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SUPPLEMENTARY TEXT
Updated Counting Methodology
We use a similar but updated methodology to that of Day & Kocurek (2018) to quantify
interaction density. Through an analysis of 32 dune fields on Earth, Mars, and Titan, Day &

Kocurek (2018) showed that
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where A is dune spacing, regardless of dune type (crescentic vs. linear), but found that the
proportionality constant, a, was different for crescentic (@ = 0.58) and linear (a = 0.04) dunes. To
calculate I, previous studies defined a rectangular counting area, the dimensions of which were
fixed to be some multiple of mean dune spacing (m;A and m,A), such that the surface area of the

counting polygon was given by

A"’mlmzlz. (2)
For fields of crescentic dunes, square counting polygons (m; = m,) were used, such that
Acrescentic = My 2A%. In contrast, counting polygons with m; # m, were used over fields of linear

dunes in order to capture enough interactions within the polygon, such that
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whereas
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Comparing Egs. 3—4 to Eq. 1, it becomes apparent that the different prefactors, a, determined by
Day & Kocurek (2018) could in principle arise from methodology rather than reflect a true
distinction between crescentic and linear dunes.

To decouple the dimensions of counting areas from both dune type and dune spacing, we
identified the largest region within a dune field where dune spacing was roughly homogenous (of
area, Ay), and generated a circular counting area of surface area A = Ay, /2 within that region
(Figure S1A). Thus, A is largely controlled by dune field extent rather than average dune

dimension.

Dune-Field Digitization and Pattern Parameters



All dune field digitization was done in QGIS 3.16 Hannover. The ESRI satellite in the
WGS 84/Pseudo-Mercator projection (EPSG:3857) was used for all terrestrial dune sites but the
Tengger Desert site. The ESRI base map utilizes Maxar imagery at 0.5 m/pixel resolution over the
United States and SPOT imagery with 2.5 m/pixel resolution worldwide. For the Tengger Desert
site, Google Earth Pro historical imagery was used as repeat imagery and higher resolution were
required to capture the time evolution of smaller, nascent dunes. Three control points were
imported into Google Earth Pro and exported as a part of each historical image. Then, the same
control points in QGIS were tied to the control points in the image to georeference each image, in
the WGS 84/UTM Zone 84N projection (EPSG:32648). Martian dune sites were digitized on
Context Camera (CTX; Malin et al., 2007) tiles at 5 m/pixel from the Dickson et al. (2018) mosaic.
Tiles were cylindrically projected around the nearest parallel and were coupled with the Mars 2000
IAU IAG ellipsoid.

Dune crestlines were then traced manually following the methodology of Ewing et al.
(2006). Crescentic crestlines were traced along the top of slipfaces, whereas linear crestlines,
which lack slipfaces, were traced from end to end. Although dune crestlines can in principle be
mapped automatically using traditional image processing or machine learning approaches (e.g.,
Rubanenko et al., 2021), (i) machine learning would require substantial manual tracing for training
data in the first place, (ii)) mapping precision would vary from scene to scene, and thus, the
detection rate of dune interactions could also vary from scene to scene, and (iii) our total dataset
size (n=46) is not large enough to make a performant automated approach faster than a manual
one. Manual tracing allows us to minimize error and keep any biases consistent throughout so dune

fields can be compared against each other.



Next, 20—50 random points were generated depending on counting area (e.g., ~20 for A <
1 km?, 30 for 1 <A < 100 km?, 40 for 100 < A < 1000 km?, and 50 for A > 1000 km?). Average
dune spacing, A, was calculated as the mean distance between the two dune crests closest to those
points. Following the definition of Day & Kocurek (2018), interactions were defined as locations
where dune crestlines are within 0.14 from each other. To identify interactions, buffers were
generated at a distance 0.054 around dune crestlines, such that intersecting buffers indicate dune
interactions (Figure S1B). Upon counting the number of interactions, n, within the counting area,
we calculated, I and I,, as well as measured the average crestline azimuth within the counting
area, 04, using the azimuth function in QGIS. This procedure estimates the crestline orientation of
each dune as approximated by a line connecting the crestline endpoints, from which the field-
average orientation can be determined. Finally, the total dune length, L4, and for crescentic dunes,

the planform slipface length, L, were measured for dunes closest to the randomly generated points.

Digitization and Pattern Parameter Sensitivity Analysis

To assess the sensitivity of our results to methodological choices, we conducted a
sensitivity analysis. Three terrestrial dune fields with small (97.8 m), medium (1014 m), and large
(2465 m) dune spacings were selected for analysis. At each site, we compared our baseline
interaction statistics with those obtained when (i) the surface area of the original counting circle
was doubled (‘A2 in Fig. S4-5), (ii) the center of the counting circle was shifted laterally while
roughly maintaining its size (‘adjacent’ in Fig. S4-5), and (iii) the threshold length scale used to
define a dune interaction was halved (0.051) and doubled (0.21), respectively (0.054 and 0.24 in
Fig. S4,5). Intuitively, we find that altering the definition of a dune interaction induces the most

variability (by up to ~100%). In contrast, changing the size of the counting area or specific location



only slightly alters the results quantitatively (Fig. S4-5). We find that uncertainty is less than a
factor of 1 for all digitization variations. When the definition of an interaction is kept constant, we
find that typical uncertainties are typically bracketed by [0.7 1.8]I (and [0.7 1.8]l,), which we

adopt as conservative error bars in all plots of I and I,.

Sediment Flux

Wind data for Earth were collected from the ERAS5S-Land dataset (Mufioz Sabater, 2019)
between 1992 and 2021 with a grid size of ~9 km. ERAS5-Land wind data were queried to
interpolate wind from the ‘nearest’ grid point to each specific site. For Mars, wind data were
derived from a MarsWRF simulation (Richardson et al., 2007) run for one martian year (669 Earth
days) with a 5x5° grid size. The same simulation setup as Rivera-Valentin et al. (2020) and
Chevrier et al. (2020) was used for the MarsWRF simulation, with a non-prescribed dust scheme,
a CO2 cycle, and a water cycle that included radiatively active water and dust (Lee et al., 2018).
Determining uncertainty from MarsWRF is beyond the scope of this work, but the reader is
directed to the literature for previous work (i.e., Richardson et al., 2007 and subsequent works).
Regardless, the MarsWRF data provides a strong foundation from which to conduct our analysis.

Both ERAS5-Land and MarsWRF output instantaneous, hourly atmospheric density, pr, and
the longitudinal and latitudinal components of wind velocity at a height z =10 m above ground
(uq9 and vy, respectively). We used a constant value of atmospheric density for Earth (Table S1),
whereas local and instantaneous atmospheric density values were used on Mars due to its higher

variability. Wind speed magnitude (U;() and resultant drift direction (6,,) were calculated as

Uio = Juéy, + v%, and 6,, = arctan(v,o/u,), respectively.



Sand is mobilized when wind shear velocity, u,, exceeds a threshold value. Shear velocity
was calculated from U, using the law of the wall as u, = (kU,o)/ In(z/z,), where k = 0.4 is the
von Karman constant, z = 10 m, and z, encapsulates information about roughness height of the

bed (Table S1). For Earth, we employed the impact threshold equation of Bagnold (1941),

Ps — Pt
Ps

U, = 0.082 gd, (5)

where pg and py are the densities of sediment and the atmosphere, respectively, g = 9.81 m/s? is
the acceleration of gravity, and d = 300 um is grain diameter. On Mars, threshold shear velocity
values for the initiation and continuation of saltation (the fluid and impact thresholds, respectively)
have been proposed from a combination of theory and wind tunnel experiments (Swann et al.,
2020; Andreotti et al., 2021; Gunn & Jerolmack, 2022). Here, we used a value derived from repeat
satellite imagery of a martian dune field and that applies to modeling sand fluxes at the landscape
scale (Ayoub et al., 2014).

Next, we estimated the saturated mass flux, g, following the formulation of Martin & Kok

(2017), as

Prlsit
q=yr=

(u*z - u*,itz) (6)

where y = 5. Flux was projected along the net-dune migration direction,

dm = q X |f (6w = 6a), (7
where f = cos for transverse dunes, f = sin for longitudinal dunes, and &4 is the azimuth of the
dune crestline. Finally, the saturated volume flux at the crest, gy, ¢, was estimated from q,,, taking
into account the acceleration of winds up dune slopes. Specifically, we estimated the flux at the

crest as

Am,c = qm(1 + BS), (8)



where f ~ 9.4 is a speed up factor (Courrech du Pont et al., 2014; Gunn, 2022) and S is bed slope
upwind of the crest as measured in the flux direction. Thus, assuming that the flux at the dune toe

is negligible (~0), the average sand flux can be estimated as
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Because Equation 6 was calibrated for saltation under terrestrial conditions (Martin & Kok,
2017), we empirically corrected our martian fluxes as
Gcorrected = CNPdmodeled, (10)
where cyp is a correction factor determined using previously constrained sand fluxes at Nili Patera,
and Gogeleq 1S the average sand flux as determined from Equation 6 and MarsWRF outputs.
Through correlation of repeat high-resolution imagery, Bridges et al. (2012) estimated (from dune
size and migration rate) that the width-averaged volumetric sand flux was ~2.3 m?/Earth year at
Nili Patera. In contrast, combining Equation 6 and MarsWRF outputs for our two Nili Patera
locations yields saturated average sand fluxes of ~7.4 and ~5.3 m?/Earth year, respectively. We
thus calculated a correction factor, cyp, such that it would minimize the mismatch between the
flux as estimated by Bridges et al. (2012) and our two modeled values,

cnp = _AnpB2012 0.36, (11)

C_INP,modeled

7.4+5.3

where gnp p2012= 2.3 m?/Earth year and qNP,modeled = = 6.4 m*/Earth year.

Turnover Timescales
The turnover timescale, T; (which can be used a s proxy for the timescale of dune
adjustment) is a function of dune size and sediment flux (Allen, 1974, 1976; Myrow et al., 2018).

We calculate T; as

T; = , (12)




where Agyunels the dune cross-sectional area along its migration direction. We approximated dune

cross-sectional area as a triangle such that

LqH
Agqune = o (13)

where Ly and H are dune length and height, respectively. For crescentic dunes, dune height was
calculated as

Hrescentic = Lstan @, (14)
where Ly is the planform slipface length and 8 = 30° is the angle of repose of dry cohesionless
sand. The height of linear dunes was measured from SRTM rasters (30 m/pixel) accessed via
Google Earth Engine (Farr et al., 2007) with the exception of the Rice Valley dune site. At Rice
Valley, we used elevation data derived from aerial lidar at 1 m/pixel collected by the National
Center for Aerial Laser Mapping (NCALM). In QGIS, a transect was drawn across the whole
counting area in the dune-crest-normal direction, from which a vector of elevation values was
derived. Only the middle 96% of the transect was used to avoid edge effects. A line was fit to the
elevation profile using a linear regression and subtracted from the overall profile to remove the

topographic signature of sloping terrains. From flattened profiles (z), we calculated dune height as

Hiinear = 2+/mean(z2). (15)
Finally, turnover times were calculated from Equation 3 in the main text, assuming ¢ = 0.3.
Validating Calculated Turnover Timescales
To ensure robustness of calculated turnover timescales despite simplifications and
assumptions, we sought to validate our approach by comparing our estimates with independent
constraints where available. Many previous studies provide dune migration rate rather than a

turnover timescale. Thus, we compared published dune migration rates with



M, = — (16)

as derived in this study (Table S2).

For dune fields that have been active for a longer time than the turnover time of its dunes,
our model performs particularly well regardless of dune type. However, our approach relies on the
assumption of unlimited sand supply and availability (i.e., no vegetation, cohesive crusts, ice, etc.).
Thus, our calculated turnover times for stabilized dune fields (such as vegetated linear dunes in
Australia and the Kalahari Desert as well as ice-covered barchans in Olympia Undae on Mars) are
only representative of what they would be in the absence of these stabilizing agents. Dune
stabilization increases true turnover timescale, such that our estimates provide lower bounds in
such cases. Correcting for the effect of dune stabilization on turnover timescale would not alter
our conclusions. However, the interaction index of stabilized dune patterns may lag significantly,
possibly even representing its value at the time of stabilization (Figure S2). In addition, we have
added error bars of [0.2 4.3]T; to Fig. 4A in the main text and Fig. S2 derived from a comparison
of our derived T; and M, values from the literature (Table S2). The maximum relative error is
specifically in reference to the minimum bound of migration rates of dunes at Nili Patera (0.03 m
Earth yr! Bridges et al., 2012) relative to our migration rate of 0.16 m Earth yr'. Our values are
well within the ranges of T, and M, values. The error bars represent very conservative values: most

T; and M, values are < +/- ~35% when compared with values from the literature.

Data Compilation
All compiled data for the 46 investigated sites are provided in Table S4 as a supplementary

.csv file.



Sensitivity Analysis: Comparison Between ERAS-Land and ERAS Wind Data

To assess the sensitivity of our results to the choice of wind data, we conducted the same
analysis using both ERAS5 and ERAS5-Land hourly data provided by the European Centre for
Medium-Range Weather Forecasts (ECMRWF). Each datasets provides instantaneous latitudinal
and longitudinal wind vectors at an elevation of 10 m at ~30 km (ERAS) and ~9 km (ERAS5-Land)
grid sizes (Mufoz Sabater, 2019; Hersbach et al., 2020). Figure S3 shows a comparison of
calculated saturated mass flux (q), resultant drift direction (6,,), and resultant drift potential
normalized by drift potential (RDP/DP) from both datasets. Small discrepancies between the two
datasets are present but minimal. We chose to employ ERAS5-Land data owing to its finer grid
scale, allowing us to estimate sand fluxes closer to our specific sites and to draw more direct
comparisons of estimated dune turnover timescales with previously published independent

constraints (Table S2).
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SUPPLEMENTARY TABLES

Table S1. Environmental parameters used in Eq. 9 for Earth and Mars. Roughness heights for
Earth and Mars from Gunn (2023) and Bridges et al. (2017), respectively.

Grain Height above  Gravitational Roughness Sediment Atmospheric
Planet diameter, the bed, acceleration, height, density, density,
d (m) z (m) g (m/s?) 2o (m) pr (kg/m’) ps (kg/m?)
Earth 3.0x10% 10 9.8 1.0x 103 2650 1.2
Mars 3.0x 10" 10 3.7 1.0x 10* 3000 from MarsWRF

Table S2. Comparison of turnover timescales or dune migration rates (Mr) from this study and

previously published, independent constraints.

Mr, this Mr, T, this T:,
Site Planet Type study reference, study reference, Reference
(m/Earth yr) (m/Earthyr) (Earthyr) (Earth yr)

Nili Patera Mars Crescentic  0.16,0.22 0.03-0.27 1688,2013 n/a Bridges et al. (2012)
Kaiser Crater  Mars  Crescentic 0.40 0.60 894 n/a Chojnacki et al. (2019)
White Sands  Earth  Crescentic 0.69 n/a 135 100 Myrow et al. (2018)
St. Anthony's,

Idaho Earth  Crescentic 1.1 1.0-1.8 41 n/a Hoover et al. (2018)
Rub 'al Khali  Earth  Crescentic 0.1 n/a 15358 10000 Farrant et al. (2015)
Namib Earth Linear 0.1 0.1 8350 n/a Bristow et al. (2007)




Table S3. Description of variables in Table S4.

Variable Unit Description

NAME n/a counting area name

SITENAME n/a same as NAME, except for counting areas along a transect or digitized through time
LAT decimal degrees latitude

LONG decimal degrees longitude

IMAGE DATE YYYYMMDD  date of google earth historical imagery

SITE ID n/a counting area ID

ALL ID n/a overall ID

TYPE n/a crescentic or linear dune

ENVIRONMENT n/a fluvial or aeolian dune

BODY n/a Mars or Earth

STABILIZED n/a is the dune field stabilized or not?

LOWER BOUND FIG2 n/a was this site used to calculate the observed lower bound in Fig. 2?
LOWER BOUND FIG4 n/a was this site used to calculate the observed lower bound in Fig. 4?
AREA M2 m? area of counting circle

DIST DOWNWIND M m distance downwind from starting point; only for dunes along a transect
TOT DUNE integer number of individual crestlines that intersect the counting area
NUM_INT integer number of interactions

LAMBDA M m average dune spacing

LAMBDA M SD m standard deviation of dune spacing

SLIP M m average slipface length

Ld M m average dune length

stoss dimensionless stoss slope, H/ Ld M

AZIMUTH MEAN radian average crestline orientation (N of E)

H m height of dune

qm kgm's! saturated flux (RDP)

qa radian net flux angle (RDD) (N of E)



RDP DP
Tt

I M2
Istar

m? yr'1
dimensionless
yr

m yr’!

m>

dimensionless

average flux dune across dune

ratio of RDP / DP, proxy for wind variability
turnover time

migration rate normal to crest

interaction density, |

interaction index, I*



Table S4. Data compilation from 46 dune fields on Earth and Mars (provided as a supplementary
.csv file).

Table SS. Data compilation of our digitization sensitivity analysis comparing average dune
spacing, counting area size, interaction density, and interaction index (and their corresponding
errors). The last two columns report the ratio of I (or I,) as calculated through a given analysis
type and I (or I,) as calculated through our ‘original”, baseline analysis.

Average Counting Interaction
Site  Analysis Interactions  Dune unting . Interaction I I,
. Area, A Density, . .
Name Type (n) Spacing 5 - Index (I,) Ratio Ratio
(m?) I' (m™)
(m)

Grand
Erg Original 9 2465.2 1.11E+09 8.09E-09  4.92E-02 1 1
Linear
Gibson  Original 36 1014  2.41E+08 1.49E-07 1.54E-01 1 1
Little
Sahara, Original 20 97.8 1.23E+06  1.63E-05  1.56E-01 1 1
Utah
Grand
Erg 2x area 10 24652 2.23E+09 4.49E-09 2.73E-02 0.56  0.56
Linear
Gibson  2x area 66 1014  4.82E+08 1.37E-07 141E-01 092 092
Little
Sahara, 2x area 28 97.8 2.46E+06 1.14E-05 1.09E-01 0.7 0.7
Utah

Adjacent
Grand to
Erg original 2 24827 8.42E+08 2.38E-09 1.46E-02  0.29 0.3
Linear counting

area

Adjacent

to

Gibson original 43 833.61 2.07E+08 2.07E-07 1.44E-01 139 0.94

counting

arca




Adjacent

Little to
Sahara, original 7 89.7 7.14E+05 9.80E-06  7.89E-02 0.6 0.51
Utah  counting
area
Grand  Original,
Erg 0.054 8 2465.2 1.11E+09 7.19E-09 4.37E-02 0.89  0.89
Linear  buffer
Original,
Gibson  0.054 35 1014  2.41E+08 1.45E-07 149E-01 097 0.97
buffer
Little  Original,
Sahara,  0.051 6 97.8 1.23E+06  4.88E-06  4.67E-02 0.3 0.3
Utah buffer
Grand  Original,
Erg 0.2 9 2465.2 1.11E+09 8.09E-09  4.92E-02 1 1
Linear  buffer
Original,
Gibson 0.24 42 1014  2.41E+08 1.74E-07 1.79E-01 1.17 1.17
buffer
Little  Original,
Sahara, 0.24 44 97.8 1.23E+06  3.58E-05  3.42E-01 2.2 2.2
Utah buffer




SUPPLEMENTARY FIGURES

— homogeneous dunefield spacing — counting area

— crestline buffer e interaction

Figure S1. (A) Digitized counting area at Rabe Crater on Mars. (B) Zoomed in display showing
buffers of 0.054 generated around dune crestlines. Basemap from Dickson et al. (2018) mosaic.
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Figure S2. (A) Quadratic decrease in interaction density with increasing dune spacing for 46 fields
of linear and crescentic dunes on Earth and Mars (same as Fig. 2A) and (B) dune interaction index
as a function of dune turnover timescale on Earth (same as Fig. 4A) highlighting stabilized and
active dune-fields.
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Figure S3. Comparison of (A) saturated mass flux, (B) resultant drift direction, and (C) RDP/DP
derived from ERAS and ERAS5-Land data.
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Figure S4. Comparison of I as determined using our baseline methodology and (A) counting areas
of 2x the original size and adjacent, similarly sized counting areas, and (B) keeping the original
counting area the same but changing the crestline buffer sizes such that interactions are counted
when dunes are <0.054 or <0.24 apart. This corresponds to 0.0254 and 0.1 A buffer sizes (half and
double the size of the original 0.05 A buffers used to determine dunes <0.14 apart).
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Figure S5. Comparison of I, as determined using our baseline methodology and (A) counting
areas of 2x the original size and adjacent, similarly sized counting areas, and (B) keeping the
original counting area the same but changing the crestline buffer sizes such that interactions are
counted when dunes are <0.05A4 or <0.24 apart. This corresponds to 0.0254 and 0.1 A buffer sizes
(half and double the size of the original 0.05 A buffers used to determine dunes <0.14 apart).
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