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Abstract 8 

Aeolian sand dunes are observed across the Martian surface. The arrival of 9 

the HiRISE camera on Mars Reconnaissance Orbiter at Mars in 2006 enabled 10 

detection of modern-day movement of dunes and ripples from orbit for the first 11 

time. Since 2006, HiRISE collected a long timeseries of repeat imagery at a few 12 

Martian dune fields. We analyze this timeseries of imagery at two of these dune 13 

fields, using COSI-Corr for image registration and correlation, to study the 14 

movement and dynamics of dunes and meter-scale ripples at the Nili Patera and 15 

Meroe Patera barchan dune fields.  We present measurements of whole-dune 16 

translational sand fluxes extracted at both dune fields via manual tracking of dune 17 

crestlines and slipfaces in HiRISE images. We also present a multi-Mars year 18 

timeseries of ripple flux measurements. Ripple migration shows a consistent pattern 19 

of seasonal variation, with maxima in flux during northern-hemisphere autumn and 20 

winter at both dune fields. Ripple migration  is also observed to decrease away from 21 

the upwind margins of dune fields. We compare our observations with predicted 22 

sand transport using winds output from the MarsWRF atmospheric circulation 23 
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model and theories of sand motion. The model predicts half-hourly, mesoscale 24 

winds, from which we estimate the 1Hz, local-scale winds by assuming a Weibull 25 

distribution of wind speed, with parameters chosen based on landed wind data. This 26 

approach uses remote sensing observations of bedform migration, and comparisons 27 

with model output, to place constraints on the wind regime.  Our measurements of 28 

the seasonal pattern of sand flux variation agree, to first order, with predictions 29 

based on modeled wind speeds. Comparison of the magnitudes of predicted and 30 

observed sand fluxes is not feasible due to the high uncertainties in our calculated 31 

sand fluxes caused by uncertainties in input parameters, most importantly the 32 

assumed fluid threshold for sand transport. However, we note that model 33 

predictions fit our observed sand fluxes best when relatively low values of the fluid 34 

threshold shear velocity of ~0.6-0.8 m/s (or shear stresses of O(10-3) Pa) are 35 

assumed.  36 

1. Introduction  37 

 Aeolian dune fields are abundant across the Martian surface, as revealed in 38 

images from as early as the Mariner 9 orbiter in 1971 [McCauley et al., 1972; Sagan 39 

et al., 1972]. Dunes appear from the circumpolar ergs to crater interiors to the 40 

cratered highlands [Hayward et al., 2013; Banks et al., 2018]. Martian dunes were 41 

commonly assumed to be inactive [Parteli & Hermann, 2007; Merrison et al., 2007] 42 

due to the apparent lack of movement in early, low resolution orbital images, and 43 

the presumed difficulty of initiating sand transport in the thin Martian atmosphere 44 

[Greeley et al., 1976; 1980].  45 
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 The arrival of the High Resolution Imaging Experiment (HiRISE) camera 46 

aboard the Mars Reconnaissance Orbiter [McEwen et al., 2007] changed this view. 47 

HiRISE’s extremely high-resolution (25 cm/pix) imagery resolves the meter-scale 48 

ripples that mantle the dunes in active Martian dune fields. These ripples move over 49 

timescales of just a few Earth weeks to months [Silvestro et al., 2010; Bridges et al., 50 

2012a; Bridges et al., 2012b; Ayoub et al., 2014]. Over somewhat longer timescales, 51 

the movement of entire dunes is evident [Bridges et al., 2012a]. Further work 52 

revealed widespread active aeolian transport across the Martian surface [e.g., 53 

Runyon et al., 2017a, b; Baker et al., 2018; Chojnacki et al., 2019]. Imaging by the 54 

Spirit Mars Exploration Rover also revealed in situ evidence of sand motion in Gusev 55 

crater by detecting the motion of sand grains and of ripples [Sullivan et al., 2008]. 56 

 Estimates of sand fluxes associated with the movement of meter-scale ripples 57 

and much larger dunes revealed that the two differ widely by a factor of between 5 58 

and 91 [Bridges et al., 2012a; Runyon et al., 2017b]; this difference was assumed to 59 

represent the difference between the flux of low-energy reptating grains and the 60 

total flux [Saltation + reptation + creep; Anderson, 1987; Andreotti, 2004], under the 61 

assumption that the meter-scale Martian ripples represent bedforms dynamically 62 

similar to ~decimeter-scale terrestrial impact ripples [Anderson, 1987], which have 63 

been scaled up due to the different transport conditions on Mars’s surface [Duran et 64 

al., 2014]. Though it is widely agreed that large Martian rippsles move primarily by 65 

reptation, the ripple height limiting mechanism for small and large Martian ripples 66 

is still debated [Sullivan et al., 2020; Lapôtre et al., 2021]. Regardless of the ripple 67 

height limiting mechanism, however, ripples only trap a small fraction of the fluxes 68 
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of sand grains moving in different transport modes over sand dunes, due to their 69 

small sizes relative to large saltation path lengths on Mars [Almeida et al., 2009]. 70 

Thus, we do not attempt to inform discussion about the origins of large Martian 71 

ripples in this work. However, it is still true, regardless of the dynamical origins of 72 

ripples, that ripples will migrate more under higher winds and higher overall sand 73 

transport. This work thus focuses on using ripple motion to inform our 74 

understanding of the dynamics of Mars’s atmosphere, and test predictions made by 75 

Martian climate models.  76 

 Monitoring of active Martian dune fields using HiRISE continues to the 77 

present day. At the barchan-dominated Nili Patera dune field, located in an extinct 78 

volcanic caldera in equatorial Mars (Fig. 1), the available timeseries of imagery 79 

stretches from 2007 to 2020. We use 5 Mars years (where 1 Mars year = 1.883 Earth 80 

years) of this timeseries, from 2007 to 2017, to study bedform motion at Nili Patera. 81 

We additionally use a more limited timeseries (1.5 Mars years, from Mars Year 32 to 82 

Mars Year 34) for a dune field in the neighboring Meroe Patera caldera. On Earth, 83 

satellite images such as Landsat can be used to measure the motion of whole dunes 84 

[e. g., Vermeesch et al., 2008; Baird et al., 2019]. On Mars, due to the two scales of 85 

bedforms (large ripples and dunes) visible from orbit and the very high resolution 86 

(25 cm/pixel) of HiRISE imagery, we can apply these timeseries of HiRISE images at 87 

Nili and Meroe Paterae to measure both ripple and whole-dune motion. The multi-88 

Mars year timespan of imagery for Nili Patera builds off previous work [Ayoub et al., 89 

2014] by enabling assessment of the interannual variations of the seasonal ripple 90 

flux pattern over a longer time period. Furthermore, the long time span of imagery 91 
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better resolves the motion of slower-moving dunes. We use our measurements to 92 

inform the discussion of the fluid-mechanical origins of Martian ripples, and to 93 

assess Martian winds predicted from general circulation models (GCMs) [Ayoub et 94 

al., 2014; Fenton et al., 2014a, 2014b; Newman et al., 2017]. 95 

 Previous work [Ayoub et al., 2014] used measurements of seasonal variation 96 

in ripple flux to investigate the accuracy of Martian atmospheric model predictions. 97 

Since the higher velocity wind gusts thought to be important for initiating sand 98 

transport were not predicted by the global and mesoscale atmospheric models used, 99 

this work used an “effective threshold” shear velocity to initiate sand transport, 100 

which was adjusted until a best fit to the seasonally-observed variation in ripple flux 101 

was obtained.  This approach prevents inference of the real wind regime from ripple 102 

migration measurements as it incorrectly assumes a single threshold for sand 103 

transport and does not rely on any experimentally calibrated transport law. Actual 104 

sand transport is governed by two thresholds: the fluid threshold, which governs 105 

the initiation of sand transport, and the impact threshold, which governs its 106 

continuation. It is, however, possible to reconcile sand flux measurements with 107 

wind predictions from atmospheric models by accounting for wind gustiness not 108 

resolved by such models using some parameterized distribution function of high 109 

wind speeds [Michel et al., 2018]. Building on that idea, we propose a new method to 110 

correct Martian GCMs and re-introduce the turbulence they miss, on the basis of 111 

wind distributions observed in situ by the few anemometers to have returned data 112 

from Mars.  113 

2.1. Methods – Whole-Dune Motion and Sand Flux  114 
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 We estimate whole-dune sand fluxes using a subset of images from each 115 

respective dune field (Table 1), spaced far apart in time to best resolve whole-dune 116 

motion between images. We coregister images using bedrock tiepoints and 117 

orthorectify them using the Coregistration of Optically Sensed Images and 118 

Correlation (COSI-Corr) software package [Leprince et al., 2007]. In each set of 119 

images, we manually map and track the positions of dune crestlines and slipfaces 120 

(Fig. 2). We measure dune motion at 107 dunes in Nili Patera and 50 in Meroe 121 

Patera. All measured dunes have barchan or barchanoid morphologies, implying a 122 

largely unidirectional wind regime, so we take the straight-line difference in 123 

crestline positions as representative of the overall displacement of the dunes. 124 

Displacement measurements were generally taken away from the edges of the 125 

horns, in the central parts of the dunes’ slipfaces, as these generally contain parts of 126 

the crestline that are most perpendicular to the dunes’ overall motion (Fig. 2).  127 

 We quantify and include various sources of uncertainty in our displacement 128 

measurement. Among these is bedrock misregistration, which we measure using 129 

automated COSI-Corr correlation of bedrock areas, which cover slightly under half 130 

the studied area of the dune field, in our orthorectified HiRISE images; the standard 131 

deviation of bedrock misregistration measurements is 18 cm (< 1 HiRISE pixel). A 132 

Digital Elevation Model (DEM) is needed to orthorectify the images, but the dunes 133 

themselves form part of the topography and thus the map changes over time as the 134 

dunes move. We use a single DEM, hence some error is introduced. We attempted to 135 

generate additional DEMs from HiRISE image pairs over the Nili Patera dune field 136 

with SOCET SET DEM-production software, but the DEM production process broke 137 
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down over the dunes due to the movement of ripples on the dunes, generating 138 

“holes” in the elevation profiles over dunes which must be manually fixed. Due to 139 

the large time commitment involved in this process, we opted to use a single DEM 140 

and estimate the error associated with this limitation, rather than attempt to 141 

manually reconstruct multiple DEMs. Additionally, we quantify uncertainty arising 142 

from the differing viewing geometries of HiRISE images used in this study.  143 

 We convert our whole-dune displacement measurements into measurements 144 

of crest and whole-dune fluxes via incorporation of measurements of the crest 145 

heights, the sand thicknesses averaged over the areas of individual dunes, and the 146 

time between successive images. We use heights from HiRISE DEMs generated from 147 

stereo images ESP_017762_1890 and ESP_018039_1890 (for Nili Patera) and 148 

ESP_050939_1875 and ESP_051084_1875 (for Meroe Patera). We map sand-free 149 

areas manually using optical HiRISE images, extract elevation values over these 150 

areas, and interpolate the partial bedrock surface under the dunes, using a thin-151 

plate spline algorithm in ArcMap, to generate a continuous bedrock surface. We then 152 

subtract this bedrock elevation dataset from the HiRISE DEM to generate an 153 

estimate of dune height for every point in the dune field (Fig. 3).  154 

Over individual dunes, we extract both crest heights (given by the maximum 155 

sand thickness observed at the measured dune) and single dune-averaged heights 156 

(given by the average sand thickness observed over the entire spatial extent of a 157 

given dune) (Fig. 3). We multiply these heights with the dunes’ migration rates to 158 

generate estimates of the crest flux (from the crest height) and the whole-dune-159 

averaged flux (from the single-dune average height) (Fig. 4). We estimate the 160 
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uncertainty on these measurements by 1) comparing our crest-height results at 161 

dune slipfaces to estimates of their height based on trigonometric considerations 162 

using the horizontal slipface length and angle of repose [Atwood-Stone and McEwen, 163 

2013] and 2) masking out sections of sand-free topography equivalent in size and 164 

shape to individual dunes and performing test interpolations across these areas 165 

which could be compared to the actual topography.  166 

2.2. Methods – Ripple Motion and Sand Fluxes 167 

 At Nili Patera we measure ripple motion with a timeseries including 40 pairs 168 

of images acquired over a total interval of ~3.8 Mars years. At Meroe Patera, the 169 

timeseries includes 11 pairs of images acquired over ~1.5 Mars years. We correlate 170 

input HiRISE images using the automated subpixel image correlation techniques 171 

incorporated in the COSI-Corr software package [Leprince et al., 2007]. For ripples, 172 

the favored technique involves using the Pearson statistical correlation coefficient 173 

to match a patch of an image with its most similar candidate patch in the second 174 

image. The relative similarity of different patches of an image is defined via the use 175 

of the Fourier transform to characterize patterns of spatial variation in an image 176 

patch.  177 

 From each pair of optical images, we produce two correlation maps (Fig. 5), 178 

which indicate the magnitude and direction of apparent displacement of surface 179 

features at each position in the image. Two correlation maps are produced per pair 180 

to express displacements in the E-W and N-S axes. Study of our correlation maps 181 

reveals various patterns of apparent displacement; as an example, in Fig. 5 the dark 182 

tone of dunes in the correlation map indicates apparent displacements of the 183 
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surface features on these dunes (the ripples) towards the west. Given the geological 184 

context of a barchan dune field with westward-facing slipfaces, these apparent 185 

displacements are an expected signal which reflects real displacement of the 186 

surface. Most displacement measurements are acquired near the upwind parts of 187 

dune fields, as this is where the timeseries of imagery is longest.  188 

 However, the correlation results show discontinuities forming stripes 189 

perpendicular to the satellite track and undulations along track. These artifacts are 190 

particularly visible in the interdune areas where there should be no motion. Such 191 

artifacts are common in images acquired via push-broom systems and are caused by 192 

satellite jitter and CCD misalignments [Leprince et al., 2008]. To minimize the impact 193 

of these artifacts we test the PCA (Principal Component Analysis) and FastICA 194 

(Independent Component Analysis) [Hyvärinen & Oja, 1997] algorithms available in 195 

the ENVI software package. First, we use a PCA-based method [Kositsky & Avouac, 196 

2010] to fill in missing “no data” pixels output in our correlation maps.  A timeseries 197 

of n spatially coincident correlation maps is projected into an n-dimensional space 198 

as a point cloud, with each pixel at a particular spatial position represented as a 199 

point in the cloud, with its value in each spatial dimension set by the pixel’s scalar 200 

value in each correlation map. In both the PCA and the ICA decomposition the data 201 

matrix X is expressed as  , where Ui represents the spatial pattern 202 

associated to component i, Vi is a vector representing the temporal variations of the 203 

contribution of this component to the measurements, and Si quantifies the 204 

contribution of component i to the data variance.  205 
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A set of component vectors is fit to each n-dimensional point cloud; in the 206 

case of a PCA all components are mutually orthogonal and are ranked, with the first 207 

component being that which explains the largest amount of data variance, the 208 

second having the second largest variance, and so on.  In the case of an ICA, the 209 

components are determined so as to maximize their independence. They are 210 

therefore not forced to be orthogonal. For our analyses, we aim to merely separate 211 

out the signal of surface displacements associated with ripple motion, which in 212 

many image pairs is the largest source of variance. Thus, a PCA is often sufficient to 213 

separate the ripple displacement from artifacts [Ayoub et al., 2014]. In that case the 214 

first few components show mostly the ripple migration signals and the higher 215 

components show mostly the artifacts. If ripple displacement is not the dominant 216 

source of data variance in the time series, then even the first components in a PCA 217 

are contaminated with artifacts.  The ICA technique is then more appropriate.  The 218 

artifacts and the bedform migration signal show up in different components (Fig. 6), 219 

as the signal from bedform migration is not correlated with the jitter and CCD 220 

artifacts.  221 

We extract the components identified from PCA/ICA that contain clear 222 

signals of ripple motion over dunes, and generate reconstructed correlation maps 223 

using only these components. We then put these reconstructed maps through a final 224 

processing step, consisting of quantification of remaining apparent displacements 225 

over bedrock areas (which must be artifacts as the bedrock will not have moved); 226 

lastly, we extrapolate this displacement over the dune areas and subtract it from the 227 

correlation map, yielding the final “cleaned” displacement results.  228 
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We repeat the ICA analysis individually for correlation maps representing the 229 

N-S and E-W components of motion at each dune field. We sum the “cleaned” 230 

resulting displacement vectors to determine magnitudes and directions of apparent 231 

displacements at the end. We quantify uncertainty on measurements of ripple 232 

displacement as was done for whole-dune displacement measurements. We 233 

measure remaining apparent displacements of bedrock, and also calculate possible 234 

errors resulting from the use of a single DEM to define dune heights, and from the 235 

differing viewing geometries of subsequent images.  236 

Maps of ripple speed can be converted to ripple sand fluxes by multiplying by 237 

the estimated half-height of the ripples, but this process is fraught with uncertainty 238 

due to the uncertain small-scale geometry of the ripples. Previous work [Bridges et 239 

al., 2012a] assumed that the ripples should have morphologies analogous to 240 

terrestrial impact ripples, and assumed a consistent wavelength, and a height to 241 

wavelength ratio of 1:10; this corresponds to a “ripple index” (ripple wavelength 242 

divided by crest height) of 10, an average ripple crest height of ~40 cm, and an 243 

average half height of ~20 cm. The half-height, representing the average thickness 244 

of sand associated with the ripples, can be multiplied by its migration rate to derive 245 

a sand flux associated with the ripples. However, Earthly impact ripples show 246 

variations in ripple index from 10-25, with even higher values of the ripple index 247 

sometimes observed in very well sorted sands [e. g., Bagnold, 1937; 1941; Sharp, 248 

1963]. In situ measurements [e. g., Lapôtre et al., 2018], though still limited in 249 

extent, show variability in ripple morphology, including in ripple index and half-250 

height. We therefore present assumed ripple fluxes, and ripple to dune flux ratios, 251 



 12 

corresponding to low and high-end estimates of the ripple index. We have, however, 252 

verified the consistent average ripple wavelength of 4.6 m found by Bridges et al. 253 

(2012a) via mapping in HiRISE images; this wavelength implies possible ripple half-254 

heights varying from 8 to 20 cm.  255 

For perfectly straight-crested ripples, our method would not allow detection 256 

of any sand flux parallel to the crest lines.  The technique we use should, in principle, 257 

fail in that case. However, we observe that even where the ripples are relatively 258 

straight-crested they have along strike irregularities, such as junctions between 259 

ripple crests, that allow for confident tracking of their migration. We additionally 260 

note that the azimuth and magnitude of migration is consistent between relatively 261 

linear ripples and over nearby more irregular ripples (typically found closer to the 262 

crests of the dunes) (Fig. 7). Thus, we believe that along-crest transport is likely to 263 

be minimal. Declines in ripple flux near the edges of dunes are likely to be related to 264 

the lower elevations of these areas relative to the central areas of dunes, which 265 

protrude more into the oncoming wind.  266 

For all bedforms, the migration of the bedform multiplied by its average 267 

height yields the volume of sand, traveling through a unit length of a line oriented 268 

perpendicular to the sand transport direction, in a unit length of time. So, the sand 269 

flux unit is m3/m/Earth yr, simplified to m2/Earth yr. 270 

2.3.  Predicted wind stresses and directions from an atmospheric model 271 

 We compare our measured sand fluxes to fluxes derived from results from 272 

the MarsWRF atmospheric model, a multiscale, nonhydrostatic Martian 273 

implementation of the planetWRF model [Richardson et al., 2007, Toigo et al., 2012] 274 
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based on the NCAR Weather Research and Forecasting (WRF) model developed for 275 

Earth. The setup of MarsWRF for multiscale modeling is described in detail in 276 

Newman et al. [2017, 2019, 2021] so we provide only a summary of the main 277 

features here. MarsWRF includes parameterizations of processes including 278 

boundary layer and free atmosphere horizontal and vertical mixing, radiative 279 

transfer through a dusty CO2 atmosphere, transport and exchange of heat between 280 

the subsurface, surface, and atmosphere, and the CO2, dust, and water cycles, 281 

although the water cycle and dust / water-ice coupling are not included in these 282 

simulations. While MarsWRF may be run with interactive dust (dust lifting, 283 

transport, and sedimentation), in the simulations shown here we instead prescribe 284 

the time-evolving 3-D dust distribution based on Mars Global Surveyor Thermal 285 

Emission Spectrometer nadir and limb data [as described in Newman et al., 2021] to 286 

ensure the dust distribution and hence dust forcing is realistic. MarsWRF also 287 

parameterizes the exchange of momentum between the surface and atmosphere, 288 

which includes the diagnostic calculation of drag velocity, 𝑢𝑢∗, at the surface. 289 

MarsWRF also outputs pressure at the surface and atmospheric temperature at 290 

1.5m, which may be used to determine near-surface air density (hence wind stress 291 

in combination with 𝑢𝑢∗), as well as zonal and meridional wind speed at 1.5m, 292 

providing near-surface wind direction.  293 

We ran a global MarsWRF simulation at 2° horizontal resolution and also a 294 

multiscale simulation in which two additional domains were ‘nested’ inside the 295 

global domain, with a three-fold increase in horizontal resolution in each domain 296 

compared to its parent and with two-way exchange of information between child 297 
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and parent domains. In these multiscale simulations, the innermost domain (domain 298 

3) therefore had a horizontal resolution of ~13-km, allowing the effects of local 299 

scale topography and other surface properties on wind stress to be captured, as well 300 

as global and regional scale flows. Both the global and multi-scale simulations were 301 

set up as described in Newman et al., 2021, which shows MarsWRF predictions for 302 

the Mars 2020 landing site in nearby Jezero crater; domain 3 of the Mars 2020 303 

simulations covers Nili and Meroe Patera, thus results from the same simulations 304 

could be used for both studies. While global MarsWRF is typically run with its top 305 

layer centered well above 80km, to capture the full extent of the vigorous 306 

overturning circulation at the solstices, in these simulations a vertical grid with 43 307 

layers and with the top layer centered at ~50km altitude was needed to maintain 308 

stability of the nested high-resolution domains. This may have impacted results, as 309 

discussed later in the manuscript.  310 

2.4  Calculating predicted sand fluxes using MarsWRF output 311 

For global simulations, the model was run continuously over a Mars year, 312 

with an output frequency of 1 Mars hr., which was sufficient to capture the 313 

variability in wind simulated at this spatial resolution. For domain 3, the model was 314 

run for seven representative sols at intervals of 30° of areocentric solar longitude 315 

(Ls), with 12 runs performed to sample the full Mars year. The model was output 316 

every 1 Mars hour, which was again sufficient to capture wind variability at this 317 

higher spatial resolution. Note that a Mars hr. is 1/24th of a Mars day (sol). Average 318 

sand flux was calculated for each of the 12 Mars year increments (covering intervals 319 

of 30° Ls each) by applying the measured ripple speed between each individual 320 
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image pair as a constant flux through its respective time period. The portion of each 321 

30° Ls increment covered by a particular image pair was calculated, and a weighted-322 

average ripple speed was calculated for each increment. The fluxes in the same 323 

increment from each Mars year covered by our timeseries were averaged to 324 

generate a multiyear-averaged observed flux. We then multiplied the measured 325 

ripple speeds by a constant to scale them into fluxes with a yearlong average equal 326 

to our observed average whole-dune fluxes at Nili and Meroe. This generates a 327 

predicted seasonal pattern in whole-dune flux variation from our observed ripple 328 

migration pattern.  329 

The sand flux associated with model-predicted winds is calculated from 330 

relationships derived in Kok (2010b). These assume that sand motion is first 331 

triggered when wind stress exceeds a fluid threshold, 𝑢𝑢𝑓𝑓𝑓𝑓∗ , but that - once initiated - 332 

sand motion will continue provided the wind stress exceeds a lower threshold: the 333 

impact threshold, 𝑢𝑢𝑖𝑖𝑓𝑓∗ . This is due to the impact of saltating sand grains on the 334 

surface increasing the total stress, thus requiring less stress to be contributed by the 335 

wind. From Kok (2010b), the probability of sand transport occurring at a given time 336 

is defined as 337 

𝑃𝑃𝑓𝑓𝑡𝑡 = exp�−�
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where 𝑢𝑢𝑖𝑖𝑓𝑓∗  is the impact threshold, 𝑢𝑢𝑓𝑓𝑓𝑓∗  is the fluid threshold, ū∗is the average 340 

shear velocity, Γ is the gamma function, and k is the shape parameter of the Weibull 341 

distribution assumed to fit observed winds. The sand flux is then defined as 𝑄𝑄 =342 

 𝑃𝑃𝑓𝑓𝑡𝑡𝐶𝐶𝑄𝑄
𝜌𝜌𝑎𝑎
𝑔𝑔

(𝑢𝑢∗ − 𝑢𝑢𝑖𝑖𝑓𝑓∗ )(𝑢𝑢∗ + 𝑢𝑢𝑖𝑖𝑓𝑓∗ )2, where 𝐶𝐶𝑄𝑄 is a proportionality constant equal to 2.61 343 

[White, 1979], 𝜌𝜌𝑎𝑎is the air density, and g is Mars’s surface gravity. These relations 344 

derived by Kok (2010b) are used because they account for hysteresis caused by the 345 

discrepancy between the fluid and impact thresholds for sand transport, which is 346 

believed to be much larger on Mars than it is on Earth, although studies (both 347 

laboratory and theoretical/modeling) show a wide spread in the expected ratio 348 

between the two thresholds, due to largely to uncertainty in the calculations 349 

proposed for the fluid threshold, which may vary from ~10-3 [Swann e. a., 2020] to 350 

10-1 Pa [Greeley et al., 1980]. Neither the fluid nor impact threshold has been 351 

measured on Mars, thus we must rely on relationships obtained from 352 

theory/modeling and from laboratory studies under partial Mars conditions to 353 

estimate their values. In this paper we primarily use the expressions for the impact 354 

threshold from Kok, 2010a (eq. 25) and for the fluid threshold from Swann et al., 355 

2020 (eqs. 4, 6, 7). The estimated shear velocity at the impact threshold, calculated 356 

independently for each time step from the atmospheric pressure and temperature 357 

predicted by MarsWRF, varies from 0.0055 to 0.0066 m/s, corresponding to a shear 358 

stress of 3 - 6 * 10-7 Pa; for the fluid threshold, predicted values range from 1.26 – 359 

1.44 * 10-3 Pa, or 0.6-0.76 m/s in terms of shear velocities. We also consider the 360 

impacts of much higher or lower assumed fluid threshold values on our model.  361 
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Because of the relatively coarse spatial and temporal scale of the 362 

atmospheric model, even in domain 3, small-scale turbulence leading to variability 363 

in wind speeds is not represented well in the model simulations. We therefore 364 

design a scheme to reintroduce this variability. We assume that the distribution of 365 

wind speed is a Weibull distribution, with 𝑓𝑓(𝑣𝑣) = ( 𝑘𝑘
𝑐𝑐
) �𝑣𝑣−𝜇𝜇

𝑐𝑐
�
𝑘𝑘−1

(exp �− �𝑣𝑣−𝜇𝜇
𝑐𝑐
�
𝑘𝑘
�), 366 

where v is the wind speed, c is a scale parameter, 𝜇𝜇 is a location parameter, and k is 367 

a shape parameter.  368 

This distribution of wind speed is commonly observed on Earth [Justus et al., 369 

1978], and is consistent with the data available from Mars [Viúdez-Moreiras et al., 370 

2019]. Each model wind prediction (the probability distribution of these is given in 371 

Fig. 15) is set as the average wind speed for a Weibull distribution of winds with a 372 

shape parameter k = 3 which accounts for gustiness, with a lower k value indicating 373 

more wind gusts and hence a longer tail of the distribution. k = 3 is set as a typical 374 

representative k value given the fact that Weibull parameters observed at the 375 

InSight landing site (Fig. 16) generally vary between k = 2 and k = 4, though we later 376 

consider the impact of higher and lower assumed k values on sand transport. In 377 

particular, we also consider assumed k parameters of 2 and 8 as low and high-end 378 

cases, as these values represent the extremes of the distribution observed at the 379 

InSight site. We compare the magnitude and direction of model-predicted sand 380 

transport to our observations.  The use of a constant k value within each analysis 381 

ignores the fact that gustiness varies with time of sol - e.g., being much higher 382 

during the convective part of the day. However, it is a first approximation 383 
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Though we assume relatively low values of the fluid threshold, other past 384 

wind-tunnel studies [e. g., Greeley et al., 1980; Iversen & White, 1982; Musiolik et al., 385 

2018] have suggested different calculations of the fluid threshold for Mars, 386 

producing values as high as ~2.2 m/s. If we apply these values to our modeling, we 387 

predict magnitudes of sand transport seven orders of magnitude lower than those 388 

we predict with the thresholds of Swann et al. 2020. Combining this uncertainty 389 

with uncertainty in other parameters, including the sand grain size distribution 390 

present at Nili and Meroe, the impact threshold, the White 1979 constant CQ, the 391 

Weibull shape parameter, and others, produces massive uncertainty in our sand flux 392 

predictions. Thus, we focus less on trying to fit magnitudes of observed sand fluxes 393 

to observations, and more on trying to fit the timing of seasonal variations in the 394 

flux.  395 

 We also consider a more simplified sand-flux parameterization directly 396 

following the method of Ayoub et al. (2014), to see how the fit from the new GCM 397 

implementation compares to the old fit presented in that study. This approach 398 

introduces no imposed variability to the wind regime; fluxes are calculated directly 399 

from the threshold for motion and the shear velocities and atmospheric densities 400 

output by the climate model. This approach also assumes only a single “effective 401 

threshold” shear stress for sand motion, which we set equal to the threshold of 0.01 402 

Pa found to be the best fit to early observations by Ayoub et al. (2014). For the sand 403 

flux law, we use the Lettau & Lettau (1979) relation: 𝑄𝑄 =  𝜌𝜌𝑢𝑢∗2(𝑢𝑢∗ − 𝑢𝑢𝑓𝑓∗), where 𝜌𝜌 is 404 

the atmospheric density, 𝑢𝑢∗ is the model-predicted shear stress, and 𝑢𝑢𝑓𝑓∗ is the 405 

effective threshold for sand motion.  406 
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 407 

3.1.     Results – Whole-Dune Speed and Sand Flux 408 

 Spatial views of our whole-dune displacement and flux measurements can be 409 

found in Fig. 8 (Nili Patera) and Fig. 9 (Meroe Patera). Speeds of dunes vary from 410 

~0.2 to 1.5 m/Earth yr; dune speeds are generally anti-correlated with dune height, 411 

with larger dunes moving more slowly, as commonly observed on Earth [Hersen et 412 

al., 2004; Bridges et al., 2012a] (Fig. 10). These migration rates are comparable to 413 

the ~1.5 m/Earth yr migration rates observed at dunes in Antarctica [Bourke et al., 414 

2009]. The data points tend to follow the trend expected for a consistent sand flux 415 

(the dune migration rate increases as the dune height decreases, such that the 416 

product of these two quantities is constant), as is typically observed on Earth.  417 

Typical whole-dune sand fluxes for Nili and Meroe Patera are ~7 m2/Earth yr (Fig. 418 

10), with a range from ~3 to 13 m2/Earth yr. Maximum fluxes, measured at dune 419 

crestlines, are ~8 to 32 m2/Earth yr, with an average of ~16 m2/Earth yr. These 420 

results are similar to long term dune migration rates measured at Nili and Meroe 421 

Patera using CTX images [Davis et al., 2020]. There is no clear trend in the spatial 422 

variation of dune flux, although at Meroe there is a tendency towards lower sand 423 

fluxes in dunes further away from the upwind margin of the dune field.  424 

3.2. Results –Ripple Speed and Sand Flux 425 

 Ripple speeds observed at Nili and Meroe vary from ~1-10 m/Earth yr, with 426 

typical long-term average speeds of ~4 m/Earth yr. On the scale of individual dunes, 427 

ripples typically move faster at higher elevations and at positions closer to the 428 

crestline positions. Vector maps of ripple motion (Fig. 7) show that ripples tend to 429 
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wrap around the sides of dunes, converging on the dune crestlines. The averaged 430 

vector displacements of ripples over a particular dune are generally very similar to 431 

the transport direction implied by the barchan dune geometry, and the directions of 432 

motion do not change significantly from image to image, even between images with 433 

relatively short timesteps. 434 

Measurements of ripple speed show a pattern of consistent maxima around 435 

northern hemisphere autumn and winter (~Ls 240-360) (Fig. 11). Some image 436 

pairs, particularly around the high-flux part of year in Mars Years 31, 32, and 33, 437 

show decorrelation of the ripple pattern (i.e., losing track of the ripples) preventing 438 

ripple displacement measurement as shown by gray bars in Fig. 11. The 439 

decorrelation of the ripple pattern indicates large displacement and possible 440 

rearrangement of the ripple pattern; however, the loss of the correlation prevents 441 

measurement of ripple displacement. The large displacements in decorrelated 442 

image pairs are due to some combination of high sand flux and long times in 443 

between image acquisitions. However, the images used in the Mars Year 31 & 32 444 

decorrelated pairs are not separated exceptionally far apart in time (95 and 73 445 

Earth days respectively; there are four image pairs spaced further apart in time 446 

which did not decorrelate). Thus, exceptionally high sand flux or variable transport 447 

direction are the likely causes of these decorrelations. The decorrelated image pair 448 

in Mars Year 33 involves two images taken further apart in time (123 Earth days), 449 

so there is less of a need to invoke particularly high fluxes as an explanation. Long-450 

term averaged ripple sand flux estimates vary from ~0.8 m2/Earth yr., under an 451 

assumed ripple index (RI; ripple wavelength divided by height) of 10 (relatively 452 
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steep/tall ripples) to ~0.3 m2/Earth yr. under an assumed ripple index of 25 453 

(relatively shallower/short ripples).   454 

 Given these uncertainties, the average dune:ripple flux ratio may vary from 455 

~8.4:1 to ~21:1 (Fig. 12). We have calculated the dune to ripple flux ratio for 456 

individual dunes at Nili Patera, and the range of these ratios is provided by the 457 

boundaries of the bars in Fig. 12. In the RI = 10 case, dune to ripple flux ratios vary 458 

from 3:1 to 15:1 at individual dunes. If a high RI of 25 is assumed, the ratio would 459 

vary from 7.5:1 to 37:1 at individual dunes. The ripple flux shows clear patterns of 460 

spatial variation at Nili and Meroe Paterae, in somewhat of a contrast to the dune 461 

flux (Fig. 13, Fig. 14). Ripple fluxes are consistently elevated in more upwind parts 462 

of the dune fields at Nili and Meroe, based on these results; this finding is also in 463 

agreement with previous studies of dune-field-scale changes in ripple flux [Runyon 464 

et al, 2017b].  465 

3.3. Results - Comparison between observed and predicted sand 466 

fluxes 467 

 The atmospheric models’ fit to the seasonal pattern of high/low sand fluxes 468 

is reasonably good at Meroe but poor at Nili using the global MarsWRF output. The 469 

increase in sand flux around Ls = 240° is replicated in model predictions, though 470 

winds decrease too early in northern-hemisphere fall, before Ls = 0°, in the higher-471 

resolution domain 3 model (Fig. 17, right panels). Additionally, at Nili there is a 472 

secondary increase in model wind predictions early in the year, around Ls = 30°, 473 

which is not reflected in observations. In domain-3 (high-resolution) simulations, 474 

the problem of premature decrease in wind and sand flux becomes more 475 
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pronounced (Fig. 17, right panels), but there is now a clear peak at Nili at Ls~240° 476 

only, which is in better agreement with observations. The directions of predicted 477 

sand transport at Nili and Meroe Paterae correspond very well with observations 478 

(Fig. 18); during high-flux periods the sand transport direction is consistently 479 

predicted to be towards ~20 to 30° south of due west; this corresponds well with 480 

observed ripple motion, and with the axes of symmetry of the barchan dunes at Nili 481 

and Meroe Paterae. Additionally, if we assume fluid thresholds following the Swann 482 

et al. (2020) calculations, the magnitudes of observed sand flux correspond well 483 

with observations at both Nili and Meroe Patera.  484 

 Under the simplified Ayoub et al. (2014) parameterization, the model fit to 485 

observations at Nili is worse, as the early-season peak in sand flux exceeds the late-486 

season peak in magnitude (Fig. 19). This differs from the finding of Ayoub et al. 487 

(2014) in that earlier MarsWRF results matched well to the observed seasonal sand 488 

flux, for reasons we discuss below. The overall magnitudes of predicted sand flux 489 

are also lower, with a yearly average of ~1.5 m2/Earth yr., which is less than ¼ of 490 

the average whole-dune sand fluxes measured at Nili and Meroe Patera.  491 

4. Discussion  492 

4.1. Whole dune and ripple sand-flux comparison - implication for 493 

ripple interpretation 494 

Comparison of ripple to whole-dune sand flux (Fig. 12) reveals variability in 495 

the ratio between the two. Regardless of our choice of a low or high RI, many sites 496 

show a dune to ripple flux ratio in excess of the 5:1 ratio for ripple and dune fluxes 497 

as measured at crestlines. The observed trend towards relatively higher dune-to-498 
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ripple flux ratios may reflect greater along-crest transport in ripples further from 499 

dune crestlines; in particular, the long linear ripples observed on the sloped sides of 500 

Martian dunes with crests oriented parallel to the downslope direction may be 501 

experiencing some downslope sand transport [Liu & Zimbelman, 2015]; this 502 

component of movement is convolved with aeolian versus gravity driven mobility 503 

and we do not attempt to deconvolve them. However, as stated previously in the 504 

Methods section, these missing fluxes are likely minimal.  505 

4.2.  Long term evolution of the dune field 506 

Our observations of spatial variation in whole-dune sand flux at Nili and Meroe 507 

Paterae show clear patterns of variation in flux for ripples but not for dunes. In 508 

particular, the decrease in ripple flux towards more downwind portions of Martian 509 

dune fields is much less clear in whole-dune flux measurements. A decrease in flux 510 

away from the upwind margin of the dune field suggests disruption of the wind field 511 

due to the topography of the dunes; it is not clear, however, why this disruption 512 

might preferentially affect the ripple flux over the whole-dune flux. Davis et al. 513 

[2020] measured both the upwind barchan dunes that are the focus of this study as 514 

well as linear dunes present in the interiors of the Nili and Meroe Patera fields. The 515 

greater dominance of the linear dunes in the downwind direction suggests a more 516 

strongly bimodal wind regime than that implied by the ‘fingering’ barchans at the 517 

dune fields’ edges. One possibility is that the individual dunes are not migrating 518 

across the surface in steady state, but are instead growing, shrinking, and/or 519 

changing in shape due to transfers of sand between individual dunes. These 520 

interactions might include leakage of sand from the horns of barchan dunes to 521 
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dunes further downwind, or transfer of sand between colliding dunes. We might 522 

generally expect this sand transfer, if present, to lead to an additional sand flux that 523 

is lost from the dunes on the upwind margin of the dune field and added to the 524 

dunes further downwind. This flux, if it generally decreases strongly in the 525 

downwind direction, might bring the observed mismatch between the patterns of 526 

spatial variation in the ripple and dune fluxes into agreement; the most-upwind 527 

dunes would have the highest sand fluxes, better following the pattern of spatial 528 

variation in ripple flux.  This pattern of interior flux decrease would also have 529 

implications for the long-term evolution of the dune field; if the dune field is 530 

assumed to migrate westward en masse through time, its rate of migration could be 531 

faster than that calculated for individual dunes, given the gradual decay of dunes at 532 

the field’s upwind edge. This scenario is not implausible given the lack of any 533 

observable protodunes at the upwind margins of Nili and Meroe Patera; the 534 

barchans at the edge of these dune fields may be mature dunes because they were 535 

once in the dune field’s interior, and have been exposed to the upwind edge by 536 

decay of the dunes upwind of them.  537 

 An alternative view could be considered if this pattern of westward flux 538 

decrease occurs over a regional scale beyond that of the dune field itself. Mesoscale 539 

model simulations suggest this possibility; in particular, east of Nili and Meroe 540 

strong daytime slope flows associated with the broad east-to-west increase in 541 

elevation across Syrtis Major are expected to dominate the wind regime [Chojnacki 542 

et al., 2019]. These winds are enhanced in northern winter, when the surface flow of 543 

the global Hadley-cell circulation comes approximately from the north, but are 544 
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suppressed by a reversed Hadley circulation in northern summer with surface flows 545 

from roughly the south.  546 

 But near the sites of the Nili and Meroe Patera dune fields, winds and sand 547 

fluxes are predicted to decrease; this may reflect the topography associated with the 548 

volcanic calderas at Nili and Meroe acting as a local windbreak. This spatial pattern 549 

of wind variation could be the critical factor responsible for the Nili and Meroe 550 

Patera dune fields’ existence; the dune fields may form at the location where these 551 

slope winds decay enough to permit sand to accumulate into bedforms, and not 552 

migrate en masse through time.  553 

This work does not attempt to evaluate the impact of global dust storms on 554 

sand transport at Nili and Meroe; this effect could potentially be significant but our 555 

studied timeseries does not cover the time range of the Mars Year 34 global dust 556 

storm. There are newer HiRISE images which could enable this time period to be 557 

studied using our methods by future authors, however.  558 

4.3. On the use of ripple migration measurements to constrain the 559 

wind regime and validate GCM simulations 560 

 To first order, our measurements suggest that MarsWRF simulations of the 561 

Martian atmosphere in the Nili/Meroe region are reasonably realistic, given their 562 

reproduction of the increase in sand flux after Ls = 240°. Dynamically, these changes 563 

in sand flux are largely produced by three interacting circulation components: the 564 

global-scale overturning circulation (Hadley cell or cells), which varies seasonally; 565 

slope winds associated with both regional-scale topography in the broader Syrtis 566 

Major region and the local-scale topography of the caldera; and tidally-driven flows. 567 
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As shown in Fig. 20, panels (a) and (c), which shows mass streamfunctions in the 568 

global MarsWRF domain at both equinoxes and solstices, around equinox Mars has 569 

two Hadley cells with rising motion near the equator and descending motion at mid-570 

latitudes in both hemispheres. This results in a near-surface ‘return flow’ towards 571 

the equator in both hemispheres: northerlies (winds from the north) in the north 572 

and southerlies in the south (although the equinoctial circulation is asymmetric, 573 

with the northern hemisphere cell being stronger and its upwelling branch slightly 574 

south of the equator, meaning that northerlies also extend to southern low 575 

latitudes). At the latitude of the Nili and Meroe Patera dunes, northerly winds 576 

associated with the global overturning circulation would therefore be expected at 577 

both equinoxes. As shown in Fig. 20 panels (b) and (d), however, Mars has a single 578 

Hadley cell around solstice, with rising motion in the summer hemisphere and 579 

descending motion in the winter hemisphere. During northern summer, this results 580 

in a return flow from south to north across the equator, hence southerlies at the 581 

latitude of the dune fields (Fig. 201 b), whereas in southern summer, when the 582 

Hadley circulation is also at its strongest by far [Richardson & Wilson, 2001], the 583 

return flow is from north to south across the equator hence producing northerlies at 584 

the latitude of the dunes (Fig. 20 d). We note here that the Hadley cells, especially at 585 

solstice, are narrower in their latitudinal extent than typically shown elsewhere [e.g. 586 

Toigo et al., 2012]; this is due to the relatively low model top used in these MarsWRF 587 

simulations to ensure numerical stability in the high-resolution domains, which 588 

results in the top of the Hadley cells and some tidally-generated waves being cut off 589 

by the model top (especially in southern summer), which in turn prevents the cells 590 
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from expanding to higher latitudes [e.g. Wilson & Hamilton, 1996]. This may be 591 

addressed in future work by running MarsWRF as a standalone mesoscale model 592 

(with a relatively low top layer height) forced by output from a separate global 593 

model with the top layer centered above 80km.   594 

 On top of these background global-scale flows are complex regional and local 595 

flows associated with thermal tides and topography. These are best demonstrated 596 

by animations of modeled near-surface winds at the equinoxes and solstices in 597 

domain 2 of the MarsWRF nested simulation (Supplementary Material Movies S2-598 

S5). While Nili and Meroe Patera are depressions, they sit on elevated terrain that 599 

rises up from the western slopes of the huge Isidis impact basin along the 600 

hemispheric topography dichotomy boundary. Daytime upslope flows associated 601 

with these large-scale slopes result in a strong daytime easterly (or east-602 

northeasterly) wind component to the east of the caldera (see e.g. 14:30 in all 603 

movies), although this flow is turned more to the north by the Hadley cell return 604 

flow at Ls=90° (Movie S3) and further to the south by the Hadley cell return flow at 605 

Ls=270° (Movie S5). However, there are also strong daytime upslope flows inside 606 

the Nili and Meroe caldera, which tend to oppose the large-scale slope flows on their 607 

eastern slopes. Hence overall, the large-scale regional flows only reach the dune 608 

fields in some seasons and for some times of day. An example of this can be seen in 609 

the late afternoon (e.g. 16:30 and 17:30) at Ls=270° (Movie S5), when strong 610 

regional easterly slope winds and the very strong northerly Hadley cell return flow 611 

combine to produce strong north-easterlies that do flow over both dune fields. This 612 

explains the model prediction of peak sand fluxes in this season and the match to 613 
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the observed sand transport direction and may seem rather obvious at first glance. 614 

However, if we examine the flows over the dune fields in more detail, in animations 615 

of near-surface winds from domain 3 of these simulations (Supplementary Material 616 

Movies S6-S9), we can see that this result is actually quite marginal. Considering the 617 

afternoon and evening at Ls=270° (Movie S9), we see that strong winds associated 618 

with the local caldera topography oppose the incoming north-easterly winds, 619 

preventing them from reaching the dune fields (marked with crosses) at some 620 

times. At 16:30, for example, upslope winds inside Nili Patera’s caldera prevent the 621 

incoming regional flows from reaching the dunes (marked with an orange cross).   622 

Finally, we note that nighttime downslope flows on the large-scale slopes are 623 

restricted - at least in the simulations - to closer to Isidis basin. Thus at night, winds 624 

at the dune fields are controlled more by the local-scale topography, with 625 

downslope winds into the caldera dominating. The wind patterns at these dune 626 

fields are thus a complex combination of these global, regional, and local-scale flows, 627 

making the results very sensitive to small differences in model setup that impact the 628 

strength of each circulation component and hence detailed predictions in regions 629 

such as Nili and Meroe Patera.  630 

It is important for us to consider the possibility that the parameters we use 631 

to predict sand fluxes from Martian GCMs affect not only the magnitudes of 632 

predicted flux, but also the pattern of seasonal variation in the model. We have 633 

performed sensitivity tests to evaluate the impact of varying these model 634 

parameters on the pattern of seasonal variation; the degree of variation that can be 635 

generated is far less than that in the absolute magnitudes of sand flux, but is 636 
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nonetheless significant. The most important parameter for our model is the fluid 637 

threshold, which is the shear velocity needed to initiate sand transport. In general, 638 

increasing the fluid threshold primarily decreases our predicted sand fluxes, but it 639 

also makes our sand flux predictions more dependent on the few highest wind 640 

predictions made by the GCM, rather than the overall distribution of wind speeds. 641 

We can see this effect by examining the early-season peak in sand flux 642 

predicted from global domain outputs by our model at Nili (Fig. 21, upper panel). 643 

Quadrupling assumed fluid threshold shear stresses greatly decreases sand flux 644 

predictions overall, but increases the magnitude of the early-season peak relative to 645 

that of the late-season peak. This is because the early-season peak in sand flux is 646 

driven largely by a relatively brief period of higher velocity winds (Fig. 22). These 647 

winds have outsized importance in our sand flux model, particularly when we set a 648 

high fluid threshold. When our fluid thresholds are high (shear velocities >1 m/s, 649 

shear stresses >0.01 Pa), the shear velocities predicted by the GCM never exceed the 650 

fluid threshold, so sand transport is only predicted to happen thanks to our imposed 651 

Weibull wind-variability scheme. The few wind predictions closest to the threshold 652 

largely determine the predicted sand flux in this case, since the fluid threshold is 653 

exceeded much more frequently as mean winds approach the fluid threshold.  654 

A similar effect can be generated by adjusting the value of the Weibull shape 655 

parameter, k (Fig. 20, lower panel). Lower values of k (closer to 1) correspond to a 656 

more variable predicted wind regime, while higher values of k correspond to a more 657 

Gaussian probability distribution of winds, with a reduced “tail” of higher velocity 658 

wind speeds. When the fluid threshold is high, such that the modeled winds never 659 
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actually reach the fluid threshold, lowering the k parameter increases the predicted 660 

sand transport, since higher variability causes more frequent occurrences of higher 661 

winds which exceed the fluid threshold. However, when the model-predicted winds 662 

are already in excess of the fluid threshold, higher variability actually reduces the 663 

predicted sand fluxes, as winds are predicted to fluctuate to lower speeds below the 664 

fluid threshold more frequently. At Nili and Meroe, the latter scenario 665 

predominates; higher k is associated with higher overall sand fluxes, although the 666 

effect of k on the predicted flux is minor.  667 

We emphasize that we cannot ultimately eliminate either the early or late 668 

season peaks entirely by playing with values for these parameters – changing the 669 

fluid threshold does not change the fact that the atmospheric models predict more 670 

strong winds at the times corresponding to both peaks in the sand flux. Playing with 671 

these parameters can make some peaks higher or lower relative to others, however. 672 

Ultimately, creating an optimal modeling scheme which weights the contributions to 673 

sand flux from winds of differing magnitudes appropriately will almost certainly 674 

require coupled observations of wind speed and sand flux on the Martian surface, 675 

given the conflicting results from past terrestrial wind-tunnel studies. In addition, a 676 

k parameter that varies with, e.g., the stability conditions predicted by the model 677 

would certainly modify results further.  678 

For our analysis, we consider only the Kok (2010b) impact threshold 679 

estimation and sand flux laws, and the simpler Ayoub et al. (2014) method to 680 

calculate sand fluxes, and do not consider any alternative sand transport laws. Using 681 

other sand transport laws would likely change the magnitudes of our predicted 682 
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fluxes, but would change the seasonal pattern little, as all sand transport laws 683 

predict higher fluxes as winds increase. Regardless, there is already great 684 

uncertainty in the magnitudes of our predicted sand fluxes, due to the 685 

aforementioned uncertainty in the fluid threshold and other parameters input to the 686 

models. Some transport laws might also weight the contributions from the rarest, 687 

highest-velocity predicted wind events more heavily relative to other transport 688 

laws, but we can alter these weightings anyway by modifying the assumed Weibull k 689 

parameter and fluid threshold, among other parameters.  690 

 Our results support the existence of relatively low (shear stresses on the 691 

order of ~10-3 Pa, implying shear velocities of ~0.6-0.8 m/s) fluid thresholds for 692 

sand motion on Mars, similar to those reported in recent studies [e g., Musiolik et al., 693 

2018; Swann et al., 2020] over the higher fluid thresholds predicted by earlier 694 

studies [e. g., Greeley et al., 1980; Iversen & White, 1982; Shao & Lu, 2000]. Plugging 695 

the higher threshold shear velocities (of ~2 m/s, equivalent to shear stresses of 696 

~10-2 - 10-1 Pa) into our models leads to sand flux estimates that are orders of 697 

magnitude lower than our observations; in this case, we would need to assume a 698 

systematic underprediction of winds by global forecasting models and/or massive 699 

errors in the sand flux parameterization. The winds at Nili and Meroe would also 700 

need to be much higher than those observed in situ by the TWINS instrument on the 701 

InSight lander [Banfield et al., 2019] and the REMS instrument on the Curiosity 702 

rover [Grotzinger et al., 2012].  703 

 The results of the current MarsWRF model fit our measured sand transports 704 

a little less well than previous iterations of the model presented in the literature [e 705 
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g., Ayoub et al., 2014]. That earlier publication used output from a version of 706 

MarsWRF that had a small error in its radiative transfer scheme that, when 707 

corrected, resulted in slightly modified surface wind patterns in this region. In 708 

addition, MarsWRF has been improved since that publication to use more realistic 709 

prescribed atmospheric dust distributions, which for these simulations were based 710 

on Mars Global Surveyor Thermal Emission Spectrometer (TES) limb and nadir dust 711 

measurements [Smith et al., 2000]. These changes have had complicated effects on 712 

the model behavior in this region, which are still being studied; however, the basic 713 

picture of interplay between the Martian Hadley cell and regional slope winds 714 

remains unchanged.  715 

5. Conclusions 716 

 Analysis of a long timeseries of imagery from the HiRISE camera reveals a 717 

pattern of seasonal variation in sand flux at Nili Patera that is consistent from year 718 

to year with higher fluxes in northern hemisphere fall and winter and lower fluxes 719 

in northern hemisphere spring and summer. At Meroe Patera, a similar pattern of 720 

seasonal variation in flux is apparent, implying that the local sand transport is 721 

driven by a regional wind coming from the northeast of the Nili and Meroe study 722 

sites, which is strongest in northern hemisphere autumn and winter. Our results are 723 

compatible with the model of meter-scale Martian ripples as enlarged impact 724 

ripples driven by reptating sand grains.  725 

Our observations agree to first order with predictions of seasonal changes in 726 

the wind regime made by MarsWRF atmospheric model simulations. Output from a 727 

global-scale model produces a secondary peak in sand flux early in the Martian year 728 
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which does not match observations. Finer (domain 3) scale simulations eliminate 729 

the early-season flux peaks, but also cut off increased sand fluxes too early in 730 

Martian autumn and winter. Detailed examination of model predictions shows that 731 

the flow over Nili and Meroe is controlled by a complex combination of global, 732 

regional, and local-scale flows, thus predictions of sand fluxes are very sensitive to 733 

small changes in model set-up or physics that impact the relative strength of these 734 

circulation. Due to uncertainties in the values of various input parameters for our 735 

sand flux calculations, the absolute magnitudes of sand fluxes expected from 736 

atmospheric model simulations on Mars are highly uncertain. However, the pattern 737 

of seasonal variation in the sand flux is less sensitive to alteration of these model 738 

parameters, providing a constraint against which models can be evaluated. The 739 

utility of our technique could be improved by a better understanding of conditions 740 

and parameters governing Martian wind distributions and sand transport, most 741 

importantly the fluid threshold. Ground-based, short-timescale observations of 742 

Martian sand transport events coupled with real-time wind measurements could 743 

greatly improve our understanding of these parameters, and enable remotely 744 

acquired sand motion measurements to be used as a tighter constraint on 745 

atmospheric models.  746 
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Figures 768 

 769 

 770 

Fig. 1 – CTX imagery of the Syrtis Major region, with Nili and Meroe Patera marked. 771 

Location of Syrtis Major is marked by the star in inset global topographic map of 772 
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Mars. 773 
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HiRISE Image 

ID 

Date Time from 

seq. start 

(Mars 

yrs.) 

Time from 

seq. start 

(Earth yrs.) 

Mars Year Solar 

longitude 

PSP_004339_ 
1890 

30-Jun-

2007 

0 0 28 267.5 

ESP_017762_ 
1890 

11-May-

2010 

1.52 2.86 30 89.3 

ESP_034680_ 
1890 

19-Dec-

2013 

3.44 6.46 32 64.9 

ESP_049093_ 
1890 

15-Jan-

2017 

5.08 9.55 33 299.9 

Table 1: HiRISE images used to derive dune displacement measurements.  784 
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 792 

Fig. 2 – Sample measurement of changing crestline positions of a sand dune at Nili 793 

Patera. Inset shows a histogram of bedrock misregistration at Nili Patera; the 794 

standard deviation of misregistrations is 18 cm (0.72 pixels on the map-projected 795 

image).  796 

 797 

 798 

 799 

 800 

 801 



 38 

 802 

Fig. 3 – Method for calculation of dune heights at Nili and Meroe Patera; the 803 

interpolated bedrock DEM is portrayed in the center panel, and resulting sand 804 

thickness raster is in the right panel.  805 
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 815 

Fig. 4 – Schematic to illustrate difference between crest height c and average height 816 

a of dunes. Here, m refers to the dune’s migration rate, and the thick dashed line is 817 

the profile of the dune at an earlier time.  818 
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 820 
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 824 

Fig. 5 – Side by side comparison of input HiRISE optical image and correlation map 825 

of the Nili Patera dune field.  826 
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 827 

Fig. 6 – Separation of ripple migration signal and artifacts in correlation maps using 828 

a PCA (principal component analysis).  The top left image is an example of a 829 

correlation map. The other panels show the dominant components obtained from 830 

PCA applied to the complete time series. The ripple migration signal is clearly 831 

dominant in PC1 while the other components include artifacts arising from 832 

spacecraft jitter and CCD camera misalignment. (broad “parabolic” residual 833 

displacement in left panel; vertical striping in middle panel; along-track jitter and 834 

finer vertical striping in right panel). 835 

 836 

 837 



 42 

 838 

Fig. 7 – Example vector-field map of ripple displacement directions and magnitudes 839 

over a sand dune at Nili Patera. 840 

 841 

 842 
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 843 

Fig. 8– View of spatial positions of whole-dune flux and crest flux measurements for 844 

Nili Patera, with colored points to indicate magnitude of flux.  845 
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 846 

Fig. 9 – View of spatial positions of whole-dune and crest flux measurements for 847 

Meroe Patera, with colored points to indicate magnitude of flux.  848 
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 862 

Fig. 10 – Dune height vs. migration rate at Nili and Meroe Patera, with curves 863 

corresponding to the average flux at each site, and sample sand-flux values overlaid.  864 
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 869 

Fig. 11 – Ripple migration rate measurements at Nili and Meroe Patera. Vertical red 870 

lines indicate dates of image acquisition. The ripple speed between two successive 871 

acquisitions is represented by the orange bars with error bars showing the 67% 872 

confidence uncertainty; the width of the bar indicates the length of time represented 873 

by its associated image pair. A multi-annually averaged curve of ripple migration 874 

through a Martian year (dark line) is overlaid on the Nili Patera timeseries. Gray 875 

bars indicate unrecoverable ripple displacement data in which the ripple pattern 876 

was rearranged or excessively displaced; sand flux was high during these periods 877 

but cannot be quantified.  878 
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 886 

Fig. 12 – Ratio between ripple and whole-dune fluxes for all dunes at which both 887 

were acquired at Nili Patera, for two different assumed values of the ripple index 888 

(RI), which is the ripple wavelength divided by the ripple height. Lower RIs indicate 889 

relatively taller, steeper ripples.  890 

 891 
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 892 

Fig. 13 – View of spatial positions of ripple flux measurements at Nili Patera, with 893 

magnitudes of flux indicated by color of measurement points. Note that upwind 894 

dunes tend to have higher fluxes than downwind dunes.  895 



 49 

 896 

Fig. 14 – View of spatial positions of ripple flux measurements at Meroe Patera, with 897 

magnitudes of flux indicated by color of measurement points. Note that upwind 898 

dunes tend to have higher fluxes than downwind dunes.  899 
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 904 

Fig. 15 – Distribution of wind speeds predicted by MarsWRF forecasting model at 905 

Nili and Meroe Paterae, from domain-1 and domain-3 MarsWRF models. Right – 906 

Distribution of wind speeds observed at Elysium Planitia by the InSight lander.  907 

% becomes 3.8 in thesis 908 
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 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

Fig. 16 – Histogram of Weibull k parameters fit to 1-day compilations of wind data 931 

from InSight. % becomes 3.9 in thesis 932 
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 943 

Fig. 17 – Comparison of observed (gray line, with uncertainty shaded) and predicted 944 

sand fluxes (black line) at Nili and Meroe Paterae from global and domain-3 945 

MarsWRF models.  946 
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 955 

 956 

Fig. 18 – Comparison of dune orientations at Nili Patera to directions of predicted 957 

sand flux at Nili Patera.  958 
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 971 

Fig. 19 – Sand flux predicted from the MarsWRF global simulation at Nili Patera, 972 

following the method of Ayoub et al. (2014), with one effective transport threshold 973 

(set equal to the threshold found to best fit observed sand fluxes at Nili Patera by 974 

Ayoub et al. (2014), and no imposed variability on wind predictions from MarsWRF. 975 
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 1000 

 1001 

 1002 

 1003 

 1004 

 1005 
Fig. 20: Mass streamfunctions from the MarsWRF global forecasting model, 1006 

Contours are in units of 108 kg/s, with positive values indicating clockwise 1007 

circulation and negative values indicating anticlockwise circulation. Panels: a) 1008 

Ls=0°, b) Ls=90°, c) Ls=180°, d) Ls=270°.  1009 
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 1011 

Fig. 21 – Comparison of modeled sand fluxes for various choices of the fluid 1012 

threshold (left panel) and various choices of the Weibull shape parameter (right 1013 

panel). Left panel: Bottom (solid) line – Fluid threshold calculated using expressions 1014 

in Swann et al., 2020. Middle dashed line – Fluid threshold calculated using 1015 

expressions in Swann et al., 2020, and then divided by 4. Top dashed line – As 1016 

 for the middle dashed line, except that the fluid threshold is multiplied by 4 instead. 1017 

Right panel: Bottom (solid) line – Sand fluxes calculated assuming a wind 1018 

distribution with a Weibull shape parameter of 2. Middle (dashed) line – Uses a 1019 

Weibull shape parameter of 3. Upper (dashed) line – Uses a Weibull shape 1020 

parameter of 4.  1021 
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 1028 

Fig. 22 – Top panel – Comparison of sand fluxes predicted from MarsWRF winds and 1029 

our sand transport model to observations. Times of peak sand flux are highlighted, 1030 

and the distribution of wind speeds predicted by MarsWRF at each of these times is 1031 

shown in the histograms in the bottom panels. The right side of each histogram is 1032 

highlighted to emphasize the higher-velocity wind predictions that are the primary 1033 

control on our predicted sand flux; these are similarly frequent at both peaks, even 1034 

though the overall wind distribution is shifted towards higher winds in the late 1035 

season peak.  1036 
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 1038 
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