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SUPPLEMENTARY METHODS

S1 Grain-scale numerical simulation

To simulate impact ripple formation under diverse transport conditions, and determine relevant transport
quantities for our ambient-air conditions, we use the numerical model of Durdn et al.¥, which couples a
discrete element method for the particle motion under gravity, buoyancy, and fluid drag with a continuum
Reynolds-averaged description of hydrodynamics. The simulations reproduce measurements of the rate
and threshold of aeolian transport, and viscous and turbulent subaqueous transport (Figs. 1 and 3 of Pihtz
and Dur4n? and Fig. 4 of Pihtz and Durdn®), and height profiles of relevant equilibrium transport properties
(Fig. 2 of Pihtz and Durdn® and Fig. 6 of Durén et al.#). Spherical particles (~ 10*) with mild polydispersity
are confined in a quasi-two-dimensional domain of length ~ 103d (where d is the mean particle diameter)
and open height, with periodic boundary conditions in the flow direction. The bottom-most particle layer
is glued on a bottom wall, while the top of the simulation domain is reflective but so high that it is never
reached by transported particles. The fluid, characterized by a density p; and a kinematic viscosity v, is set
into motion by a turbulent shear stress 7 = pyu? imposed far above the bed. The grains, of density p,, are
subject to gravity ¢ and interact through repulsive contact forces. There is a grain-fluid two-way coupling
via drag and buoyancy forces, incorporated at the discrete level in the equations of motion of the grains,
and, at the continuum level, via a body force term in the Reynolds-averaged Navier-Stokes equations. The
latter are combined with a semiempirical mixing length closure that ensures a smooth hydrodynamic tran-
sition from high to low particle concentration at the bed surface and quantitatively reproduces the mean
turbulent flow velocity profile for a flat bed in the absence of transport. In this approach, flow pertuba-
tions in the streamwise direction resulting from pertubations of the flat-bed topography are averaged out,
implying that the model is, by construction, unable to reproduce bedform formation due to hydrodynamic

instabilities. The control parameters of the model are the density ratio s = p,/ps , the Galileo number
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Ga = /(s — 1)gdd/v, and the Shields number © = u?/((s — 1)gd).

To facilitate the comparison with the wind tunnel experiments, we run the simulation with the parameters
corresponding to our ambient-air conditions (s = 2083 and Ga = 8.1) for diverse Shields numbers. For the
environmental conditions pertaining to the ambient-air wind tunnel experiments (© = 0.0184), we obtain
the sand flux ¢y =~ 2.1 g/(ms) above the bed surface and vertical flux ¢ =~ 0.26 kg/(m?s) at the bed surface,
from the simulations. Furthermore, we compute the average hop length as /., = g0/, which gives the

value lop & 7.7 £ 0.3 mm ~ 85d.

S2 Theory behind the estimation of the saturation length

In unidirectional sand transport, the saturation length ¢, characterizes the relaxation length of the perturbed

sand flux ¢(z,t) towards its equilibrium value, the saturated sand flux ¢,(x,t), such that, near saturated

conditions, in a first approximation the sand flux follow the relaxation equation®®
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where the saturated sand flux g5 o< 7 is proportional to the bed shear stress, which is in turn a functional of
the surface elevation h(z,t). Following mass conservation (Exner equation) under conditions of approxi-

mate lateral uniformity (0q/dy = 0),

oh _10q
i —9, op (52)

bedforms can emerge under suitable conditions (¢, is the bed volume fraction). Using linear stability
analysis, it can be shown that, during the initial phase of bedform growth, a low-amplitude sinusoidal
signal forms at a given wavelength A (the initial bedform wavelength or size), which is a function of the
&mo

saturation length /g, and the details of how the bed shear stress changes in response to the topography

At this initial stage, both the sand flux and bed shear stress perturbation are also sinusoidal with the same
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wavelength A and very small amplitudes. Therefore, the flux relaxation equation implies

q(z,t)(1 +ikle) = qs(v,t) o< 7(2,1), (S3)

with k& = 27 /). For wavelengths much larger than the saturation length, 1 + ik{y, ~ ¢**%« and thus

q(z,t) o< 7(z, t)e (S4)

which means the flux is shifted downstream relative to the bed shear stress by £/, and suggests that the
saturation length can be estimated from the phase lag between sand flux and bed-shear-stress perturbation

during the initial stages of the bedform formation (cf. Fig. 3 of the main text).
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SUPPLEMENTARY FIGURES
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Figure S1: Ambient-air wind tunnel. Sketch of side (a) and front (b) view of the ambient-air wind tunnel at Ben-

Gurion University. The laser module, 3D camera, and Nikon D-90 were installed in the tunnel roof for documentation

of ripple morphology. (c) Exemplary side view of ripples evolving in the wind tunnel.
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Figure S2: Sand source. Micrograph and grain size distribution of the glass beads (purchased from the German

company ‘“Kuhmichel” (https://www.kuhmichel.com/en/products/glass-beads/)) of density p, =

2500 kg /m?, used both in the ambient-air and the low-pressure wind tunnel; digital image taken through a microscope
(left) and grain size distribution (right) show a mean diameter d ~ 90 4 35 pum. Grain size distribution was analyzed
by a high-resolution laser diffractometer™” covering the grain-size range 0.04 pm to 1924 pm with a resolution of 102

bins of increasing width Ad from Ad = 0.05 ym in the very fine fraction to Ad = 183 um in the very coarse fraction.


https://www.kuhmichel.com/en/products/glass-beads/

985 mb; 85 rpm; t=55 min

500 mb; 113 rpm; t=108 min

250 mb; 144 rpm; t=107 min

Figure S3: Low-pressure wind tunnel experiments. Examples of top-view photos taken in the pressure-controlled
wind tunnel at Aarhus University (AWTSII), which are used to infer the wavelengths of small and large ripples using
a digital image correlation techniquéﬂ] (Methods and Fig. . The coexistence of both ripple types was found for
P = [985, 500, 250] mb, while for P = [100, 16] mb only one type of bedform (presumably impact ripples) could be

observed during the total duration of 3.5 h.



Figure S4: Numerical simulation of the formation of impact ripples. Spatio-temporal plot of the formation of
impact ripples, for conditions mimicking those of our ambient-air wind tunnel experiments: grain size d = 90 pm,

wind shear velocity u, = 0.18 m/s, and grain-fluid density ratio p,/p; = 2083.
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Figure S5: Ambient-air wind tunnel — wind velocity. Measured wind speed profile fitted by the standard log-
profile U(z) = u./k1n (2/2p) for the hydrodynamically smooth regime with roughness length zp = 0.11v/u.., where

k = 0.4, v is the kinematic viscosity and u, = 0.184 4+ 0.03 m/s.
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Figure S6: Low-pressure wind tunnel - friction velocity. Measured wind shear velocity u, for different pressures

P. The fit corresponds to the relation u, = 1/(0.0117 £+ 10-6)(p,/ps — 1)gd.
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Figure S7: Bedform wavelengths from ambient-air wind tunnel top-view photos. Estimation of the wavelength
of both small and large ripples using the autocorrelation function Eq. M1 (top left) of the pixel intensity profile n(z)
(bottom left) along a transect on the top-view photo of the bed shown on the right. Pixel intensity is defined as the

average of the RGB channels.
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Figure S8: Bedform wavelengths from low-pressure wind tunnel top-view photos. (A-D) Estimation of the

wavelength of both small and large ripples (when present) using the autocorrelation function Eq. M1 (top panels) of

the pixel intensity profile (x) (bottom panels) along a transect on a top-view photo of the bed (top panel) for various

pressures: 16 mb (A), 100 mb (B), 250 mb (C) and 500 mb (D). See Methods for further details.
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Figure S9: Bedform wavelength and amplitude from ambient-air wind tunnel bed elevation data. Estimation
of ripple wavelength and amplitude using the autocorrelation function Eq. M2 (top) of the bed elevation profile h(z)
(bottom), captured by a laser sheet. Elevation data is smoothed to reduce the noise due to the poorly captured impact

ripples. See Methods for details.
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Figure S10: Hydrodynamic model validation. Fastest growing wavelength A (V) from the dispersion relation as
function of the subscale saturation lengths /5% for the parameters of the ambient-air wind tunnel experiment. The line
is the power-law fit, A = 50d,, (¢35 /d,)%-63, with the viscous length d,, = v/u, = 81 pum. Circles represent measured
wavelength and subscale saturation length every minute from 9 to 14 min, within the linear instability regime. The
wavelength is estimated from top-view photos and averaged over a minute (i.e. 5 photo taken every 20 s), whereas the
corresponding /5% is estimated from the elevation profile (measured every minute), as explained in the Methods. The

average (dashed line) and standard deviation (shaded area) of the initial wavelength (for £ < 15min) is also shown for

comparison, as well as the average hop length estimated from grain-scale simulations (Supplementary Methods).
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pp/ps | dlpm] | ufm/s] | v/u [pm] | Ak [em] | Aug [em] | Ay [em] | ong [min”]

2,083 | 9035 | 0.184 £0.003 | 81+1.3 | 0.84+0.1| 128424 | 9.2+1.6 | 0.180=+0.005

Table S1: Ambient-air wind tunnel data. Particle-fluid density ratio p,/ps; mean grain diameter d; wind friction
velocity wu, estimated from wind profile (Methods); viscous sublayer scale v/u.,; wavelength of impact (Aig) and
aerodynamic (Agr) ripples estimated from top-view photos (mean and standard deviation over the whole experiment,
see Fig. 2b and Methods); initial wavelength of aerodynamic ripples ()\iﬁﬁ, mean and standard deviation) calculated
from top-view photos in the first 15 minutes, within the linear instability regime; and growth rate oy of aerodynamic
ripples estimated from the time series of the ripple amplitude (Methods); Air, Apr and v/u, are shown in Fig. 1f,

whereas opr and A}_‘f%{ are used in Fig. 4.

Plub] | ppfps | dlpm] | wlmfs] | v/u. ] | A fem] | Aug fem]

500 4,166 | 90£35 | 0.206 +£0.002 | 1464+4 | 1.54+0.5|18.2+0.6

250 8,332 | 90£35|0.286+£0.003 | 2086 |1.6£03]|19.8+3.3

100 20,830 | 90£35 | 0.4524£0.004 | 332+10 | 2.5£0.2 —

16 130,187 | 90 £35 | 1.11+£0.01 844 £25 | 2.8 £0.7 —

Table S2: Low-pressure wind tunnel data. Wavelengths A\jg and Agr of small and large ripples, respectively,
estimated from top-view photos (Methods) and the parameters (pressure P, wind friction velocity u, and particle-

fluid density ratio p,/p ) used for the calculation of the viscous length v /u, as shown in Fig. 1f of the main text.

15



olps | dlpm] | . fm/s] | v/u, fum] | A o]
2,000 64 0.14 101 1.24+04
2,000 64 0.18 81 1.1+0.3
2,000 102 0.13 107 1.8+0.5
2,083 90 0.19 80 1.5+04
2,083 90 0.22 69 1.7+0.5
10,000 124 0.29 251 214+0.6
50, 000 102 0.62 578 2.8+0.8
100, 000 128 0.74 969 3.9+1.2

Table S3: Impact ripples from grain-scale numerical simulations. Particle-fluid density ratio p,/py, grain size d,

wind friction velocity ., viscous sublayer scale /u., and initial wavelengths )\iﬂ—gt of simulated impact ripples, shown

in Fig. 1f of the main text. In the simulations we consider terrestrial conditions: gravity acceleration g = 9.8 m/s?

and air dynamic viscosity 1 = vps = 1.8 x 107° kg/(ms).

pp/ps | d[pm] | w, m/s] | ug [m/s] | qo/pp m?/yr] | s [m] | Ap[m] Jop [y | op
1,976 | 190 | 029 | 0.19 18.4 0.95+0.2 | 165420 18 |1.2x107°

Table S4: Field measurement data for incipient dunes on Earth by Lii et al. (2021)!2, Incipient dunes’ wavelength

ADp, growth rate op, grain size d, wind friction velocity u,, grain entrainment threshold friction velocity wu,, total

sand flux qo, divided by grain density p,, and saturation length fs. The dimensionless growth rate, defined as

of = op gpppll — (ur/us)?]d?/qo (Methods), with bed volume fraction ¢, = 0.6, is used for the validation of the

dispersion relation shown in Fig. 4 of the main text.
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Run type Dunes® Dunes’ Ripples & Dunes’
weight of subscale modulation ~y 0 0 0.1
density ratio py,/ps 1,976 2,083 2,083
grain size d [pm] 190 90 90
wind shear velocity u, [m/s] 0.29 0.184 0.184
threshold shear velocity u; [m/s] 0.19 0.135°¢ 0.135°¢
volumetric saturated flux* € go/p, [m?/yr] 69 17 17
subscale saturation length? ¢S50 = £, [m] — — (7.740.3) x 1073
saturation length!? /g, = 4500d [m] 0.86 0.41 0.41
Model predictions
initial wavelength of hydro-ripples Ay [m] — — (7.140.1) x 1072
ripple growth rate* ogr [min ! — — 0.18
dimensionless ripple growth rate UIJ{FR — — 1.31 x 107°
initial wavelength of dunes Ap [m] 18.2 17.2 16.3
dune growth rate* op [yr~!] 6.8 2.77 3.30
dimensionless dune growth rate o}, 1.18 x 1077 | 3.44 x 10719 4.1 x 10710

(*) For conditions as measured in the field by Lii et al. (2021)12.

(®) For conditions as measured in our ambient-air wind tunnel.

(*) Under constant wind velocity.

4

(°) Estimated using the threshold and sediment transport formulation in Pihtz and Duran’#.

(%) Estimated from grain-based numerical simulations.

Table S5: Model parameters and predictions. Parameters and predictions for the three different calculations of the

dispersion relation shown in Fig. 4.
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