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Widespread longitudinal snow dunes in  
Antarctica shaped by sintering

Marine Poizat    1, Ghislain Picard    1 , Laurent Arnaud1, Clément Narteau    2, 
Charles Amory    1 & Fanny Brun    1

The surface of Antarctica is continuously shaped by erosion, blowing snow 
and deposition, resulting in diverse aeolian bedforms akin to those observed 
in subtropical sand deserts. However, although dunes are universally 
recognized as a climate and environmental proxy, the properties of snow 
dunes are not well understood. Here, using satellite images covering most 
of Antarctica, we report the widespread occurrence (>95% of the area 
studied) of linear dunes that are between 100 and 1,000 m in length and 
aligned with the local resultant snow drift direction (61% are longitudinal 
dunes). On the basis of sand dune theory, we suggest that these snow 
dunes grow by elongation, often under unidirectional wind regimes. The 
predominance of the elongating mode indicates a low availability of mobile 
snow particles. This limited availability prevails at the continental scale 
due to a subtle balance between snow sintering, which limits erosion, and 
strong winds, which rapidly remove snowfall. These characteristics result 
from specific meteorological conditions that distinguish Antarctica from 
other snow-covered regions, and may shift with future climate changes. We 
suggest that snow sintering not only influences Antarctic aeolian landform 
evolution but also regulates the amount of snow sublimated during 
transport, an uncertain term in the ice-sheet mass balance.

Snow fields in Antarctica exhibit a high diversity of aeolian bedforms, 
from centimetre-scale ripples1 to kilometre-scale megadunes2. This 
diversity includes erosional structures, such as sastrugi (as defined in 
refs. 1,3, which is different from the definition in ref. 4), and depositional 
features, such as crescent-shaped dunes (~1–20 m wide)5,6 or linear 
dunes with a wide range of dimensions (10–1,000 m long, 0.1–1 m high; 
Fig. 1). These dune shapes are also common in sand deserts7, in river 
beds8 and on other planets and moons9,10, suggesting similar formation 
processes despite different fluids and sedimentary environments. 
Similar to sand dunes, snow dunes are shaped by dynamic interac-
tions that involve topography, wind patterns and particle transport. 
When snow is transported by wind, dunes develop through erosion/
deposition on their upstream/downstream faces as a function of wind 
acceleration/deceleration. However, contrary to sand, snow particles 
do not originate only from eroded sediments; snowfalls are a main 

source. Moreover, snow sublimation contributes to the depletion of 
snow and the formation of solid bedforms11. The understanding of 
snow dune formation, particularly in Antarctica3,12–14, is still in its early 
stages, and the shape, size, orientation and dynamics of dunes have 
yet to be documented .

Linear snow dunes are difficult to observe from a ground-level 
perspective as they are extremely flat with a height-to-length ratio 
typically of <0.001 (for example, in Fig. 1g). Nevertheless, the few scat-
tered observations available suggest that these dunes are very common 
in Antarctica, and are often, but not always, aligned with the mean 
wind direction3,12,15. They are fundamental landforms because their 
formation is linked to the accumulation and post-depositional pro-
cesses15. Their mass may constitute an important part of the ice-sheet 
surface mass balance (SMB), and the average annual snow accumula-
tion height is often lower than the typical dune heights16, resulting in 
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Fig. 1 | Photographs and satellite images of typical snow bedforms found 
in Antarctica with wind direction. a, Map of Antarctica with locations of the 
bedform images. b, Sastrugi (metre-scale erosional structures). c, Barchans 
(metre-scale crescent dunes). d, Dunes oblique with respect to the main wind.  
e, Longitudinal dunes. f, Megadunes (transverse kilometre-wavelength 

antidunes). g, Expanded image of longitudinal dunes in e with the overlaid height 
profile. The wind roses correspond to the wind regimes since the last snowfall 
(d,e,g) or the annual wind regime (f) from the ERA5 reanalysis. Credit: g, Pléiades 
© CNES (2022), Distribution Airbus DS.
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the persistence of these dunes over months to years. Furthermore, 
dunes contribute to the surface roughness, with implications for 
the aerodynamic drag of the atmosphere17. They also enhance the 
snowpack heterogeneity and disturb the typical layered structure 
found in low-wind regions. This heterogeneity reduces the accuracy 
of SMB measurements18, SMB modelling19, remote sensing measure-
ments20,21 and ice core interpretation22,23. Consequently, the study 
of snow dunes is related to some of the main research questions on  
the ice sheets.

Wind regimes and the availability of mobile particles are known 
to govern the shape of aeolian sand dunes in subtropical deserts24. 
They also control dune alignment with respect to the resultant drift 
direction (RDD; the mean sediment flux direction). Indeed, two dune 
growth mechanisms have been identified, such that the same wind 
regime can lead to two different dune orientations depending on the 
sediment availability for transport25,26. Under abundant availability 
of particles, dune patterns grow in height. In this case, according to 
the dune instability theory27, dunes align in the direction of maximum 
growth rate (bed-instability mode). Considering the divergence angle 
ζ between the dune alignment and the RDD, the bed-instability mode 
can lead to transverse orientation (ζ > 75°) or, especially when the wind 
is multidirectional, oblique (15° < ζ < 75°) and longitudinal (15° < ζ) 
orientations26. Under limited availability of mobile particles, dunes can 
also elongate in the direction of the resultant sand flux at their crest 
by depositing at their tips the particles transported along their flanks 
(elongating mode). This elongating mode can produce only oblique or 
longitudinal dunes26. Considering only transport processes, elongation 
should not occur under unidirectional wind regimes, for which only 
trains of barchan dunes should be observed25. However, elongating 
dunes produced by a single prevailing wind have been reported in many 
deserts on Earth, as well as on Mars and Titan, when cohesive processes 
are involved (for example, vegetation or electrostatic forces)28–30.

Here we investigate the distribution and orientation of hectometre 
linear dunes at the scale of Antarctica to identify the dominant dune 
growth mechanisms and evaluate the key role of snow sintering, which 
is a chief source of cohesive force development for snow. Thus, we 
decipher how dunes are formed in Antarctica, and shed light on the 
availability of mobile snow over the entire ice sheet.

Ubiquity of longitudinal dunes
The spatial distribution and orientation of the linear snow dunes are 
retrieved from satellite imagery. All 33,000 available satellite optical 
images acquired in November and December from 2018 to 2021, which 
covers ~7.5 × 106 km2 (~60% of the continent, excluding observation 
gaps, crevasses and so on), are processed (Methods). With a resolu-
tion of 10–15 m, only dunes longer than 20 m are captured, excluding 
smaller features such as barchans from our analysis. We retrieve dune 
orientations using two-dimensional (2D) spatial autocorrelation on 
every subimage (2.56 × 2.56 km and 3.84 × 3.84 km for Sentinel-2 and 
Landsat 8, respectively (Methods)). Objects that are larger than a kilo-
metre, especially megadunes, are therefore excluded13,14. Figure 2 shows 
the mean dune orientation aggregated over 4 years (the full-resolution 
image is shown in Extended Data Fig. 1). The interannual variability in 
dune occurrence and orientation is small (Supplementary Figs. 1 and 2),  
so our analysis excludes the dynamics and instead focuses on the  
general and recurrent mean patterns.

The results highlight that linear dunes are widespread in  
Antarctica, covering over 95% of the studied surface (Fig. 2). Their 
ubiquity suggests that favourable formation conditions exist all over 
the continent, despite a wide range of wind regimes31 and snowfall 
amounts. They are even present in areas of low accumulation or erosion  
(Supplementary Fig. 3). This confirms the relative independence of 
these linear dunes with respect to other smaller and bigger snow bed-
forms. The remaining 5% without detected dunes are mainly located 
over the Antarctic Plateau above 3,000 m above sea level (masl), where 

the wind is generally weak (mean wind speed 6.2 m s−1) and multidi-
rectional (Fig. 2b), and snowfalls are limited (mean of 50 kg m−2 y−1).

The map of dune orientations features a few wide and uniform 
spatial domains. In East Antarctica, these domains extend to lengths 
of >1,000 km, whereas West Antarctica presents smaller-scale vari-
ations (~200 km). The East Antarctica divide (also known as the ice 
ridge; long pink dashed line Fig. 1a) separates the dune field orientation 
into two areas. The outer region, located between the coasts and the 
divide (mainly with blue colours in Fig. 2a, latitude < 76° S), exhibits 
orientations of around 120° (with respect to the north, positive east-
wards) whereas the inner region (chiefly brown and yellow colours) 
shows orientations of around 25°. Similarly in West Antarctica, the 
divide (short pink dashed line Fig. 1a) delineates the outer regions with 
orientations of around 114° and inland regions with orientations of 
around 45° (Fig. 2). These patterns are stable over years, even though 
the lifetime of individual dunes ranges from several months to more 
than a year (Supplementary Figs. 1 and 4).

The wind regimes for 2018–2021 (Fig. 2b), extracted from the 
ERA5 reanalysis, show a clear general pattern. In East Antarctica, the 
divide distinguishes itself with multidirectional wind regimes (spread 
out roses) and low wind speeds (Fig. 2b). There, the mean directional 
wind constancy—which tends to unity for a unidirectional wind 
regime and zero for a uniformly random wind direction—is about 0.70  
(Supplementary Fig. 6), well below the continent median of 0.89. In the 
outer regions, cold air accelerates by gravity down steep slopes from 
the flat inland plateau, creating strong and unidirectional katabatic 
winds along the coasts, with a mean directional constancy of 0.83 and 
a mean wind speed of 8.2 m s−1 (Fig. 2b)31. In West Antarctica, the situa-
tion is more spatially variable, as noted for dune orientations. In Marie 
Byrd Land, the mean constancy is 0.68, whereas it is as low as 0.45 in 
the Antarctic Peninsula.

The dune orientation with respect to the RDD is derived from 
both maps in Fig. 2 (Methods). The results (Supplementary Fig. 7) 
show that dunes are mostly longitudinal (61%) (Methods). Oblique 
dunes account for 36% in the detected dune area, and transverse dunes 
account for only 3% (Supplementary Fig. 8). The longitudinal dunes 
clearly dominate over Antarctica, which suggests that a particular and 
similar mechanism is involved in their formation. The predominance of 
longitudinal dunes is more marked in East Antarctica (68%) than in West 
Antarctica (40%). Eighty-five per cent of the longitudinal dune areas 
correspond to regions with a wind directional constancy larger than 
0.80 (Supplementary Fig. 9), that is, regions where the wind is highly 
unidirectional, whereas for 85% of the oblique dune area, the direc-
tional constancy is only larger than 0.64. Oblique or transverse dunes 
are mainly found over the East Antarctic divide and Marie Byrd Land.

Dune formation modes
The formation of sand dunes can be explained via two different modes 
(elongating and bed-instability modes)26,32. These modes result in dif-
ferent dune orientations, even under the same wind regime. To evalu-
ate the potential of this theory in explaining the orientation of linear 
snow dunes, we calculated the snow flux from the wind regime for the 
2018–2021 period for each pixel (0.25° × 0.25° resolution) and com-
puted the theoretical orientation (detailed equations in Methods) for 
each mode (Supplementary Fig. 10). Then, we selected the mode with 
the closest agreement to the observed dune orientation, provided that 
the agreement is better than 15°. The resulting map of mode dominance 
(Fig. 3) highlights that for 63% of the studied area, dune orientation 
can be explained using either mode. The elongating mode is by far 
predominant (97% of the explained area). As noted for the wind regimes 
and dune orientations, the situation is more uniform in East Antarctica 
with 70% of explained orientation compared with only 42% in West 
Antarctica. In both regions, the elongating mode corresponds mainly 
to longitudinal dune areas (89%; Supplementary Table 1). By contrast, 
the bed-instability mode is rare, at around 2% of the studied area, and 

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-024-01506-1

Dune orientation
Wind speed (m s–1)

0–3

3–6

6–9

9–12

12–15

15–18

>18

15
0°

 W

120° W

90° W

60° W

30° W

30
° E

60° E

90° E

120° E150° E

70° S

70° S

75° S

80° S

85° S

75° S

80° S

85° S

70° S

15
0°

 W

120° W

60° W

30° W
30

° E

60° E

120° EDune orientation

Orientation (°)
0 20 40 60 80 100 120 140 160 180

a

b

Fig. 2 | Dune orientations and wind direction. a, Map of the dune orientation 
(0° at the geographical north, +90° eastwards; the colour scale is cyclic from  
0 to 180°, the direction of the dune orientation is not identified). Dune 
orientation over a 25 × 25 km area retrieved from satellite imagery between 

November and December from 2018 to 2021 (Methods). b, Wind roses in 
Antarctica calculated via ERA5 meteorological reanalysis from 2018 to 2021, and 
observed dune orientation (spaced every 250 km).
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most often corresponds to transverse (54%) and oblique (43%) dunes 
(Supplementary Table 1).

The observed orientations cannot be explained in 37% of the stud-
ied area. This is the case around the East Antarctic divide, in Marie Byrd 
Land (62% of unexplained regions) and on the coast of Adélie Land and 
Kemp Land. These areas mainly correspond to oblique dunes (77%) 
rather than longitudinal (18%) or transverse dunes (5%). These regions 
are usually where two different dune orientations have been detected 
(30%) or where the wind regime is multidirectional (50% of these 

regions have a wind directional constancy lower than 0.85; Fig. 3b). 
The combination of multidirectional wind regimes and multiple dune 
orientations makes these areas more complex compared with others.

Dunes as indicators of the snow availability
We have established that longitudinal dunes are predominant in 
Antarctica (61% of the studied area). This predominance is similar in 
the Earth’s sand deserts (with an average of 66%; ref. 33) and is even 
more pronounced on Titan (95%; ref. 34). In addition, we found that 
the elongating mode is the main formation mode of the longitudinal 
dunes in Antarctica. Courrech du Pont et al.26 established that sedi-
ment availability was the key determinant of the mode dominance. The 
bed-instability mode requires abundant sediment, which, in the case of 
snow, can be provided not only by surface erosion but also by snowfall. 
Our result demonstrating the predominance of the elongating mode 
clearly indicates that snow availability is limited almost everywhere  
in Antarctica.

At the scale of the continent, snow availability is controlled by the 
amount of snowfall, surface sublimation and by snow cohesion. Snow-
fall generally decreases inland, resulting in an extremely dry interior 
(with a mean of 50 kg m−2 y−1 above 3,000 masl), which is therefore 
logically dominated by the elongating mode. By contrast, the coastal 
regions receive abundant snowfall (~800 kg m−2 y−1), but surprisingly 
the bed-instability mode is infrequent there. This apparent contradic-
tion could be resolved by accounting for the overall increase in wind 
speed from the interior towards the coasts. Although wind is necessary 
to form dunes, winds that are too strong may rapidly remove available 
sediment and enhance surface sublimation and erosion, hence pro-
moting the elongating mode35. This suggests that regions with strong 
winds and large snowfall may only be suitable for the bed-instability 
mode for short periods during and just after snowfalls, whereas the 
elongating mode is dominant most of the time. We therefore conclude 
that the predominance of the elongating mode in the coastal regions 
is indicative of important mobile snow removal from the surface. This 
can be due to surface sublimation and erosion. In the latter case, it may 
indicate a substantial export of snow out of the ice sheet from upstream 
areas up to hundreds of kilometres36,37. Alternatively, it could suggest 
considerable snow cohesion in these regions.

Sublimation depends strongly on the snow and air temperatures, 
due to the non-linearity of the relation (Clausius–Clapeyron, for exam-
ple), and the air relative humidity11. It can occur either at the surface or 
more efficiently during transport38,39. On average over the continent, 
surface sublimation removes 7.5% of the precipitation and blowing 
snow sublimation removes 3.3% (ref. 40). Blowing snow sublimation 
exhibits strong spatial variations, and is more important over the coasts 
where the snow transport is more intense40,41. Therefore, erosion and 
sublimation cannot explain the scarcity of mobile snow particles alone.

Another factor that controls availability is the cohesion between 
snow particles. Unlike sand, snow cohesion usually increases over time 
after deposition because ice bonds between crystals are progressively 
formed by sintering42,43. As a result of this cohesion, the minimum 
wind speed required to erode snow generally increases over time, 
and the flux of blowing snow progressively decreases after a snow-
fall44,45. In addition, the sintering rate increases exponentially with 
temperature, and the cohesion is promoted by the repeated particle 
rebounds during blowing snow events43,44. This is why, in the cold and 
windless interior of the continent, snow may remain mobile for many 
months16. However, in coastal regions, sintering and sublimation are 
promoted by high temperature (that is, temperatures greater than 
−20 °C), and the availability of snow can decrease in only a few days6,46. 
Results from a numerical model initially developed for sand dunes47 
showed that cohesion can stop dune motion48, suggesting that some 
dunes may not adapt to successive wind regimes. For example, in a 
sequence of satellite images over 15 days (Supplementary Fig. 5), we 
highlighted the re-orientation from the long-term average direction 
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to the orientation that was predicted with the wind during the storm 
only, which are generally different (Supplementary Fig. 11), with no 
further adaptation (Supplementary Fig. 4). This is possible because 
the amount of snowfall for this event was significant, that is, 10 kg m−2, 
which is sufficient, for instance, to form 500-m-long and 40-cm-high 
linear dunes, as observed in Fig. 1. Therefore, the interpretation of dune 
orientations may require the wind regimes during the last significant 
snowfall to be considered (Supplementary Fig. 12b, faded red). This may 
explain why two different dune directions can coexist in some regions 
in Antarctica. These examples suggest that the dune formation and 
evolution dynamics deserve further work to understand dunes beyond 
the overall long-term patterns depicted in this study.

Implications for the climatology of Antarctica
Our study shows the ubiquitous presence of snow dunes in Antarctica. 
Moreover, dune orientations can be successfully linked to the wind 
regime through sand dune theory, thus demonstrating the similarity 
of the physical principles among different geomaterials and environ-
ments. These results will greatly facilitate the next steps towards an 
improved understanding and quantitative modelling of snow dune 
formation. For instance, the other characteristics of the linear dunes 
(size, migration speed and lifetime) can be investigated in light of sand 
and river bedform knowledge. Our finding of widespread conditions 
for low snow availability has large implications for an understand-
ing of the snow processes of Antarctica’s climatology. In the coastal 
regions, this provides new insights about the fate of snowfall, with 
two different pathways. Either the cohesion at the surface increases 
rapidly, letting new snow settle, or a large part of the snowfall is rapidly 
removed by wind, partially sublimated and potentially exported out 
of the ice sheet to the ocean. The contribution of each pathway to the 
SMB of the ice sheet is radically different and currently a debated 
question. Rapid snow settling leads to surface accumulation, whereas 
sublimation during transport or export to the ocean leads to surface 
ablation. Recent modelling studies have estimated that export to 
the ocean is insignificant39,40,49, which is consistent with our results 
that suggest important sintering. However, regarding blowing snow 
sublimation, the few model estimates that are currently available in 
the literature show a large disparity in sublimation rates of up to 290% 
(refs. 40,41,50). This disparity originates from the modelling difficul-
ties of blowing snow estimates, which are poorly constrained, despite 
their importance to better constrain the SMB. Owing to the omnipres-
ence of the elongating mode, we argue that an important part of the 
precipitation contributes to the dune formation (for example, from 
the Pléiades satellite image, the dune mass represents roughly 15–40% 
of the annual precipitation at location D47), and that snow sinters 
rapidly, making it unavailable for transport. This estimation of the 
dune mass, along with the stability of the patterns (Supplementary 
Fig. 1), the persistence of dunes during summer (Supplementary 
Fig. 4), the absence of superimposed bed-instability dunes (Fig. 1) 
and the predominance of the elongating mode (Fig. 3), all together 
indicate the importance of sintering. Understanding sintering is 
necessary not only to gain insight into the stability and formation of 
dunes but also into snow transport, especially into the threshold wind 
speed, and therefore improves estimations of the actual ice-sheet 
SMB. Furthermore, as the contribution of these pathways depends 
on a subtle balance between the precipitation amount, wind strength 
and temperature, changes in dune types are to be expected in a future 
warmer and windier climate.
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Methods
Dune orientation retrieval from satellite imagery
We retrieve dune orientation data from Landsat 8 and Sentinel-2 images, 
which have, respectively, a resolution of 15 m and 10 m (refs. 51,52).  
Owing to their Sun-synchronous orbits, Landsat 8 and Sentinel-2 
images are only available north of around 83° S, leading to a surface of 
~2 × 106 km2 that is not covered around the South Pole. We selected the 
near-infrared channel of Sentinel-2 (NIR channel, band 8) to maximize 
image contrast, and the highest spatially resolved panchromatic band 
of Landsat 8 (PAN channel, band 8), and use 2D spatial autocorrelation 
to estimate the orientation, a technique used successfully for sand 
dune detection and detailed in ref. 25. The method is applied over every 
N = 256 × 256 pixel subimage, which corresponds to 3.84 × 3.84 km 
for Landsat 8 and 2.56 × 2.56 km for Sentinel-2. We exclude the moun-
tains and probable crevasse areas (that is, areas with a flow speed 
of greater than 40 m y−1 as extracted from the NASA MEaSUREs ice 
velocity map53,54) as they disturb detection of the dune orientation. 
These crevassed areas are mainly located over the Peninsula and the 
coasts. Notably, most blue-ice areas (retrieved using the mapping from  
ref. 55, directly available in the Quantarctica package56) are excluded 
due to the presence of crevasses. The following method used for 
retrieval of the dune orientation from satellite images is summarized 
in Supplementary Fig. 14.

Step 1. Clouds are removed. Clouds are detected using a thresh-
old on the reflectance in the blue and short-wave infrared bands57. If 
clouds cover more than 10% of a subimage, the subimage is completely 
discarded; otherwise, nearest-neighbour interpolation is performed 
to fill the gaps caused by the clouds.

Step 2. On every subimage of size N × N, the 2D autocorrela-
tion at the position (x,y) in the subimage is calculated using the  
Wiener–Khintchine theorem:

AC(x, y) = F−1 (|F(v(x, y))|2) , (1)

where AC(x,y) is the autocorrelation function, v(i,j) is the image inten-
sity for pixel (i,j) and F is the Fourier transform.

Step 3. The dune orientation α is obtained by searching the maxi-
mum of

f (α + Δα
2 ) = ∫

R

0
∫

α+Δα

α
AC(r,θ)r drdθ

where r and θ are the polar coordinates, respectively the radius and 
the angle (Supplementary Fig. 15). This double integral is calculated 
for angles between 0 and 360°, with Δα = 3° for three different radii 
of R = 16, 32 and 64 pixels. If a secondary maximum exists and is larger 
than the 95% quantile of the integral, it is considered to be the second 
orientation. It is worth noting that the dune direction is not identified, 
that is, the dune orientation is between 0 and 180°.

Step 4. The orientations from all of the subimages at all dates dur-
ing the period (November and December for 2018, 2019, 2020 and 2021) 
are projected on to a regular stereographic grid (ESPG:3031) spaced by 
2.56 km. On each grid point, the orientations are combined by taking 
the maximum of the probability density function estimated using the 
circular kernel density estimation58. The redundancy of information 
(typically four subimages for a given location) enable us to reduce the 
impact of artefacts (undetected clouds, stripes, banding and so on) 
and the uncertainties in the orientation estimates. Finally, we obtain 
the final dune orientation grid. The orientation accuracy is around 5°.

Step 5. Wind data are retrieved from the ERA5 reanalysis hourly 
data on single levels from 1940 to the present59, which have been evalu-
ated over Antarctica60–62 and show a similar performance to the other 
reanalyses with an underestimation of strong winds, especially in the 
coastal regions. For comparison with the ERA5 reanalysis wind data 
that are available at 0.25° × 0.25° resolution, we aggregate the 

orientations to this roughly tenfold coarser resolution using the cir-
cular kernel density estimation as in Step 4. The resulting orientation 
is then compared with the consequent RDD ω value for 2018–2021, 

which is calculated with tanω = Σ2021i=2018ui

Σ2021i=2018vi
, where ui is the eastward com-

ponent of the flux, vi is the northward component of the flux and i is 
the index over time. The resultant drift potential (RDP) is the norm of 
the mean snow flux vector. The drift potential (DP) is the mean of the 
norms of the snow flux vectors, that is, Σ2021t=2018 ∥ ⃗flux (t) ∥  over 
∥ Σ2021t=2018

⃗flux (t) ∥. The ratio RDP/DP gives the constancy of the flux. The 
value tends to unity when the flux is unidirectional and to zero when 
the flux is multidirectional.

Dune orientation model
Courrech du Pont et al.26 identified two modes of formation for the 
sand dunes, leading to different orientations for a given wind regime. 
These orientations are calculated from the sediment flux, the wind 
speed-up effect (that is, the increase in wind speed due to the conver-
gence of the flow lines over the topography of the dune) and the aspect 
ratio of the dune H

W
, where H is the height and W is the width of the dune. 

Generally, the flux-up ratio γ = β H

W
= 1.6, where β is a dimensionless 

coefficient that accounts for the speed-up effect25. The saltation snow 
flux (Q) is calculated using the saltation flux from ref. 63 using

Q = ρair
g

uf
uth∗

u2∗(u∗ − uth∗ ), (2)

where ρair is the air density, g is the gravitational acceleration, uf is the 
particle fall velocity (set to 0.75 m s−1, as in ref. 63), u* is the friction 
velocity and uth∗  is the threshold friction velocity for transport, that is, 
the minimum friction velocity needed to mobilize snow from the  
surface and initiate transport by saltation63. The friction velocity is 

given by u = u∗
κ
ln ( z

z0
) , where z0 is the aerodynamic roughness  

length (which is set to 1 mm), κ = 0.4 is the Von Kàrmàn constant and u 
is the wind speed at the height z = 10 m given by the ERA5 reanalysis. 
The threshold wind speed for snow transport depends on the surface 
snow properties64,65, which are not sufficiently well constrained to 
estimate the threshold wind speed in Antarctica. Therefore, the wind 
threshold wind speed was set to 6 m s−1 on the basis of empirical obser-
vations35. The sensitivity to this parameter was tested, and the mean 
difference of direction for the flux with a threshold wind speed at 8 m s−1 
is 5°, and the RMSE is 10°. It is worth noting that this threshold wind 
speed is different from the threshold wind speed for maintaining the 
saturated snow flux. It is generally lower than the threshold wind speed 
required to remobilize snow from the surface44.

From the snow flux, the elongating and bed-instability mode  
orientations can be calculated. The elongating mode orientation 
αelongation is given by

tanαelongation =
< ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃗Q(α elongation) > ⋅ ⃗j

< ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃖⃖ ⃗Q(α elongation) > ⋅ ⃗i
, (3)

where < Q⃗(α) > is the snow flux integrated over time in the direction α 
and ⃗i, ⃗j  basis vectors, and the elongating mode orientation αelongation 
corresponds to the mean snow flux direction.

In the bed-instability mode, the dune grows in the direction αi that 
maximizes the growth rate σ:

σ(αi) = max (Q0 × | sin(θf − αi) + γ × sin (θf − αi)
2|) , (4)

where Q0 is the value of the saturated snow flux and θf is the angle asso-
ciated with the flux. The observed dune orientation is compared with 
each mode orientation and the dune type is attributed to the nearest 
mode if the difference does not exceed ±15°.
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Method limitations

•	 Satellite images present striping and banding, which probably 
originate from a defect in the sensor calibration51. There is no 
known way to detect this or remove it, so we rely on the redun-
dancy of acquisitions to discard them.

•	 The spatial resolution of the satellite imagery used, at best 10 m, 
and the size of the subimages (2–3 km) limits the detection to 
dunes that are hectometres to kilometres long. The study is only 
about these dunes, and excludes the megadunes, the sastrugi 
(metre-scale erosional bedforms) and other smaller bedforms 
(barchans, ripples and so on). It is worth mentioning that sas-
trugi usually coexist with long dunes, and they have a different 
orientation (for example, Fig. 1g and Supplementary Fig. 13). 
Many open questions remain about these dunes. Their size, 
dynamics and even orientation are not properly understood. 
Sastrugi are reported to be scoured by katabatic winds and to 
align in their direction3, which is consistent with our observa-
tions on the Pléaides image (Fig. 1g and Supplementary Fig. 13). 
However, no global study has yet demonstrated this.

•	 The resolution of the wind data (0.25° × 0.25°, corresponding to 
approximately 55 km × 5 km in some regions and 55 km × 55 km  
in others, depending on the area’s latitude) is adequate for 
continent-wide analysis but is too coarse for a detailed interpre-
tation of our data at 2.5 km resolution. The high resolution of 
our dataset is not fully exploited in this study.

•	 The study is limited to summer time, owing to the use of optical 
imagery, and uses 4 years of data. The study focuses on the 
continental pattern over this period, and excludes more rapid 
dynamics of dunes as well as potential decennial changes.

Data availability
The ERA5 reanalysis hourly data on single levels from 1940 to the pre-
sent are available from the Copernicus Climate Data Store at https://cds. 
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels? 
tab=overview. The Sentinel-2 data are available from the Copernicus  
Data Space Ecosystem repository at https://dataspace.coperni-
cus.eu/. The Landsat 8 data are available from the US Geological  
Survey online repository at https://earthexplorer.usgs.gov/. 
The datasets generated during the current study are available  
from the Earth System Data Repository at https://doi.org/10.57932/ 
720db223-3073-465b-a427-d5742235dcfe.
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Extended Data Fig. 1 | Map of the dune orientation at high-resolution. Map of the dune orientation at 2.5 × 2.5 km2 resolution retrieved from satellite imagery in 
November and December 2018–2021.
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