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Text S1 Mixed layer height resonance analysis15

We see from explicit measurement of the dune wavelength x and mixed layer heights H (Fig. 3b) that the previously16

posited1 identity x = H does not prevail. This is at odds with the correlation of x and H using an implicit17

measurement of H ≈ ∆θ/Γ, the ratio of the seasonal range in surface potential temperature ∆θ (K) and the dry18

adiabatic lapse rate Γ (K/m)1. Here we suggest a few reasons for this inconsistency.19

In principle certain obstacles on the planetary surface can emit internal gravity waves in the atmosphere even if20

the lowermost air layer of height h is neutrally stratified. In order for that to be the case, the horizontal wavenumber21

k of the obstacle has to be comparable with 1/h. This is analogous to the ‘tunnel effect’ in quantum mechanics. In22

the case of very strong convection the wind profile is nearly uniform within the ABL and the wind shear is confined23

to the surface adjacent boundary layer of the depth that scales with the Obukhov length L = −u3
∗θ0/(κgwθ) (m),24

where u∗ (m/s) is the friction velocity, θ0 (K) is the potential temperature at the surface, κ is Von Karman’s25

constant, g (m/s2) is gravity, and wθ (mK/s) is the vertical turbulent flux of potential temperature2. For internal26

gravity waves the intrinsic frequency must be less than the Brunt-Väisälä frequencyN =
√

g/θ∂θ/∂z (1/s), virtually27

leading to the inequality kU < N . Putting some numbers on this we have N ≈ 10−3 (1/s) and k = 2π/2000 (1/m)28

(where x is 2 km), resulting in U ≲ 1/π (m/s), well below that required to move sand. Indeed, a study of the29

boundary layer structure over the Nebraska Sand Hills found that there is no influence of the 2-km wavelength30

dunes on the MLH or crest-normal velocity perturbations in the presence of convection or large wind speeds3.31

One could also argue that the lack of correlation does not necessarily imply that x = H is not the end-state since32

dunes could still be coarsening and are at various stages of growth. However this argument implies that x < H,33

and we see clearly in Figure 3b that most dune fields have x > H. A similarly simple argument against the x = H34

identity is that in real dune fields, dune wavelength is not sufficiently spatially correlated to maintain long-range35

resonance with an emitted wave. There is sufficiently high-frequency spatial variability in sand supply to exert36

control over dune size4 and form5 to stop long-range order in dune wavelength.37

Comparing the measurements of the mixed layer height H, we see that the annual means measured with38

CALIPSO are such that 1 < H < 2 km, whereas the annual means inferred from seasonal surface temperature39

ranges taken from Andreotti et al.1 have a far larger range (Fig. S3). We believe that the majority of the larger40

H spread in the latter comes from the poor estimate of the lapse rate Γ (K/m) as a global constant. It is well41

known that the lapse rate has significant spatiotemporal variation across Earth, e.g. seasonally and inversely with42

latitude6. For example, the implicit value of H = 3.5 km in Vostok, Antarctica1 is around an order of magnitude43

larger than convective values observed at a similar Antarctic weather measurement site (Concordia Dome C)7. The44

Antarctic case is also an example of the challenge one faces finding in situ measurements of atmospheric properties45

in inherently isolated dune fields; the Vostok temperature timeseries is observed around 430 km from the dunes–46

likely too far to argue that wavelength x is resonant. Finally, we note that neither the CALIPSO nor the dune47

geometry measurements indicate a robust trend in increasing wavelength away from the coast, an effect observed48

in Andreotti et al.1 potentially due to limited dune geometry data and bias in implicit H due to high ocean heat49

capacity.50
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Figure S1: Caption on following page.
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Figure S1: Dune geometry extraction examples. Panels (a–h) and (i–p) are two examples of the algorithmic
workflow (following the black arrows) to find dune geometry, note panels are at different scales. (e & m) ASTER
topography η from the Namib Sand Sea (as in Fig. 1b) and Rub Al Khali. (f & n) Autocorrelation Rη of the
topography (shown in blue-red with bottom colorbar) and contours, drawn within a circle to avoid orientation bias,
for 0 ≤ α < max{Rη} are highlighted (shown in green-yellow with top colorbar). (g & o) Example level-sets of
α contours which inscribe the origin of Rη surrounded by their convex hulls. (h & p) The ratio of the level-set’s
convex hull’s area to the level-set’s area χ for increasing α, with the two examples from (g & o) marked in the text
colors (yellow and magenta). In cyan are the level-sets that mark the dune geometries: in (h) this is the level-set of
lowest α where χ < 1.1 since χ(α) monotonically decays, and in (p) it is the two largest α that are local minima in
the χ(α) plot (using a window of two neighbours as shown in the inset of the smaller dune). (d & l) The extracted
level-sets representing dunes and their short-axis x (yellow) and long-axis y (magenta) identified; subscripts large
(L) and small (S) are given for (p) for the star and linear dunes. (c & k) The convolution of topography η with a
min-max box that retrieves the local range in values over width x (yellow), for (k) there are two convolutions, one
for each dune wavelength xS & xL. (b & j) The result of the convolution, δη. For (j) only the large case is shown.
(a & i) The PDF of δη with the peak marking z, for (i) the two histograms with identical axes are shown.
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Figure S2: Relation of flux directionality and dune height. The significance of the inverse relationship
between flux directionality and dune height seen in Figure 2b is illustrated by showing how the observed fit (blue
marker) parameters in a linear relationship compares to the joint density distribution (log-scale; red colors) of fit
parameters for linear regression to the data when the flux directionality values are randomly shuffled with respect to
the dune height values: the observed negative trend is well outside the most likely trends which would be found if the
observed distributions of dune height and flux directionality were unrelated. The dashed black line indicates where
the linear regression has zero slope, i.e. when changes in dune height are unrelated to changes in flux directionality
(the density of fit parameters for shuffled data are bisected by this line). In the inset, the observed linear fit is
shown along with the corresponding coefficient of determination R2.
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Figure S3: Mixed layer height measurement comparison. CALIPSO-derived H values for 20 of 34 dunes
measured by Andreotti et al.1 against the proxy for mixed layer height δθ/γ reported in that study for each dune1,
where δθ is the seasonal range in surface potential temperature and γ is the lapse rate (note this is taken as a
global constant γ = 4 K/km). CALIPSO-derived H values were taken within a 90-km radius from the dune for all
available profiles in the period 2006-2016; total means (over 11 seasonal cycles) and standard deviations are shown.
Omitted dunes are those within 90 km of the ocean or lack sufficient CALIPSO measurements to find a robust
mean H. Analysis of this plot is given in Text S1.
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Figure S4: ReSCAL scaling procedure. (a) Topography after 100t0 in an experiment where increasing small-
amplitude topographic waves with span-wise y have been altered by flow. (b) Topography after 10t0 in an experiment
where flow encounters a boundary from non-erodible bedrock (grey) to erodible sediment. The colorbar above
applied to both (a) & (b). (c) The dispersion relation σ(k) shown for the experiment in (a) (red line for mean,
shading for standard deviation) with the fit (blue line) giving the maximally unstable wavelength (green line)8.
(d) Span-wise mean of flux measured from tracers in the experiment shown in (b) (red line) and the fit (blue line)
giving the saturated flux for τ1 = 0τ0 (green line)9.
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Name Av. Lon. Av. Lat. Area (km2) Age (Kyr) No. tiles % Barch. % Trans. % Linear % Star

Namib Sand Sea 15.3 -24.9 31,512 1,00010 15 5 0 66 27

Grand Erg Occidental 0.7 30.4 72,725 - 64 38 1 42 16

Grand Erg Oriental 7.3 31.0 182,744 - 173 20 0 14 65

West Erg Issaouane 6.7 26.9 4,854 - 1 0 0 0 100

East Erg Issaouane 7.8 27.5 27,579 - 24 34 0 34 31

Idehan Ubari 11.8 27.2 63,209 - 57 30 0 45 23

Idehan Murzuk 13.1 24.9 57,416 - 45 22 0 33 44

Central Grand Sand Sea 25.0 27.4 167,921 - 145 0 0 64 35

Dakhla Farafra 28.7 26.5 8,797 - 3 0 0 100 0

Sinai Negev Erg 33.2 30.7 10,884 11011 3 0 0 0 100

An Nafud & Ad Dahna 43.0 27.6 119,612 - 75 52 0 32 14

Rub Al Khali 50.8 20.6 527,163 21012 470 38 1 47 12

Ramlat Al Sabatayn 46.2 15.5 10,110 - 5 14 0 85 0

Wahiba Sands 58.9 21.9 7,635 16013 5 28 0 71 0

West Registan Desert 63.0 29.6 5,544 - 2 0 0 100 0

Kharan Desert 64.5 28.0 7,884 - 3 50 0 50 0

Karakum Desert 62.1 39.1 2,162 - 1 100 0 0 0

Thar Desert 69.7 26.6 4,012 20014 4 80 0 20 0

Rig-e Jenn 53.7 34.0 4,506 - 1 100 0 0 0

Rig-e Yalan 59.5 30.3 7,069 - 5 0 0 37 62

East Registan Desert 65.5 30.5 15,409 - 10 81 18 0 0

Southwest Takla Makan 79.0 38.2 24,229 70015 23 95 0 4 0

Northwest Takla Makan 80.0 39.3 20,310 70015 19 77 0 22 0

Central Takla Makan 84.0 39.2 168,779 70015 181 62 14 22 0

East Takla Makan 89.0 40.2 9,331 70015 6 100 0 0 0

Kumtag Desert 92.1 39.8 16,683 - 9 0 0 58 41

Badain Jaran Desert 101.8 40.4 28,112 1,10016 33 11 0 44 44

Tengger Desert 104.3 38.5 28,723 68017 12 50 0 43 6

Ulan Buh Desert 106.4 39.9 3,529 - 2 33 0 33 33

Hobp Desert 108.3 40.5 4,172 16018 1 100 0 0 0

Munga-Thirri 136.9 -25.0 101,813 1,00019 86 0 0 100 0

Yamma Yamma 141.3 -26.8 3,949 - 1 0 0 100 0

Gran Desierto -114.1 31.9 3,169 2620 3 25 0 25 50

Ergs Iguidi & Chech -2.9 26.7 163,100 - 138 9 0 71 19

Aoukar -9.3 17.7 44,831 - 35 46 53 0 0

El Djouf -6.3 19.8 454,564 - 385 49 5 45 0

Azefal, Akchar & Agneitir -14.6 20.6 32,654 - 9 60 0 40 0

Trarza Reion Desert -14.4 18.3 44,882 - 39 41 4 54 0

Total (n=38) - - 2,491,596 - 2,093 (861) 34 (38) 3 (3) 45 (48) 15 (9)

Table S1: Dune fields in geometric analysis. Dune-field centroid coordinates are given in the second and third
columns. Ages given for dune fields where measured by the studies referenced. Column ‘No. tiles’ refers to the
number of 322-km2 tiles where geometry was measured in a given dune field (e.g. the tiles with thicker black outline
in Fig 1d). The right-most four columns are the percentage occurrence of barchan, transverse, linear and star dunes,
respectively, manually identified for each dune field in its tiles. The right-most four columns in the ‘Total’ row are
average percentages across all tiles, i.e. the global percentage occurrence of each dune type. The non-bold values
in brackets in the ‘Total’ row are for the subset where the dune field age is known.
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Name Area (km2) Age (Kyrs) Technique
Keeler 1 0.0621 RAP
Grand Falls 2.25 0.0822 RAP
White Sands Dune Field 520 723 OSL
Algodones 1,696 3024 OSL
Kelso Dunes 122 2025 OSL
Gran Desierto* 3,169 2620 OSL
Munga-Thirri* 101,813 1,00019 TL & OSL
Strzlecki 95,643 10019 TL & OSL
Mallee 91,458 26819 TL & OSL
Namib Sand Sea* 312,513 1,00010 10Be, 26Al & 21Ne
Sinai Negev Erg* 10,884 11011 OSL
Takla Makan* 226,596 70015 MR
Great Sand Dunes 625 13026 OSL
Badain Jaran Desert* 28,113 1,10016 ESR
Tengger Desert* 28,723 68017 MR
Wahiba Sands* 7,635 16013 IRSL
Hobp Desert* 8,879 1618 OSL
Hushandake 34,928 1327 OSL
Hulunbeir 6,878 15.528 OSL
Rub Al Khali* 527,163 21012 OSL
Casper 1,821 1029 OSL
Ferris 1,467 930 OSL
Killpecker 550 1531 OSL
Smith Canyon 40 6.832 SI
Thar Desert* 208,900 20014 TL & OSL
Nebraska Sand Hills 57,000 2033 OSL

Table S2: Dune-field ages and areas. This is the data from Figure 2e tabulated and referenced. Dune fields with
asterisks after their names are used in the geometric study. Dating technique codes in the right-most column are
as follows: RAP, Repeat Aerial Photography OSL, Optically Stimulated Luminescence; IRSL, Infrared Stimulated
Luminescence; ESR, Electron Spin Resonance; TL, Thermoluminescence; Nuclides, Cosmogenic Nuclide; MR,
Magnetic Remanence; SI, Stratigraphically Interpreted.
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