hypothesize that the strong influence of topographic roughness, craters, and ice-cap valleys 
on surface wind directions on Mars is rooted in the planet’s large swings in near-surface 
atmospheric stability. In stably stratified boundary layers, surface winds are isolated from the 
geostrophic winds aloft and as a result, tend to be slower and guided by topographic features 
(Gadal et al., 2022). In contrast, surface winds in a convective boundary layer tend to be faster 
and have an outsized influence on sand transport (Gunn et al., 2021). Katabatic winds down the 
ice-cap valleys and some crater walls are expected to be strong on Mars due to such large diurnal 
variations in boundary-layer stability. Critically, these processes are challenging for GCMs to 
resolve due to parameterizations of non-equilibrium stability effects in the boundary layer, as 
well as spatial resolution. Our results are thus compelling evidence that discrepancies between 
observation and simulation manifest through the interaction of topography and the stability of the 
near-surface atmosphere on Mars. Therefore, caution needs to be applied when interpreting 
paleo-wind directions on Mars from ancient aeolian sandstones. As sedimentary sinks, many 
impact craters on Mars have preserved an aeolian sedimentary record. The strong influence of 
crater topography on sediment accumulation and wind direction is likely to be reflected in the 
stratigraphy of craters with diameters < 100 km, and those strata may neither provide a direct 
record of regional winds nor be reproducible by current GCMs. 
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Key Points: 

• We derive global barchan dune migration directions on Mars using a convolutional neural 
network 

• Aeolian sediment pathways on Mars are largely controlled by the planet’s global 
circulation 

• Surface winds are locally deflected by topographic obstacles < 100 km horizontal scales. 
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Abstract 
In the absence of consistent meteorological data on Mars, the morphology of dunes can be 
employed to study its atmosphere. Specifically, barchan dunes, which form under approximately 
unimodal winds, are reliable proxies for the dominant wind direction. Here, we characterize near-
surface winds on Mars from the morphology of >106 barchans mapped globally on the planet by a 
convolutional neural network. Barchan migration is predominantly aligned with the global 
circulation – northerly at mid-latitudes and cyclonic near the north pole – with the addition of an 
anti-cyclonic north-polar component that likely originates from winds emerging from the ice cap. 
Locally, migration directions deviate from regional trends in areas with high topographic 
roughness. Notably, obstacles <100 km such as impact craters are efficient at deflecting surface 
winds. Our database, which provides insights into planetary-scale aeolian processes on modern-
day Mars, can be used to constrain global circulation models to assist with predictions for future 
missions. 
Plain Language Summary 

Crescent-shaped sand dunes are prevalent across the deserts of Mars. Here, we use the physical 
relationship between the shape of these dunes and the winds that form them to infer the directions 
of surface winds on Mars on a global scale. We find that dunes typically adhere to the global 
circulation patterns of Mars’ atmosphere, and that local topographic winds are mostly important 
in areas with high topographic roughness such as inside deep impact craters. Our global wind map 
can serve to calibrate numerical climate models, which in turn can help us learn about the recent 
and modern-day climate of Mars. 

1 Introduction 
Winds have been a dominant driver of geologic activity on Mars, setting the pace of 

landscape erosion (Chojnacki et al., 2019), sediment transport and deposition (Baker et al., 2018; 
Bridges et al., 2012; Gunn et al., 2022), and controlling dust lifting (Greeley et al., 1981; Newman 
et al., 2004). Understanding the global circulation of modern surface winds is therefore not only 
important to model present-day atmospheric phenomena such as global dust storms in preparation 
for future crewed mission (e.g., Cantor et al., 2001; Greeley et al., 1981; Levine et al., 2018; 
Montabone & Forget, 2018), but also to calibrate global climate models (GCMs) that could then 
be used to decipher the planet’s climatic record (Banham et al., 2018, 2021; Day & Dorn, 2019; 
Ewing et al., 2017; Fenton et al., 2005; Fenton & Hayward, 2010; Hayward et al., 2007; Kite, 
2019; Lapôtre et al., 2020, 2021; Rubin et al., 2022; Tsoar et al., 1979; Ward et al., 1985; 
Wordsworth, 2016).  

Crescentic (or barchan) dunes, which form under roughly unimodal winds in regions of 
limited sand supply, are widespread across the modern arid landscapes of Mars (Breed et al., 1979; 
Diniega et al., 2021; Fenton, 2020; Hayward et al., 2007, 2012; Rubanenko et al., 2021). The 
morphology of actively migrating barchan dunes can be used to infer the dominant wind direction 
and aeolian sediment transport pathways. The crestline orientation near the slipface center and 
horn orientations of actively migrating barchan dunes indicate the dominant wind and sediment 
transport directions (Figure 1; e.g., Gao et al., 2015). In some cases, the horns can become 
asymmetric, e.g., in the presence of a secondary wind component, as a result of dune-dune 
interactions, or topography (Bourke & Goudie, 2009; Parteli et al., 2014; Tsoar & Parteli, 2016). 
Thus, orbiter observations of barchan dunes have been used to indirectly characterize surface 
winds on Mars, where meteorological data is scarce (Hayward et al., 2007, 2012; Tsoar et al., 
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1979). However, the majority of investigations that mapped individual dune migration directions 
focused on local-regional phenomena, as examining individual dunes globally has remained 
challenging (Ward et al., 1985). In contrast, the global database of Hayward et al. (2012) reports 
average slipface azimuths from ~10,000 measurements, ~25% of which were barchans. 

Here, we expand the database of mapped barchan dunes by using higher resolution Mars 
Reconnaissance Orbiter Context Camera images (MRO CTX, Malin et al., 2007) as well as 
including recently mapped smaller dune fields (Fenton, 2020), which allows us to include barchan 
dunes in non-polar latitudes. We analyze a global dataset of barchan-dune outlines previously 
mapped on Mars by a convolutional neural network (Rubanenko et al., 2021). From dune outlines, 
we infer the orientation of dune slip-faces and horns (and their asymmetry) to infer local and global 
barchan migration patterns, driven by Mars’ dominant near-surface winds and aeolian sediment 
transport pathways on a planetary scale. We further quantify the influence of topography on local 
winds by analyzing horn asymmetry and deviations between local dune migration direction and 
modeled regional winds. Altogether, our results provide a new global view of wind-driven sand 
transport on modern Mars that could be used to benchmark and refine GCM simulations of Mars’ 
winds.  

 

2 Methods 

2.1 Automatic Measurement of Dune-Migration Direction 

A convolutional neural network (CNN) is a type of machine learning technique that excels 
at tasks that require abstraction, such as object detection and segmentation in images. The CNN 
we employ in this study, Mask R-CNN (He et al., 2017), outlines objects in images by generalizing 
from a manually labeled dataset through an optimization process called training. Here, we employ 
a dataset of barchan dunes’ outlines compiled by Rubanenko et al. (2021), who trained Mask R-
CNN on images of barchan dunes tiled from the global MRO CTX mosaic (5 m/px) of Dickson et 
al.  (2018).  The trained model, which achieved a detection mean average precision of 77%, was 
used to automatically outline barchan dunes across the surface of Mars.  

To spare computation time, and since the goal was to characterize known dunes and not to 
detect new ones, Rubanenko et al. (2021) focused on regions that were found to contain dune fields 
in previous investigations (Fenton, 2020; Hayward et al., 2007) between latitudes −𝟕𝟎°𝐍 and 
𝟕𝟎°𝐍. Poleward of ±𝟕𝟎°𝐍, all CTX images were inspected for the presence of barchan dunes. 
Through this process, the CNN detected over a million individual isolated barchan dunes on Mars, 
which were subsequently filtered to increase the robustness of the results (Rubanenko et al., 2022; 
Supplementary Materials). After manually reviewing a representative sample of the model 
detections, Rubanenko et al. (2022) elected to ignore any detections poleward of −𝟕𝟎°𝐍 due to 
the presence of sublimation-related features, such as spiders (Zuber, 2003), which the model 
occasionally misclassified as barchan dunes. 

To measure the migration direction of a single barchan dune, we follow the procedure 
developed in Rubanenko et al. (2022). The algorithm automatically identifies six reference points 
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along the dune contour: the center of the slipface, the two horn apexes, the “tail” (upwind edge of 
the stoss) and sides. For relatively symmetric dunes (arbitrarily defined here as horn length ratio 
𝐦𝐚𝐱	(𝑳𝟏, 𝑳𝟐)/𝐦𝐢𝐧	(𝑳𝟏, 𝑳𝟐) < 𝟐	), the migration direction is estimated as the bisector vector to 
the angle formed by the slipface center and horn apexes (e.g., green arrows in Figure 2c–g). For 
asymmetric dunes (𝐦𝐚𝐱	(𝑳𝟏, 𝑳𝟐)/𝐦𝐢𝐧	(𝑳𝟏, 𝑳𝟐) < 𝟐	), the migration direction was approximated 
to be in the direction of the line that links the tail to the slipface center (e.g., orange arrows in 
Figure 2c–g). To improve the robustness of our results, we further removed dunes with convexity 
defects < 2.5% the dune length (L in Figure 1), and dunes for which the ratio between the second-
deepest and deepest convexity defects (𝒅𝟐/𝒅𝟏 Figure 1) exceeds 10%. The latter condition 
removed dunes with noisy contours, either due to mis-segmentation by the model or from natural 
complexities. Following this filtering, our dataset contained 737,521 dunes in 51,307 images. 

Finally, we compute the average migration direction of all remaining detected dunes in 
each CTX image, weighting their individual migration vectors by the detection certainty (an output 
of the CNN) and the depth of the slipface convexity defect (as barchans with well-developed horns 
are more easily interpreted), and bin the results in 𝟏𝟎° × 𝟏𝟎° bins between −𝟕𝟎°𝐍 and 𝟕𝟎°𝐍, and 
𝟐° × 𝟐° bins poleward of 𝟕𝟎°𝐍 (where dunes are more abundant). To validate this method, we 
compared the migration direction of terrestrial barchan dunes, derived from satellite images and 
our automatic method to in-situ measurements of sand flux direction (Figure S1; Supplementary 
Materials). 

2.2 Net-Sand Flux Direction from GCMs 
 To compare our results with GCM predictions, we computed the net sand-flux direction 
using outputs from (1) Laboratoire de Météorologie Dynamique (LMD) simulations archived in 
the Mars Climate Database (MCD; Forget et al., 1999; Millour et al., 2018), and (2) Mars Weather 
and Research Forecasting (MarsWRF; Richardson et al., 2007) simulations (Supplementary 
Materials). From these, we extracted wind shear velocity (𝑢∗), atmospheric density at the surface 
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Figure 3: Definition of morphometric parameters. The dune slipface is identified as the deepest convexity defect along the 
dune contour (d1), and horns lengths (L1≥L2) are measured as the distance between the slipface and the horn apexes. 
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(𝜌$), and average wind azimuth (𝜃) at a height of 1 m above the surface. For LMD simulations, 
outputs were binned spatially at 5° and temporally in intervals of 30° solar longitude, whereas 
MarsWRF outputs were binned spatially at 5° and temporally in intervals of 1 hour. Next, we 
calculate the net sand-flux direction, 𝜃̅%, as the average wind azimuth weighted by the magnitude 
of the saltation flux vector, 𝑞&, i.e., 
 

𝜃̅% = arctanD
𝑆̅
𝐶̅
G 

where, 

𝑆̅ =
∫ sinK𝜃(𝑡)M 𝑞&(𝑡)𝑑𝑡

∫ 𝑞&(𝑡)𝑑𝑡
;	𝐶̅ =

∫ cosK𝜃(𝑡)M 𝑞&(𝑡)𝑑𝑡
∫ 𝑞&(𝑡)𝑑𝑡

 

(Eq. 1) 

 

Decades of experimental and field studies of aeolian sand transport have led to the formulation 
of numerous empirical saltation-flux laws (Kok et al., 2012). We conducted the calculations in 
Equation 1 using the semi-empirical saltation-flux law Martin & Kok (2017), 

𝑞& ∝ 𝜌$𝑢∗'((𝑢∗) − 𝑢∗'() ) 
(Eq. 2) 

where 𝑢∗'( ≈ 0.7	m	s*+ is the effective impact threshold for sand transport as relevant to modeling 
at 10–100 km spatial scales on Mars (Ayoub et al., 2014). Whereas we chose to illustrate our 
results with this commonly used flux law, we found results to be insensitive to the choice of the 
flux law (e.g., Werner, 1990) and the chosen impact threshold, which was varied in the range 0 −
1	m	s*+. As a result, the different temporal resolutions of the two GCMs, which may in principle 
affect calculated fluxes, does not significantly affect calculated net sand-flux directions. Finally, 
estimates of 𝜃̅% from GCM outputs were binned to match the resolution of measured barchan-
migration directions. 

 

3 Results: Global Dune Migration Directions 

We find that dune-migration direction is dominantly to the east at latitudes > 𝟒𝟓°𝐍, 
whereas it is mostly to the south between −𝟒𝟓°𝐍 and 𝟒𝟓°𝐍. Furthermore, dune migration 
directions follow continuous streamlines over thousands of kilometers over much of the surface of 
Mars (Figure 2a), some of which appear to mimic the routes of dust storms as previously mapped 
for Mars Years 24–32 (white dashed lines in Figure 5a; Battalio & Wang, 2021). The alignment 
between storm tracks and dune-migration direction suggests that, in many places, the same wind 
circulations are responsible for the propagation of dust storms and the migration of sand dunes. 
This hypothesis is further corroborated by the overlap between the seasonal windows of dust 
storms (solar longitudes Ls ~ 140–250° globally, with secondary windows at 300°–360° and 10–
70° in the northern and southern hemispheres, respectively; Battalio & Wang, 2021) and the 
seasonality of sand transport as observed on the ground and from orbit (e.g., Ls ~ 200°–10° in Gale 
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crater and ~200°–350° in Nili Patera; (Ayoub et al., 2014; Baker, Lapôtre, et al., 2018; Baker, 
Newman, et al., 2018; Bridges et al., 2017; Lapôtre & Rampe, 2018). Whereas our data and 
analysis does not confirm any causal relationship, the correlation between dust-storm tracks and 
sand-transport pathways hints at the role of saltation in lofting finer dust and initiating dust storms 
on Mars (Greeley, 2002; Newman et al., 2002; Pollack et al., 1976). 

At high northern latitudes (Figure 5b), dune migration directions largely follow Mars’ polar 
vortex circulation (Lancaster & Greeley, 1990), with an additional southward component that 
appears to be pervasive across the north polar region. We find good agreement between our results 
and previously manually mapped barchan migration directions (Ward et al., 1985). Additionally, 
we identify two major surface wind convergence zones near the north pole using the dune 
orientations: (1) at the southern end of Chasma Boreale (labeled “f” in Figure 2b), and (2) between 
polar cyclonic and anti-cyclonic flows (~𝟖𝟓°𝐍, − 𝟏𝟐𝟎–𝟏𝟐𝟎°𝐄; Olympia Undae). These wind 
convergence zones are likely responsible for observed enhanced dune sizes in those regions 
(Rubanenko et al., 2022).  

Most of the ground-based wind and sand-flux measurements on Mars (yellow arrows in 
Figure 5a) agree with our machine-learning-derived migration directions. Where winds were 
measured directly on the ground, any disagreements is explained by the influence of local 
topographic winds (e.g., at the Viking 1, Curiosity, and Insight landing sites; Baker et al., 2022; 
Banfield et al., 2020; Hess et al., 1977). 
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4 Discussion 

4.1 Global Sand Flux Predictions by GCMs 

The net-sand flux directions computed by the two GCMs (streamlines in Figures 2 and S2) 
generally agree with observed dune-migration directions, and mostly disagree in areas with large 
topographic relief or gradients, such as near Valles Marineris (-13.9°N, -59.2°E), the Hellas (-
42.4°N, 70.5°E) and Argyre (-49.5°N, 136.0°E) impact basins, or near the dichotomy boundary 
(Section 4.2). In other places, such as in northern Terra Sabaea from Meridiani Planum to Syrtis 
Major (approximately 𝟎 − 𝟒𝟓°N;	𝟎 − 𝟔𝟎°E), GCM predictions are poorly aligned with (and in 
places are even opposite to) measured dune-migration directions – even though the dunes 
themselves appear to follow continuous streamlines. Inspection of repeat High Resolution Imaging 
Experiment (HiRISE) imagery (Chojnacki et al., 2019) reveals that the modern migration direction 
of meter-scale ripples, superimposed onto the barchan dunes, agrees with inferred dune-migration 
direction, thus ruling out the possibility that dune morphology in that region does not reflect 
contemporaneous wind conditions. This discrepancy points to potential limitations of GCM 
predictions. Another notable example of potential disagreement between GCM predictions and 
observations is the presence of an anti-cyclonic “inner ring” of barchans migrating west poleward 
of 𝟕𝟖°𝐍 (purple-blue arrows in Figure 5b), which was also identified by Tsoar et al. (1979) and 
Ward et al. (1985) but does not appear to be resolved by GCMs. We speculate that this wind 
corridor, proximal to the ice cap, may be linked to topographic winds emerging from the polar ice 
cap (Ewing & Kocurek, 2010; Spiga & Smith, 2018; Tsoar et al., 1979). This hypothesis is 
supported by the slight but pervasive southward component of dune migration vectors within that 
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corridor (Figure 5b). We do not identify any systematic differences in the performance of the two 
GCMs; they appear to provide equally overall accurate predictions of net sand-transport pathways  
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Figure 6: (a) Rose diagrams of dune-migration directions, binned in 1,500	𝑘𝑚! equal-area bins. (b) Correlation between the 
RMS slope of topography, 𝛿, and the standard deviation of dune-migration directions, 𝜎, within each spatial bin (bin area = 
1,500 km2, baseline = 4 km). N values indicate the number of dunes within each bin. (c) Correlation coefficient, 𝜌, between 𝜎 
and 𝛿 as calculated for different bin sizes (labeled within each panel) and topographic baselines (x-axis). Red circles indicate 
non-significant (p > 0.05; Wald test) correlations. Green square highlights the example correlation shown in (b). 
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4.2 Influence of Topography on Surface Winds  

Topographic roughness from micro- to planetary scales may affect the magnitude and 
direction of surface winds. Specifically, deviations in wind direction from its regional trend, e.g., 
caused by impact craters, may result in a local misalignment between barchan migration direction 
and regional winds. Such deviations are notably observed in regions characterized by high 
topographic relief, such as Valles Marineris and the Isidis and Hellas basins, as evidenced by a 
larger dispersion in dune migration direction within adjacent dune fields in those regions (Error! 
Reference source not found.a). 

To quantify the relationship between wind dispersion and topography, dune-migration data 
were binned spatially in equal-area bins. We correlated the Yamartino (angular) standard deviation 
of observed dune-migration directions (𝝈) with the root mean square (RMS) slope (𝜹) derived 
from Mars Orbiter Laser Altimeter (MOLA; Fergason et al., 2018; Smith et al., 2001) data within 
each bin, resampled over a given distance, which determines the topographic baseline (the 
horizontal scale of the considered topographic roughness). A stronger correlation (higher 
correlation coefficient) between 𝝈 and 𝜹 could imply that increased topographic roughness leads 
to a greater dispersion in dune migration directions; i.e., that the presence of topographic roughness 
impacts the direction of surface winds that drive dune migration. Increasing the spatial bin size 
increases the number of dunes within that bin, thus decreasing the statistical error in calculating 𝝈 
and 𝜹, but it also leads to fewer (𝜹, 𝝈) pairs from which the correlation is calculated, negatively 
impacting the significance of any correlations. To explore this tradeoff, we performed the analysis 
for wide ranges of spatial bin sizes (500–2,000 km2) and topographic baselines (2–500 km) 
(Error! Reference source not found.b).  

Regardless of spatial bin size, we find a consistent correlation between 𝝈 and 𝜹 for 
topographic baselines smaller than ~10-50 km (Error! Reference source not found.b, c), 
suggesting that at those scales, dune migration is influenced by winds induced or diverted by local 
topography (Chojnacki et al., 2019; Ewing & Kocurek, 2010; Hess et al., 1977; Parteli et al., 2014). 
The strength of the correlation between 𝝈 and 𝜹 decreases with the topographic baseline, until it 
ceases to be statistically significant for horizontal scales > 100 km. This implies that at scales < 
100 km, topography affects the regional circulation. In turn, dune migration is more affected by 
Mars’ global circulation, which would orient dunes in the same direction and decrease 𝝈. For 
example, dune migration within topographic depressions (such as craters) > 100 km is more likely 
driven by regional circulation and not, e.g., by local slope winds or winds deflected by topographic 
obstacles (Ewing & Kocurek, 2010; Fenton et al., 2005; Gunn et al., 2022). 
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Martian impact craters trap sand, which often accumulates to form dune fields or windblow 
deposits (Gunn et al., 2022), some of them ancient and lithified (Banham et al., 2018, 2021; Day 
& Catling, 2020; Day & Dorn, 2019; Grotzinger et al., 2005; Lapôtre et al., 2016, 2021; Milliken 
et al., 2014; Rubin et al., 2022). We find that crater depth exerts a strong control over the potential 
distance between the center of dune fields and the center of the crater that hosts them, such that 
dunes within deep craters are typically found closer to the crater center. In contrast, dunes within 
shallower craters (but not necessarily smaller craters) typically accumulate near the crater wall 
(Figure 4a). Additionally, deep craters cause dune-migration direction to deviate from the average 
regional migration direction (Figure 4b), as estimated by binning migration direction in the same 
bins as in Figure 3. For example, an increase of an order of magnitude in crater depth increases the 
average difference between dune-migration direction within the crater and the average regional 
migration direction two-folds.  

5 Conclusion 
The morphology of barchan dunes can be used to infer their migration directions as a proxy for 
the direction of the winds that shape them. We employed a neural network to map and outline 
barchan dunes globally on Mars. From dune outlines, we derived their orientation and their 
corresponding migration directions. In the absence of long-lived and global meteorological 
monitoring on Mars, our dataset provides a unique opportunity to investigate the planet’s modern 
(Figure S4) near-surface wind circulation on a global scale. 

We find that dune migration on Mars follows continuous streamlines that extend for thousands of 
kilometers, indicating that dune migration on the planet is mainly dictated by its global 
atmospheric circulation. We find that dune migration is aligned with dust-storm tracks – possibly 
hinting at dust lifting by saltating sand – and in good agreement with ground-based wind 
direction or sand-flux constraints. Misalignments between dune-migration directions and direct 
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Figure 7: (a)	Maximum	distance	between	the	center	of	mass	of	the	dune	field	and	the	center	of	the	crater	decreases	with	
crater	depth.	Error	bars	show	the	width	of	the	dune	field	normalized	by	crater	diameter.	(b)	Angular	difference	between	
the	migration	directions	of	intracrater	dunes	and	dunes	within	the	greater	region	outside	of	the	crater.	Migration	
direction	of	dunes	within	deep	craters	are	more	statistically	likely	to	deviate	from	the	direction	of	the	regional	migration	
directions	(binned	as	in	Figure 5).	
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measurements can in all cases be explained by winds induced by local topography. Outputs from 
two GCMs (LMD and MarsWRF) compare similarly well to inferred net sand-flux directions, 
with a few exceptions, especially in regions of high topographic relief. Notably, the GCMs do 
not appear to resolve an anti-cyclonic wind corridor at the base of the north polar cap. 

To quantify the influence of topography on dune-migration directions, we measured the 
topographic roughness at different horizontal baselines. We find that the dispersion in migration 
directions, quantified by the angular standard deviation, increases with the topographic 
roughness, quantified by the RMS slope. Specifically, we find that the topographic signature of 
impact craters significantly influences dune formation and migration. Dune fields found within 
deeper craters (d/D > 0.01) tend to be located closer to the crater center, and display larger 
deviations from the average regional dune-migration direction.  
We hypothesize that the strong influence of topographic roughness, craters, and ice-cap valleys 
on surface wind directions on Mars is rooted in the planet’s large swings in near-surface 
atmospheric stability. In stably stratified boundary layers, surface winds are isolated from the 
geostrophic winds aloft and as a result, tend to be slower and guided by topographic features 
(Gadal et al., 2022). In contrast, surface winds in a convective boundary layer tend to be faster 
and have an outsized influence on sand transport (Gunn et al., 2021). Katabatic winds down the 
ice-cap valleys and some crater walls are expected to be strong on Mars due to such large diurnal 
variations in boundary-layer stability. Critically, these processes are challenging for GCMs to 
resolve due to parameterizations of non-equilibrium stability effects in the boundary layer, as 
well as spatial resolution. Our results are thus compelling evidence that discrepancies between 
observation and simulation manifest through the interaction of topography and the stability of the 
near-surface atmosphere on Mars. Therefore, caution needs to be applied when interpreting 
paleo-wind directions on Mars from ancient aeolian sandstones. As sedimentary sinks, many 
impact craters on Mars have preserved an aeolian sedimentary record. The strong influence of 
crater topography on sediment accumulation and wind direction is likely to be reflected in the 
stratigraphy of craters with diameters < 100 km, and those strata may neither provide a direct 
record of regional winds nor be reproducible by current GCMs. 
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1. Filtering Process of Barchan Dune’s Outlined by the Neural Network 

To increase the robustness of our compilation, we filtered our dataset as follows:  
(1) Between 70°S-70°N, we only used images of areas previously mapped as dune fields (Fenton, 
2020; Hayward et al., 2012). This was done to save computation time – since our goal is not to 
detect new barchan dunes on Mars but to characterize migration directions of dunes on Mars on a 
global scale.  
(2) Because barchans tend to occur in fields rather than as solitary landforms, we discarded images 
(800x800 pixels; 4x4 km) containing less than three objects to remove potentially spurious 
detections.  

(3) Upon manually inspecting our results, we found that the model misclassified some dark 
sublimation-driven features at southern polar latitudes, such as Dalmatian spots and spiders 
(Zuber, 2003), as barchans. Consequently, we elected to discard dunes in latitudes poleward of 
70°S.  

(4) By removing dunes with detection-confidence levels outputted by the detection algorithm 
lower than 70%, and dunes with convexity defects smaller than 2.5% of total dune length (length 
+ mean horn length). The latter step removed many isolated objects erroneously identified as 
dunes, but also isolated dome dunes, which are excluded from this study. Our choice of 70% 
confidence is based on trial and error and visual inspection of the detected objects.  
 

2. Validating Methodology with Manual and In-Situ Measurements on Earth 
We validate our approach of determining the dominant wind direction by comparing the migration 
direction of terrestrial dunes computed from images of terrestrial dunes with independent, direct 
measurements of sand flux (Figure S1). The average migration direction of all the dunes in the 
scene agrees with the sand flux measured in the same area. 
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Figure S1: Average barchan migration directions computed from images (blue dial) and direct 
measurements of sand flux (red dial) in (a) Qatar (25.04°N, 51.40°E): sand flux measured 30 km 
east of the dune field (b) Sahara (27.7°N, -12.98°E): sand flux measured 26 km west from the dune 
field (Elbelrhiti et al., 2008) (c) Chad (16.68°N, 17.88°E): sand flux measured 50 km east of the 
dune field (Baird et al., 2019).  

 
3. Wind-Direction Constraints on Mars from Ground Observations 

To further compare with our derived map of global barchan-migration direction (Figure 2), we 
compiled in-situ measurements wind directions or available proxies on Mars (yellow arrows in 
Figure 2a): 

(1) Viking Lander 1: average 20-sol composite values of wind measurements taken at local 
lander times 0240, 0701, and 1122 (Hess et al., 1977) 

(2) Mars Pathfinder: average orientation of bright wind streaks imaged by the lander and rover 
(Greeley et al., 1999). 

(3) Spirit & Opportunity: wind tail, facet, and groove orientations images by Pancam, Navcam, 
and Hazcam (Greeley et al., 2008; Sullivan et al., 2005). 

(4) Phoenix: anemometer readings collected over the course of 150 sols, weighted by sand flux 
(Holstein‐Rathlou et al., 2010) 

(5) Curiosity: ripple migration vectors measured by Mastcam and Mars Descent Imager 
(MARDI) (Baker et al., 2018; Viúdez-Moreiras et al., 2019) 

(6) Insight: TWINS (temperature and wind for Insight) readings were used to compute the 
wind direction, weighted by wind speeds, computed on three distinct sols (Ls = 13°, 307° 
and 324°) (Banfield et al., 2020). 

(7) Jezero: wind streaks orientations near the Perseverance landing site, derived from HiRISE 
images (Day & Dorn, 2019; Newman et al., 2022). 

 

4. Global Sand Flux Predictions by the MarsWRF Climate Model 
In addition to predictions of global sand flux on Mars by the LMD MCD (Figure 2), we compare 
our derived migration directions with predictions by the Mars Weather and Research Forecasting 
(MarsWRF) global general circulation model (Richardson et al., 2007; Figure S2). We use the 
same simulation setup as Rivera-Valentín et al. (2020) and Chevrier et al. (2020). The model was 
run with a non-prescribed dust scheme, a CO2 cycle, and a water cycle that included radiatively 
active water and dust (Lee et al., 2018).  

(a) 
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Figure S2: MarsWRF sand flux predictions (gray streamlines) and dune-migration directions 
(arrows) on Mars. (a) 70S	°– 70°N. (b) > 70°N. Yellow arrows with labels indicate local estimates 
of wind or sand flux direction from landed spacecraft. 
 
 
  

(b) 
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5. Comparing Sand Flux Predictions by MarsWRF and LMD GCMs 

To compare sand flux predictions by the two GCMs (Figure S3), we compute the angular 
difference between their predictions the measured migration direction. We find both models 
provide equally good predications of the migration direction of barchan dunes on Mars. The source 
of the deviation can be mostly explained by local slopes affecting the global or regional circulation 
(see discussion in main text). 
 

 
Figure S3: Comparison between the predictions of the two GCMs (LMD and MarsWRF). (a) 
Angular difference between GCM-predicted sand flux and dune-migration directions, sorted by 
longitude (horizontal axis). Marginal histograms show the performance of each model. (b) 
Migration directions of barchan dunes across Mars. Colors indicate the difference in dune-
data/model discrepancies between the two models. Blue arrows reflect locations where MarsWRF 
is in better agreement with barchan-dune migration directions, whereas red arrows indicate 
locations where the LMD model performs better. 
 
 
6. Bedform reconstitution timescale 
 
To assess the duration over which barchan-dune morphology and orientation integrate over on 
Mars, we calculated the bedform reconstitution timescale (e.g., Bagnold, 1942) from compiled 
dune morphometrics. The reconstitution timescale is the time it takes for a barchan dune to migrate 
one wavelength and is a good approximation for the time it would take to orient itself with the net 
above-threshold wind direction. It is calculated as 𝑇! = 𝐿/𝑐, where dune length 𝐿 (m) is found as 
defined in Rubanenko et al., 2022 and migration rate, 𝑐 (m/s), is the speed the barchan slipface 
advances in the orientation direction.  
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Predicted migration rate, 𝑐", is calculated by pairing the LMD GCM predicted sand flux and dune 
geometry height, 𝐻, from Rubanenko et al., 2022, then calibrated to measured slipface advancing 
rates measured by Bridges et al. (2012) and Chojnacki et al. (2019) at Nili Patera. Slipface 
migration, 𝑐", is defined as 𝑐" = 𝑞/(𝐻𝜙𝜌#), where 𝑞 (kg/m/s) is the sediment flux, 𝜙 is the 
packing fraction, and 𝜌# (kg/m3) is the sediment density. We assume typical global values for 𝜙 =
0.7 and 𝜌# = 3000 kg/m3.  
 
Sediment flux, 𝑞, is estimated in three steps. First, the net saturated flux vector from the LMD 
GCM, 𝑞#999⃗  (kg/m/s), is calculated from the 10-m wind vectors using the Martin & Kok (2017) flux 
law, as described elsewhere in the text. Second, this flux vector is projected onto the dune 
migration direction, 𝜃$, such that the flux in the saturated flux in dune direction, 𝑞#,$ =
|𝑞#999⃗ ||cos(∠𝑞#999⃗ − 𝜃$)|. Third, the saturated flux in the dune direction is scaled to the true flux the 
barchan experiences, 𝑞, which is the average stoss flux. The average stoss flux is the average of 
the flux at the toe (which is zero since we are only considering isolated barchans) and the flux at 
the brink, 𝑞&, which is higher than the saturated flux due to the wind speed-up effect over the 
positive stoss slope. Thus, 𝑞 = 𝑞&/2. The brink flux is calculated as 𝑞& = 𝑞#,$(1 + 𝛽𝑠), where 𝛽 
is a dimensionless speed-up factor of ~9.44 for dunes (Gunn, 2022), and 𝑠 is the stoss slope 𝑠 =
𝐻/(𝐿 − 𝐻/ tan 𝜃#'), where 𝜃#' = 30° is the slipface angle. 
 
Predictions of dune migration rate, 𝑐, made as described above from LMD GCM outputs, chosen 
flux law, and barchan geometries are smaller than observed martian dune migration rates measured 
using repeat HiRISE images by Chojnacki et al. (2019) and Bridges et al. (2012). This discrepancy 
is to be expected for a variety of reasons, including potential misrepresentation of near-surface 
winds in the GCM as demonstrated by other results in the paper, and the fact that flux laws have 
not been directly calibrated to saltation on Mars. We do believe, however, that despite the error in 
absolute values in migration speeds, the spatial pattern in relative migration speeds is relatively 
robust (Fig. S4a). This is because while the Earth-calibrated prefactor from the Martin & Kok 
(2014) flux law may not hold on Mars, the exponent in the flux relationship should be more 
reliable. As a result, we can empirically calibrate 𝑐 as 𝑐 = 𝑐"𝑐(),*/𝑐(),", where 𝑐(),* is the mean 
of measured dune migration speeds, 𝑐*, at Nili Patera (𝑐(),* ≈ 0.769 m/Earth year or m/EY as 
estimated by Chojnacki et al., 2019, or 0.562 m/EY as estimated by Bridges et al., 2012). This 
recalibration still does not include the effect of surface volatiles, where seasonal frost away from 
the equator may affect the calculated migration rates, and hence, 𝑇!. 
 
Finally, the probability distribution of calculated 𝑇! values are given as 𝑇! = 𝐿/𝑐 in Fig. S4b. The 
mode of this distribution is approximately 100 Mars years (MY), with a range from 10 to 104 MY. 
In comparison Mars’ obliquity, eccentricity, and precession display periods of ~64×103, 50×103, 
and ~27×103 MY, with additional periods that exceed 106 EY (Schorghofer, 2008). Such short 
reconstitution timescales confirm that derived dune migration directions reflect the modern wind 
circulation of Mars rather than past conditions (Fenton & Richardson, 2001). We emphasize again 
that these short restitution timescales only reflect those of isolated barchan dunes; larger dunes 
would have longer reconstitution timescales, and in turn, may record information about recent 
atmospheric change on Mars (Ewing et al., 2010). 
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Figure S4. (a) Map of mars colored by the logarithm of the predicted dune migration speeds, 𝑐" 
(m/s), normalised by the predicted dune migration speed at Nili Patera, 𝑐()," (m/s), overlaid by 
the saturated flux vector directions colored by the logarithm of the flux vector magnitudes 
predicted by the LMD GCM. (b) The global probability distribution of the predicted bedform 
reconstitution times, 𝑇! (MY).  
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