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Aerodynamic roughness of rippled beds
under active saltation at Earth-to-Mars
atmospheric pressures

Carlos A. Alvarez 1 , Mathieu G. A. Lapôtre 1, Christy Swann 2,
Ryan C. Ewing3, Pan Jia4 & Philippe Claudin5

As winds blow over sand, grains are mobilized and reorganized into bedforms
such as ripples and dunes. In turn, sand transport and bedforms affect the
winds themselves. These complex interactions between winds and sediment
render modeling of windswept landscapes challenging. A critical parameter in
such models is the aerodynamic roughness length, z0, defined as the height
above the bed at whichwind velocity predicted from the log law drops to zero.
In aeolian environments, z0 can variably be controlled by the laminar viscous
sublayer, grain roughness, form drag from bedforms, or the saltation layer.
Estimates of z0 are used onMars, notably, to predict wind speeds, sand fluxes,
and global circulation patterns; yet, no robust measurements of z0 have been
performed over rippled sand on Mars to date. Here, we measure z0 over
equilibrated rippled sand beds with active saltation under atmospheric pres-
sures intermediate between those of Earth andMars. Extrapolated toMars, our
results suggest that z0 over rippled beds and under active saltation may be
dominated by form drag across a plausible range of wind velocities, reaching
values up to 1 cm—two orders of magnitude larger than typically assumed for
flat beds under similar sediment transport conditions.

Interactions between winds and sediment occur over a wide range of
scales, fromthemobilization of individual sand grains to the formation
of bedforms and overall landscape evolution. Such interactions are
governed by the shear stress imparted by winds onto the sediment
bed; in turn, the bed’s response to shearing winds affects the wind
profile, and thus, bed stresses1. Determining basal wind stresses is thus
critical to predicting sand fluxes and landscape evolution in response
to winds across planetary bodies.

The shear stress impartedbywindsonto a surface, τb, is controlled
by a length scale, known as the aerodynamic roughness length, z0. This
length scale is the height at which wind speed is predicted to become
null under neutral atmospheric conditions—that is, when temperature-

driven buoyancy effects are negligible-such that

uðzÞ= u�
κ

ln
z
z0

� �
, ð1Þ

where u(z) is the vertical wind velocity, u� =
ffiffiffiffiffiffiffiffiffiffi
τb=ρ

p
is the shear velocity

(with ρ the atmospheric density), and κ ≈0.41 is the von Kármán con-
stant. The parameter z0 can also be interpreted as a mixing length
governing turbulent fluctuations over a solid surface2. It plays an
essential role in boundary layer dynamics and controls energy
exchanges between planetary surfaces and overlying atmospheres3.
For example, characterizations of z0 are required to understand how
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topography, vegetation, and other obstacles impact wind patterns on
Earth4–8. It alsoplays a crucial role in regulating the vertical exchangeof
heat between the surface and the atmosphere9,10.

The value of z0 varies with the characteristics of planetary sur-
faces. Over sand beds with a typical length scale, r, of bed roughness
elements (such as individual grains or bedforms), one can define a
roughness-based Reynolds number,

Rer =
ru�
ν

, ð2Þ

where ν is the kinematic viscosity of the atmosphere11. When Rer≲ 10,
the bed is said to be aerodynamically smooth. In the absence of
saltation, z0 for aerodynamically smooth beds is controlled by the
thickness of the laminar sublayer12, such that

z0 =
ν

9u�
: ð3Þ

In turn, when Rer ≳ 100 and sand is immobile, the bed is said to be
aerodynamically rough, and z0 is controlled by r. For flat beds (i.e., in
the absence of bedforms), r scales with grain size. Ref. 13 determined
experimentally that z0 is givenby ks/30,whereks is the equivalent sand-
grain roughness height. For mixed grain populations, ks ≈ ndi, where n
is of the order 2–3, and di is the i th percentile of the grain size
distribution (often d50, d65, or d95)14–16. Thus,

z0 � d50

12
: ð4Þ

As grains are lifted from the surface by winds and saltate (following a
series of short, ballistic trajectories before impacting the surface
again), a saltation layer forms, which reduces the wind speed near the
surface, steepening the velocity profile17,18. This feedback between
saltation and the wind profile prevents the saltation layer from grow-
ing unchecked at an exponential rate to any height above the surface19.
In this case, z0 is influenced by the thickness of the saltation layer.

Under terrestrial conditions, the thickness of the saltation layer
was shown to relate to the so-called focal point, defined as the vertical
height above which saltation does not affect the wind profile17. Below
the focal height, Hf, the average upward grain velocity is independent
of wind shear velocity, u∗. At the focal point, the wind velocity, Uf,
scales with the threshold shear velocity, u∗t. Considering the continuity
of the velocity profile at the focal point, the aerodynamic roughness
length imparted by active saltation can be expressed as

z0 =Hf exp �κ
Uf

u�

� �
: ð5Þ

However, there is no consensus on how parameters such as grain size
affect Hf and Uf. For example, it is unclear whether Hf scales linearly
with d20,21, with

ffiffiffi
d

p
22,23, or not at all21. If one of the latter two models is

correct, then dimensional analysis dictates that another parameter,
likely the kinematic viscosity of air, ν, also controls the position (and
possibly the very existence) of the focal point21–23; Methods). In the
following, we test two different formulations for Hf

21,22, which both
account, at least partially, for variations in atmospheric density
through kinematic viscosity (Methods).

Whereas no accepted analytical expression exists to date for the
focal height and velocity, it was shown experimentally that in the
presence of active saltation, the aerodynamic roughness follows an

empirical relationship of the form

z0 =
C u2

�
2 g

, ð6Þ

where C is a constant that varies with the type of surface or
environment18,24,25. In this study, we assume C = 0.0126.

Through saltation, the bed often self-organizes into bedforms,
such as ripples or dunes. These bedforms disturb the flow, increasing
form drag. In aeolian systems featuring multiple bedform scales, both
skin friction from grain roughness and form drag from all scales of
bedforms affect z0. To estimate z0 in such complex conditions, ref. 2
developed a semi-analytical model (here referred to as Jia et al., 2023;
Methods) for multiscale roughness, which includes skin friction and
form drag from two scales of bedforms through looped calculations
(Methods). However, this model does not capture the effect of active
saltation over a rippled bed.

OnEarth, windflows are typically aerodynamically rough, and z0 is
controlled by either the surface roughness (below the transport
threshold, u∗t) or the thickness of the transport layer (above it)27. In
turn, surface roughness compounds both skin friction (Eq. (4)) and
form drag (2). Whereas models for z0 are relatively well established for
Earth (Eqs. (3)–(6)), several factors complicate the application of Earth-
based models to Mars, severely impeding predictive capabilities for a
broad range of phenomena, from dust lifting28–30 to sand fluxes31,32 and
aeolian erosion rates33–35.

First, as atmospheric density decreases, atmospheric kinematic
viscosity increases, thickening the viscous sublayer. As a result, the
roughness-based Reynolds number decreases (for a given roughness
scale and shear velocity; Eq. (2)), increasing the likelihood of aero-
dynamically smooth wind events, and thus, of z0 being influenced by
the laminar sublayer (Eq. (3)). However, it is unclearwhether this effect
is annulled by active saltation underMars-like conditions (Eqs. (5)–(6)).

Second, under low-pressure conditions, two types of windblown
ripples may emerge—impact ripples and drag ripples11,20,36–40. Aeolian
drag ripples are analogous to subaqueous ripples41,42 and aeolian
dunes11,20,38, and result from a hydrodynamic instability that only arises
under aerodynamically smooth conditions11,20,39,40. On Mars, aeolian
drag ripples are characterized by meter-scale wavelengths and
decimeter-scale heights, possibly enhancing the role of form drag
relative to the case of Earth’s much more subdued impact ripples43.

Measurements of z0 have been performed over coarse regolith
and rocky surfaces on Mars before44, but never over active sandy rip-
pled beds, such that it remains unknownwhether the thicker boundary
layer and multiple ripple scales impact z0 under active transport con-
ditions. Here, wemeasure the aerodynamic roughness of rippled sand
beds under varying atmospheric pressures. For the first time, we
characterize the behavior of z0 in low-pressure wind tunnel experi-
ments in which two scales of ripples (impact and drag ripples) form
and active saltation is present.

Results and discussion
Aerodynamic roughness of rippled beds under active saltation
Experiments were conducted over beds of loose sand-sized proxy
material (~195μm crushed nutshells) at freestream wind velocities
exceeding the corresponding freestream threshold for the onset of
saltation by about 20%. Beds were allowed to develop bedforms and
equilibrate (Figs. 1c and 2)40 before vertical wind profiles were mea-
sured using a variable-height pitot tube at a frequency of 0.3 Hz
(Fig. 1d).Measurementswere performedat4–5different heights above
the bed, and averaged over 45–60 s at each height40 (Methods). Wind
profiles were measured at 1020, 500, 100, and 50mbar, and z0 was
derived from those measurements by finding the best fit u�, z0

� �
values using the logarithmic law (Eq. (1); Figs. 3 and 4;Methods). These
experiments, which capture the correct physical regimes despite
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higher absolute pressures than on Mars, allow us to extrapolate
observations to Mars-like surface conditions (Supplementary Text S1
and Supplementary Table S1).

Decimeter-scale impact ripples formed at all pressures45, whereas
larger, drag ripples only formed at pressures less than terrestrial
(Fig. 2), as predicted by drag-ripple theory11,20,40. The size of drag rip-
ples increased with decreasing atmospheric pressure, consistent with
observations on Mars36,38,46 (Fig. 1a). Similarly, the thickness of the
viscous sublayer in the absence of saltation (calculated as 11:6 ν

u�
) is

expected to increase by about one order of magnitude from ambient
terrestrial pressure to 50mbar (Fig. 2).

Like several of the relevant length scales (Fig. 2), measured z0
values increase with decreasing atmospheric pressure, from
≈2 × 10−4 m at 1020mbar to over 5 × 10−4 m at 50mbar under our
experimental conditions (Fig. 4a). Similarly, predicted values of z0
from viscous sublayer thickness and saltation increasewith decreasing
pressure (Fig. 4b) due to decreasing atmospheric density and
increasing threshold of motion, respectively (Supplementary Fig. S3).

Derived values of z0 are compared against model predictions
(Fig. 4b; Eqs. (3)–(6); and model of ref. 2; Methods). The large dis-
crepancy between measured z0 and that expected from the viscous
sublayer model is consistent with either aerodynamically rough con-
ditions (at 1020mbar) or disruption of the viscous sublayer by salta-
tion at all pressures. At 1020mbar, the model of ref. 2, which predicts
the compounded effect of skin friction and form drag from impact
ripples, is dominated by skin friction and underpredicts the measured
z0 value, confirming that saltation (Eq. (6)) is the dominant control on
z0 under Earth-like conditions. At all pressures, observed z0 are most
closely matched by the empirical saltation model (Eq. (6)) and the
compound form drag model of ref. 2. However, both models con-
sistently underpredict z0, suggesting that both saltation and formdrag
contribute to overall aerodynamic roughness.

Next, we investigate the relative influence of saltation and form
drag on z0. To estimate the contribution of saltation to z0 based on our
experimental measurements, we use the model of ref. 2 in an inverse
fashion (Methods). Specifically, we adjust the value of an effective
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Fig. 2 | Evolution of relevant length scales with atmospheric pressure during
wind-tunnel experiments.Thepresented scales include the grain size (reported as
d50 with error bars encompassing d16–d84), the thickness of the laminar sublayer
(calculated in the absence of saltation), impact (hi) and drag-ripple (hl) heights, and
height of the focal point, (Hf, Eq. (9)). The latter relates to the thickness of the
transport layer and is calculated as described in Methods. Error bars are reported
but smaller than most symbols. Source data are provided as a Source Data file.

Fig. 1 | Windblown ripples under varied pressure conditions and
experimental setup. a Impact ripples superimposed on large wind ripples atop
Namib dune, Gale Crater, Mars (Curiosity roverMastcammosaic mcam005410, sol
1192; credit: NASA/JPL-Caltech/MSSS). b Impact ripples in Al Wusta, Oman. c Two

scales of windblown ripples at equilibrium, formed in the Mars Surface Wind
Tunnel (MARSWIT) at theNASAAmesResearchCenter under 50mbar.d Schematic
representation of the Mars Surface Wind Tunnel (MARSWIT) experimental setup.
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grain size in this model such that, given the observed bedform
dimensions at each pressure, it produces the correct, observed value
of z0. Assuming that skin friction is negligible relative to other
roughness contributors under active saltation (Fig. 4b), the effective
grain size parameter, instead of grain size, represents a characteristic
length scale associated with the saltation layer, from which z0,saltation
can be calculated (Fig. 5; Methods;2).

The relative influence of saltation on total aerodynamic rough-
ness, z0,saltation/z0, varies in a nonlinear fashion with atmospheric
pressure (Fig. 5a). Specifically, we find that z0,saltation is about 80% of z0
at 1020mbar, when only subdued impact ripples are present. As
pressuredecreases and drag ripples form, the contribution of saltation
to z0 drops to 45% at 500mbar, and increases again progressively
under our experimental conditions as pressure decreases, to reach
about ≈90% at 50mbar (Fig. 5b).

Focal point at low pressure
Although the existence of a focal point is well established under ter-
restrial conditions (e.g.,47–51), how viscositymay influence its existence,
and if it exists, its behavior at low atmospheric pressures remain
unknown.Here,we test its existence andbehavior by (i) inverting forHf

and Uf from z0,saltation using Eq. (5) and (ii) comparing Hf and Uf values
with the models of refs. 22,21.

Based on dimensional analysis, theory, and empirical observa-
tions, refs. 22,21 proposed formulations for focal height and velocity
that incorporate the influence of atmospheric density and viscosity
(Methods). Each model contains two constant coefficients, α and β
(Methods). For bothmodels, best-fit values of α and βwere inverted at
all pressure conditions by minimizing the difference between the
estimated z0,saltation and those modeled using the formulations of
refs. 22,21 (Methods).

Using themodel of ref. 22, we find that (i) inverted values of α and
β are roughly constant across the investigated pressure range, and (ii)
inverted β values closely match that estimated by ref. 22 at Earth
pressure (Supplementary Fig. S7). Inverted values of α are of the same
order of magnitude as, but differ subtly from, those of ref. 22 at Earth
pressure (Supplementary Fig. S7). This small difference is attributed to

the presence of impact ripples in the experiments of ref. 52 (and the
form drag they imparted on winds), whereas any contributions from
form drag is removed from measured z0 values here (i.e., α and β are
estimated from z0,saltation). These findings suggest that a focal point
does exist under all investigated pressures, and that the formulationof
ref. 22 appropriately describes the dependency of Hf and Uf on
atmospheric density and viscosity.

Whereas sets of α and β values that yield equally good fits to the
data could be retrieved from both models, we find that β cannot be
reasonably assumed to be constant over the range of investigated
pressures under the model of ref. 21, and that β / ρ�1

3 instead (Sup-
plementary Text S2). Thus, the model of ref. 22 appears to capture the
dependency of Hf on ρ more adequately, and we adopt that formula-
tion for extrapolations to Mars pressure.

Relative influence of saltation and form drag on aerodynamic
roughness
Following the model of ref. 22, Hf / ρ�5

6 (Eqs. (8)–(9); Methods). Fur-
thermore, the wavelength of drag ripples is proportional to
ρ�2

3
36–38,40–42. Thus, under low atmospheric pressures (such that

Rer≲ 10), hmax / ρ�2
3 (for a given bedform aspect ratio). As a result,

Hf

hmax
/ ρ�1

6 / p�1
6 ð7Þ

at a constant temperature. This prediction, which relies on β being
independent of atmospheric density, is well matched by the data
(R2 = 0.98; Fig. 5b).

At Earth pressure, drag ripples cannot form and Hf
hmax

� 90%. As
pressure decreases, drag ripples form, protruding higher into the flow

( Hf
hmax

� 25% at 500mbar; Fig. 5b) enhancing the contribution of form

drag to total aerodynamic roughness (Fig. 5a). As pressure further
decreased in our experiments, the saltation layer thickened faster than

drag ripples grew, such that Hf
hmax

increased with decreasing pressure.

Whereas Hf increases with decreasing pressure, so does Uf, such
that the behavior of z0,saltation may vary depending on specific

Fig. 3 | Measured vertical wind velocity profiles at varying pressures with corresponding fits to the logarithmic law (Eq. (1)). Profiles are shown for atmospheric
pressures of a 1020mbar, b 500mbar, c 100mbar, and d 50mbar.
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transport conditions (Eq. (5)). In our experiments, wind speed was
increased with decreasing pressure such that the freestream wind
velocity remained about 20% above the saltation threshold (Methods).
As a result, z0,saltation overall increased with decreasing pressure,
enhancing the contribution of saltation to total aerodynamic rough-
ness despite the formation of taller and taller drag ripples (Fig. 5). At
50mbar, Hf

hmax
� 110% and z0, saltation

z0
� 90%.

Implications for Mars
Our wind-tunnel experiments demonstrate that the roles of transport
and bedforms on z0 do not followmonotonic trends with atmospheric
pressure, but instead are affected by interactions between bedform
development and transport layer dynamics. Extrapolations to Mars-
like conditions thus require careful considerations of these factors.

Dimensional analysis indicates that our experimental conditions
capture the physical phenomenology expected on Mars (aero-
dynamically smooth beds conducive to drag-ripple formation with
sand transport in saltation) for neutral atmospheric conditions (Sup-
plementary Text S1 and Supplementary Table S1). Restated, experi-
mental conditions reproduce the correct physical regimes despite
different pressure conditions. The assumption of neutral atmospheric

conditions is implicit to Eq. 1. Theoretical53, experimental54, and
in situ44 evidence indicate that thermally induced variations in atmo-
spheric conditions (e.g., from diurnal temperature swings) results in
minor deviations in z0 that are well within the uncertainty of our
measurements (Supplementary Text S1 and Supplementary Table S1).

Based on our validation and calibration of Eqs. (8)–(9), we can
estimate z0,saltation on Mars. In parallel, we estimate the combined
contributions of skin friction and form drag from all bedform scales
(z0,bedforms) using the Jia et al. (2023) model2 assuming grain and
bedform sizes as measured at Gale crater (grain size, d = 125μm55;
impact-ripple wavelength, λi = 8 cm; drag-ripple wavelength, λl = 2m;
bedform height-to-wavelength ratios of 0.0536,42). Typical values for
Mars were used for all other parameters (e.g., ρ =0.020 kg/m3,
ρs = 2900 kg/m3, g = 3.71m/s2). Both aerodynamic length scales are also
compared with z0,sublayer (Eq. (3)).

We find that z0,bedforms ≈ 1 cm, which is consistently 1–2 orders of
magnitude larger than z0,sublayer and z0,saltation across a range of plau-
sible wind shear velocities (Fig. 6), i.e., it is 1–2 orders of magnitude
larger than over a flat bed. Thus, z0 is expected to be dominated by
formdrag over rippledbedsonMars regardless ofwhether transport is
ongoing. This extrapolation implicitly relies on the assumption that
flux saturation was reached within our wind-tunnel experiments. Esti-
mates of the sediment transport saturation length under our experi-
mental conditions are lower than the length of the wind-tunnel’s test
section (Methods), though the true distance required to reach
saturation from a zero flux can be several times larger than the
saturation length56. Measurements of impact-ripple migration speeds
in the experiments (40; Supplementary Fig. S8) and our estimates of
focal-height parameters (Supplementary Fig. S7) compare favorably
with models that were developed to describe fully saturated
conditions22,49, suggesting that near-saturation conditions were likely
reached. However, these models were themselves calibrated using
empirical constants that could possibly obscure the signature of non-
saturated transport conditions. If transport was substantially under-
saturated in our experiments, the above extrapolations to Mars would
underpredict z0,saltation, rendering the contribution of saltation to z0
comparable to that of form drag from bedforms.

Finally, wenote that calculating r frommax z0, sublayer, z0, saltation
� �

2,
we find that Rer < 10—even during active transport—over flat beds on
Mars. Specifically, we find that wind shear velocities, u∗ > 1m/s are
required for Rer to exceed 10. Extrapolated to the height of the wind
sensor onboard NASA’s Curiosity rover (1.5m above ground), such
wind shear velocities correspond to wind speeds of >22.5m/s (Eq. (1)),
or stronger than over 99.9% of winds measured by Curiosity at Gale
Crater57. This result is significant because it disproves the notion that
saltation on Mars would inhibit the formation of drag ripples by pro-
moting aerodynamically rough flat-bed conditions.

Methods
Experimental conditions
Experiments were conducted in the Mars Surface Wind Tunnel (MARS-
WIT) at the Planetary Aeolian Laboratory, NASA Ames Research Center,
California. TheMARSWIToperateswithin a pressure chamber capable of
simulating Earth-to-Mars pressure conditions (~1 bar–5mbar). This 13-m
long, open-circuit, atmospheric boundary layer wind tunnel can achieve
maximumwind speeds of 100m/s at 5mbar using air injectors. LabView
data acquisition software is utilized for operations, measuring, and
providing data on chamber temperature, air density, pressure, free-
stream, and vertical differential pressures, pitot tube vertical position,
relative humidity, and corresponding wind speeds. The pitot tube was
placed at the downwind end of the test section. The test section was
~6.5m long and 1.3m wide (Fig. 1).

For each experiment, pressure, air density, and temperature were
recorded, and the dynamic viscosity of air was assumed to be
1.81 × 10−5 Pa s. Crushed nutshells (ρs = 1300 kg/m3) served as sediment
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with a median particle size (d50) of 195μm. Grain-size distributions
were determined using a Retsch Camsizer grain-size analyzer. Nut-
shells were used not to simulate Mars’ lower gravitational acceleration
(g = 3.71m/s2) on saltation trajectories but to reduce the time required
to generate bedforms under our lowest experimental pressure con-
ditions (50 and 100mbar)40. A manually smoothed, flat sediment bed
was initially prepared inside the wind tunnel before each experiment,
ensuring uniform sediment distribution across the test section (Sup-
plementary Fig. S2). The bed had a thickness of 3 cm across the wind
tunnel, and a sediment berm was placed at the upwind end of the bed
to act as a continuous sediment source.

Two series of experiments were performed. In the first series, we
determined the onset of saltation over flat beds by progressively
increasing the wind speed until the bed became fully mobile58. This
setup allowed for the determination of the threshold freestream (U∞)
and shear (u∗t) velocities over a flat bed at pressures of 50, 100, 500,
and 1020mbar (Supplementary Fig. S3). In the second series, the wind
velocity was set ≈20% above the threshold freestream velocity, and
maintained for several minutes to allow the sediment bed to evolve
naturally from a flat to a rippled configuration. Once the ripples
reached equilibrium, wind velocity measurements were performed at
pressures of 50, 100, 500, and 1020mbar. In the latter series of
experiments, multiple runs (pumpdowns) were sometimes necessary
at a given atmospheric pressure to replenish the berm and maintain
depositional conditions while the bedforms reached equilibrium. For
the 1020mbar and 500mbar experiments, a single pumpdown suf-
ficed, while the 100mbar experiments required two pumpdowns, and
the 50mbar experiments required three. Transport saturation lengths
under our experimental conditions were estimated two different ways
using the formulations in refs. 20,39, and were found to always be
shorter to comparable to the length of the test section (~6.5m), even
under our lowest pressure condition (~5.5–6m at 50mbar).

Ripple dimensions
At each specific pressure, the evolution of the bedforms was con-
tinuously recorded with high-resolution infrared cameras at 30 fps,
whichprovided top-down, side, andwindward views of the test section
(Fig. 1). This setup enabled precise measurement of the wavelength
and migration rate (celerity) of incipient ripples and their final stabi-
lized states. Each test concluded once the bedforms ceased growing,
indicating equilibrium (Fig. 1c). At the end of each experiment, after
the winds stopped, the pressure chamber was reset to ambient pres-
sure. This allowed for additional documentation of the final bed state
through three-dimensional (3D) scans and high-resolution color ima-
ging. 3D scanswere acquiredusing LiDAR sensorsbuilt into an iPadPro
4th generation59 with Pix4Dcatch software, and the data were pro-
cessed with MeshLab 2023.12 (Supplementary Fig. S4). These scans
allowed us to document the dimensions of equilibrium bedforms
along downwind-oriented topographic profiles, including crest-to-
crest wavelength and trough-to-peak height, under consistent lighting
conditions. The 3D scans enabled the accurate calculation of the
height andwavelength of drag (large) ripples, aswell as thewavelength
of the impact (small) ripples. The height of impact ripples was calcu-
lated as 5% ofmeasured ripplewavelengths60. Calculated impact ripple
heights range from ~1 to 3mmat all pressures, in good agreement with
ripple heights as determined from the length of ripple shadows at
50mbar40(Supplementary Fig. S5). Bedform dimensions are reported
in Supplementary Table S2 for each pressure condition.

Measurements of aerodynamic roughness length, z0
Wind speed measurements were conducted using a pitot tube posi-
tioned at varying heights above the sediment bed. Wind velocity data
were collected at four to five different vertical positions—at elevations
of 4, 33, 103, 160, and 320mm above the initial surface elevation—for
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45–60 s at each position, with a sampling frequency of 0.3 Hz. The
elevations were automatically set using a dedicated routine in Lab-
View, with a precision of ±0.05mm (Supplementary Fig. S1). The
control system can maintain a constant wind speed with variations of
less than 1% of the set value. In the same wind tunnel facility, ref. 58
performed wind measurements at nearly the same elevations above
the bed to determine the threshold shear velocity of grains similar to
those in this study. Changes in bed elevation were continuously
monitored using a high-resolution infrared camera positioned for a
side-view perspective. The initial height of the bed was checked rela-
tive to the position of the pitot tube and confirmed using a digital
caliper. For experiments that requiredmore than one pumpdown, i.e.,
at 100 and 50mbar, the height of the bed was also monitored with a
digital caliper between pumpdowns as the ripples started to form, and
a new reference level was recorded.

The wind speed measurements were used to calculate the
threshold shear velocity u∗t (flat-bed series) or shear velocity u∗
(equilibrium-rippled bed) using the law of the wall (Eq. (1)). To that
end, we usedMATLAB’s built-in Nonlinear Least Squares function. The
method works by finding the parameters of a nonlinear model that
minimize the sum of the squared differences (residuals) between the
observed data and the model predictions (Eq. (1)). Instantaneous
measurements provided sets of 135–180data points for eachelevation.
The time between measurements at each elevation was 45–60 s,
allowing to average wind measurements over turbulent fluctuations3.
Only fits with R2 values larger than 0.98 were considered, which
resulted in the exclusion of 8–13% of the dataset. Remaining data were
averaged to determine u∗ and z0 at each specific pressure (Fig. 3). As
measurements for each elevation were repeated 2 or 3 times, an
additional averaging process was performed to obtain the final values
of u∗ and z0. Uncertainty in u∗, and u∗twas calculated as ± one standard
deviation, and in z0 as ± d/2. Values and uncertainties of u∗t, u∗, and z0
for each pressure condition are reported in Supplementary Table S2.

Scaling relationship for the focal point
Ref. 22, using experimental surface roughness data from ref. 52,
showed that under terrestrial conditions the focal velocity and focal
height can be reasonably well predicted by

Uf � α

ffiffiffiffiffiffiffiffiffiffiffiffi
ρs

ρ
gd

r
, ð8Þ

and

Hf � βAUf
ν

g2

� �1=3

, ð9Þ

where α and βA are constants, ρs and ρ are the sediment and atmo-
spheric densities, respectively, g is the acceleration of gravity, and d is
grain diameter.

In turn, ref. 21 proposed a different formulation for the focal
height,

Hf � βP +T
ν2

g

� �1=3

, ð10Þ

where βP+T is a constant.
Using an optimization subroutine, we minimized the difference

between each of the two models and z0,saltation. This approach allowed
us to iteratively solve for sets of α and β parameters across all pressure
conditions.

As reported in the main text, both models yield satisfying fits to
the data, but βP+T is not well approximated by a constant over the
range of investigated pressures. Eqs. (8) and (9) were thus adopted,
and the average of inverted α and βA values were used in our analysis

(1.707 and 0.163, respectively; Fig. 2). Uncertainty in α and β was cal-
culated as ± one standard deviation.

Model for aerodynamic roughness induced by multiscale
topography
Experimentally derived z0 values are compared to the theoretical
model of ref. 2, which predicts the influence of multiscale topography
(grains of size d, and small and large ripples characterized by wave-
lengths, λ, and amplitudes, ζ). In this model, z0 is calculated for three
scales by considering the roughness induced by grains on small rip-
ples, the roughness induced by small ripples on large ripples, and the
roughness induced by large ripples themselves. A complete descrip-
tion of the model can be found in ref. 2.

Our calculations of u∗, the height and wavelength of both small
and large ripples (hi,l and λi,l), as well as the experimental data on
kinematic viscosity of air, ν, and the median grain size (d = 195μm),
were used as input to the model. The effective roughness is calculated
for a specific bedform aspect ratio,

kζ =
2π
λi, l

hi, l

2
, ð11Þ

where k is the bedform’s wavenumber. Compound roughness values
from skin friction and all bedform scales are reported for each pres-
sure condition in Supplementary Table S2.

The model of ref. 2 underestimates measured z0 values (Fig. 4)
because, while it accounts for form drag from two scales of bedforms,
it does not incorporate the influence of saltation. Thus, comparing
measured and modeled values of z0 allows to quantify the relative
influence of saltation (z0,saltation). The model of ref. 2 was used to that
end as described in the Results and discussion section. To further
validate this approach, the inverted value of z0,saltation at 1020mbar
was compared to predictions from numerical simulations49 (Supple-
mentary Fig. S6).

Data availability
The experimental parameters and derivedmeasurements generated in
this study are provided in the Supplementary Information file. Source
data are provided with this paper.

Code availability
Code to reproduce the data shown in the figures is available in the
Zenodo database under accession code https://doi.org/10.5281/
zenodo.14970357.
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