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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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