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A B S T R A C T   

Dune morphology was simulated using coupled models of wind flow and sand transport for 4728 tri-directional 
wind regimes and bed conditions. The dominant control of dune morphology is sand coverage on the bed. Dunes 
on a fully sand-covered bed tend to form a periodic pattern of long crests with a relatively uniform spacing. In 
contrast, dunes on a starved bed have greater diversity of crest orientations and shapes, including complex 
shapes that have not been simulated or observed in bidirectional wind regimes. These specific dune shapes 
resulting from the tri-directional wind regime persist regardless of whether the transport capacity of the weakest 
wind is comparable to or only 1/10th that of the dominant wind. 

On sand-covered beds, dunes generally have only a single modal orientation (approximately that with 
maximum gross bedform-normal transport). The exceptions are where two strong winds diverge by 90◦ (two 
dune orientations arise), where three winds have triradial symmetry (three dune orientations), or winds have 
modest deviations from triradial symmetry (two dune orientations). 

On a starved bed, increasing the divergence angle between two strong winds produces a highly generalized 
sequence of: barchan dunes (divergence angle ~30◦ between the two dominant winds), squat barchans or domes 
(divergence angle of ~60◦), dunes with two or three crest orientations (divergence angles ~90◦ or 120◦), to slug- 
shaped or boomerang-shaped dunes (divergence angle 180◦, i.e., reversing winds). The simulated morphologies 
include a wide variety of Martian dune shapes, which allows their formative wind regimes to be inferred.   

1. Introduction and previous work 

1.1. Purpose 

As part of NASA’s Mars Data Analysis Program, we developed a new 
approach to use dune morphology to constrain interpretations of multi- 
directional wind regimes on Mars. Instead of trying to interpret each 
individual variety of dune using whatever is known about that observed 
morphology, we used the Pleiades supercomputer to simulate dune 
morphology for thousands of combinations of wind regimes and bed 
conditions. Simulated wind regimes had three directional modes with 
differing relative magnitudes; previous studies generally have been 
restricted to wind regimes with two directional modes. Bed conditions 
were fully sand-covered or partially starved. We then used the resulting 
simulated morphologies to constrain the formative wind regimes of 
representative dune morphologies on Mars. 

1.2. Previous simulations 

As early as the 1990s, researchers began developing models to relate 
dune morphology to bidirectional winds. The early simple models 
lacked detailed fluid interactions with the bed but were nevertheless 
able to recreate simple dunes and their behavior utilizing bulk transport 
of slabs of sand (Werner, 1995). Later models incorporated additional 
fluid/sediment processes and were able to create a broader range of 
morphologic details of dunes in bidirectional flows (Nishimori and 
Tanaka, 2003; Parteli et al., 2009; Parteli et al., 2014; and publications 
described in the Methods Section 2.) 

1.3. Previous field and lab studies of dune morphology and orientation 

Until the 1980s, models of dune morphology and orientation were 
based on qualitative measurements or small numbers of field 
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observations. These studies led geomorphologists and sedimentologists 
to believe that ripples and dunes formed with orientations that were 
either transverse or parallel to the resultant sand-transport direction. 
The factor controlling a transport-parallel (longitudinal) orientation was 
thought to be bidirectional wind (Bagnold, 1941), although Bagnold did 
not quantify what conditions—angle between the two winds (diver-
gence angle) and their relative strength (transport ratio)—were required 
to produce the two differing orientations. 

Dunes with oblique orientations have also been recognized, but 
before the 1980s they were generally thought to be aberrations due to 
special circumstances, such as winds that rotated through time or space 
faster than dunes could adjust orientation, orientation of the sand 
source, along-crest differences in migration speed that caused dunes to 
rotate, dunes originating parallel to a sand supply, or other conditions 
listed by Rubin and Hunter (1987). Over the past few decades, many 
experimental and theoretical studies have investigated morphology of 
ripples and dunes in a broad range of bidirectional flows (Rubin and 
Hunter, 1987; Rubin and Ikeda, 1990; Werner and Kocurek, 1997; 
Parteli et al., 2009; Reffet et al., 2010; Courrech du Pont et al., 2014; 
Ping et al., 2014; Gao et al., 2015b; Lucas et al., 2015; Gadal et al., 2019; 
Rozier et al., 2019; Gadal et al., 2020), and these studies have shown 
that some bidirectional winds (obtuse divergence angle and transport 
ratio ∕= 1) produce dunes that are oblique to the net sand-transport di-
rection, even in the absence of external complications. In addition, these 
studies have shown that in areas of high sand availability, periodic dune 
patterns grow in height and migrate, adopting an orientation that is 
more perpendicular to the dominant wind than to the weaker wind. In 
contrast, dunes that elongate on a starved bed adopt an orientation that 
is somewhat more aligned with the dominant wind. This observation has 
led to the identification of two distinct dune growth mechanisms that 
explain, according to sand availability, the coexistence of dunes with 
different orientations under the same bidirectional wind regimes 
(Courrech du Pont et al., 2014; Lü et al., 2022). 

Unidirectional winds blowing over a partially starved bed of non- 
cohesive sand form symmetrical barchan dunes (Bagnold, 1941), but 
many barchan dunes are laterally asymmetric. The asymmetry has been 
attributed to bimodal winds (Bagnold, 1941; Tsoar, 1984), to dune in-
teractions, to spatially varying winds, topography, or sand supply 
(Bourke, 2010; Parteli et al., 2014). Bagnold’s and Tsoar’s conceptual 
models, in which asymmetry arises purely from a bimodal wind, predict 
opposite asymmetries. Lv et al. (2016) found that in some bimodal 
winds, the asymmetry matched Bagnold’s predictions, whereas in other 
bimodal winds the morphology matched Tsoar’s predictions (dependent 
on divergence angle and transport ratio). In all cases, the longer arm is 
more aligned with the dominant wind, demonstrating that it elongates 
away from the migrating dune body. 

Although numerous studies have investigated dune morphology for a 
wide range of bimodal wind regimes, to our knowledge no previous 
studies have investigated dune morphology in trimodal winds. A few 
studies have found, however, that at least three winds are required to 
produce specific kinds of dunes such as star dunes (Zhang et al., 2012) or 
raked linear dunes (Lü et al., 2017). Introducing a third wind can cause 
two substantial changes in dune dynamics and morphology. First, a 
bimodal wind regime with zero net transport is restricted to the single 
case of two equal and opposite winds. In contrast, a third wind allows the 
possibility of many wind regimes with zero net transport. Second, in a 
bimodal wind regime only two orientations can have (equal) maximum 
gross bedform-normal transport (orthogonal dune orientations), whereas 
a regime with three winds can produce three such orientations. 

Our simulations—which include the complexities of crest reversals 
and defect dynamics— demonstrate that multidirectional wind regimes 
can generate distinct varieties of bedforms, with different orientations 
resulting from the same growth mechanism (Zhang et al., 2012), or from 
different growth mechanisms (Lü et al., 2017). These morphologies can 
be interpreted using the theoretical framework provided by Courrech du 
Pont et al. (2014). 

2. Methods 

To simulate dune morphology, we used the cellular automaton 
model of Narteau et al. (2009) and Rozier and Narteau (2014). This 
model later proved well suited to investigate dune shapes in a variety of 
bed conditions and wind regimes (Zhang et al., 2012; Lucas et al., 2014; 
Gao et al., 2015b; Lü et al., 2017; Lü et al., 2018; Rozier et al., 2019; 
Gadal et al., 2020). The model reproduces most physical processes that 
relate to sand transport (erosion, deposition, and avalanches). Unlike 
other cellular automaton approaches, our sediment transport model is 
coupled with a fluid dynamics component, so that it fully accounts for 
feedback mechanisms between the wind flow and the topography (e.g., 
shear stress at the bottom of the turbulent layer, air flow speed-up to-
ward the dune crest). 

As observed in nature (Ping et al., 2021), a flat sand bed, exposed to a 
unidirectional wind, destabilizes into periodic dunes with a character-
istic wavelength, λ0 (Claudin and Andreotti, 2006; Narteau et al., 2009). 
In nature, this characteristic wavelength, λ0, depends on sediment and 
atmospheric properties and flow regime, and can be used to rescale and 
quantitatively compare the numerical simulations and the different 
natural environments where the dune instability is observed. On Earth, 
λ0 is reported to be between 15 and 20 m (Elbelrhiti et al., 2005; Ping 
et al., 2021). On Mars, λ0 is not accurately known; Durán Vinent et al. 
(2019) estimate a range from a 75–150 m. Lapôtre et al. (2016) did not 
explicitly estimate λ0, but their histogram of bedform wavelengths 
observed by satellite on Mars (their Fig. 2B) has a minimum at a 
wavelength of 40 m, suggesting that λ0 may be slightly larger than this 
minimum. Here we approximate λ0 by a value of 100 m, keeping in mind 
this estimate may have an error of ±50 %. 

Regardless of setting, the model results are scaled such that λ0 is 
equal to 40 l0, where l0 is the elementary cell length (Zhang et al., 2014). 
Consequently, l0 = 0.5 m on Earth, and approximately 2.5 m on Mars. 
The scales of the simulations in this paper are specified in the figure 
captions as multiples of l0, and these lengths results can be expressed in 
meters by multiplying with the respective values of l0 for Earth or Mars. 
Any errors in λ0 or l0 do not change the shape of the simulated dunes; 
they merely change their size. 

As in nature, the sand flux in the model does not adapt immediately 
to the wind speed, and there is a distance, lsat, required to reach satu-
ration (Kennedy, 1969). In the simulations, this distance derives from 
the deposition length of an elementary cell mobilized by the flow, i.e., 
the typical distance required for an elementary particle to settle. Gao 
et al. (2014) have shown that lsat = 3 l0. Interestingly, this approach 
gives a λ0/lsat ratio of about 13, which is close to the estimate based on 
observations and linear stability analysis (Elbelrhiti et al., 2005; 
Elbelrhiti, 2012; Lü et al., 2021). 

The sediment transport capacity of the wind can also be controlled in 
the model. The transport capacity of our simulations is set so that it takes 
1333 t0 for a barchan of length 40 l0 (40 l0 = λ0) to migrate a distance 
equal to its length, where t0 is the characteristic time scale defined by 
Zhang et al. (2014) and matched with field observations of Elbelrhiti 
et al. (2005). 

For the present study, we focused on two initial bed setups: (1) a 
thick sand layer under periodic boundary conditions; and (2) a conical 
sand pile on a non-erodible flat surface under open boundary conditions. 
Some simulations used a variant of the second setup, in which the initial 
sand pile was replaced with a sand source with a constant influx of sand. 
Those setups correspond to a fully sand-covered bed and a starved bed, 
respectively. Both kinds of beds were subjected to the same set of winds, 
which interacted with the evolving bed. Sand transport at each grid 
point was computed from the local wind conditions, and the local bed 
elevation was adjusted by the computed amount of deposition or 
erosion. 

These setups thus approximate a broad spectrum of natural bed 
conditions: (1) a sand-covered bed on which dunes can grow as their 
crests accumulate sand from the bed while their troughs simultaneously 
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scour into the underlying loose sand (2712 simulations using setup 1); 
(2a) a pile of sand that evolves into a dune while migrating over a non- 
erodible substrate (912 simulations using setup 2); in nature, dunes on a 
starved bed can either migrate into an area from upwind, or, alterna-
tively, dunes on a sand-covered bed can evolve into isolated dunes as the 
dune field undergoes net erosion (outgoing sand exceeds incoming 
sand); and (2b) the variant of setup 2 where sand is supplied continu-
ously at a localized source (1104 simulations). In nature, this localized 
source can be sand from upwind—including sand within upwind dunes 
on a starved bed. Results presented in this paper are from the first 2 
setups, except that Fig. 5l, Fig. 6h and i use the variant with a localized 
source of sand. A detailed description of all simulations is provided in 
Rozier et al. (2024). 

For each simulation, a predefined sequence of three winds and cor-
responding sand transport calculations was applied iteratively several 
hundred times. For the sake of completeness, we considered all possible 
pairs of divergence angles between the dominant wind and each of the 
two other winds, with a resolution of 30◦. The three different winds in 
each simulation were allowed to transport very different amounts of 
sand, but to keep the number of simulations tractable, the secondary and 
ternary winds had relative durations chosen within the discrete set of 
ratios {1, 3/4, 1/2, 1/4, 1/10} with respect to the dominant wind. To 
vary the amount of sand transported toward different directions, the 
duration of each wind was set proportionately to the desired transport. 
We refer below to “weaker” winds, but, in fact, this term more precisely 
refers to winds of shorter duration. As a result, we simulated 900 tri- 
directional wind regimes (60 combinations of divergence angles for 
each of 15 combinations of transport ratios) plus a few extra bidirec-
tional regimes occurring in some of the figures where the two weaker 
winds were toward the same direction. 

Duration of each wind in each iteration was chosen such that the 
amount of sand transported during any step of each three-wind iteration 
was very small relative to the sand volume of the simulated dunes. This 
ensured that the final dune morphology accounted for all three vectors 
of the wind regime, rather than just the most recent wind, as illustrated 
diagrammatically by Rubin and Ikeda (1990). Many experimental and 
theoretical studies of bedforms in directionally varying flows have used 
this simplification because it avoids the complication of unsteadiness as 
dunes change shape or orientation with each flow pulse (Rubin and 
Hunter, 1987; Reffet et al., 2010; Courrech du Pont et al., 2015). 

Although the duration of each iteration was small relative to the time 
to modify the dune, the overall number of wind cycles of each simulation 
was intended to be large relative to the number required to completely 
form or reshape the dune. One simulation that we are aware of (Fig. 6a) 
may not have attained this condition, because, as discussed in Section 
4.2.3, morphology evolved throughout that simulation. In most simu-
lations, however, the resulting morphology reflects all three winds 
(Bagnold, 1941; Gunn, 2023). The results presented in this paper are 
limited to the morphology at the end of each simulation, but movies 
illustrating evolution of each dune morphology through time are 
included in the archive described in Section 3.1. By limiting ourselves to 
the final simulated dune shapes, we voluntarily place ourselves in a 
context of extraterrestrial exploration in which it is rarely possible to 
have access to the long-term dynamics or knowledge of the different 
growth mechanisms responsible for the construction of dune patterns. 

To avoid dunes on a starved bed migrating out of the computational 
space, that space moves with the center of mass of the sand. It was also 
expected that certain wind regimes in starved-bed conditions would 
produce elongated dunes, as reported by Rozier et al. (2019). To avoid 
dunes elongating out of the computational space, the wind regime for 
each simulation on a starved bed was oriented such that the resultant 
transport direction is parallel to the main axis of the system. Conse-
quently, the orientations of all winds are rotated by an equal angle, but 
the divergence angles remain constant. 

The model has two tunable parameters: the diffusion rate and the 
threshold for transport (Narteau et al., 2009). Two different values for 
each were investigated, but only for sand-covered beds. The diffusion 
rate controls sand transport perpendicular to wind direction, and ac-
counts for the complicated processes of grain splashes and local wind 
redirection (Yizhaq et al., 2004). Here we report only present results of 
simulations using the lowest value of the diffusion coefficient and 
transport threshold for each of the bed setups, but the results for higher 
values of both parameters are included in the archive described in 
Section 3.1. 

The approach to modeling taken here focuses on how the directional 
properties of a wind regime influence dune shape, whereas controls of 
dune size are largely avoided. Dunes can change size as they evolve, 
either by losing or trapping sand, perhaps growing until their height is 
limited by the amount of sand on the bed or limited by the thickness of 
the boundary layer (Andreotti et al., 2009), or perhaps until their height 
is limited by wind speed—if analogous to subaqueous dunes (Stein, 
1965; Rubin and McCulloch, 1980; Zhang et al., 2010, Fig. 8). Modelling 
dune size is thus complicated because dune size can evolve through 
time. In contrast, many properties of dune morphology and orientation 
depend on symmetry or asymmetry of the wind regime, regardless of 
bedform size or fluid medium. For example, the flow property that 
controls the orientation of bedforms on sand-covered beds in bidirec-
tional flows (maximized gross bedform-normal transport) was first 
identified in experiments with wind ripples (Rubin and Hunter, 1987), 
before being demonstrated to apply to subaqueous dunes (Rubin and 
Ikeda, 1990) or dunes in air (Ping et al., 2014). Consequently, focusing 
on shape rather than size leads to a more stable result of the simulations 
(i.e. shape stabilizes before size does), and the results are more broadly 
applicable. 

This paper contains only a small subset of the 4728 simulations 
conducted for this study. Each of the first 4 figures contains the results of 
66 simulations—including all specified combinations of divergence an-
gles, but only a single pair of values of the transport ratio (out of 15 
possible pairs). Considering the large number of simulations and the 
large number of calculations for each simulation, use of a supercomputer 
was essential. 

3. Results 

3.1. Data archive 

Results of this work consist of 4728 simulated dune morphologies. 
Several hundred are presented here, to give a representative sample for 
the purposes of generalizing trends in morphology and interpreting 
dunes on Mars. To aid other work, all simulations are archived as both 

Fig. 1. Simulated dune morphology for winds blowing from three directions over a sand-covered bed. In all simulations, the dominant wind is directed toward the 
east, the secondary wind transports 75 % as much sand, and the third transports 10 % as much as the dominant wind. Because the weakest wind transports little sand 
relative to the other two, the wind regime approaches a bidirectional wind regime. The directions of the two weaker winds are defined relative to the dominant wind, 
measured in a counterclockwise direction. The divergence angle between the dominant wind and the secondary wind increases from 30◦ (left column) to 180◦ (right 
column); the divergence angle between the dominant wind and the weakest wind increases from 30◦ (top row) to 330◦ (bottom row). The sand-transport roses show 
the directional modes, with the most recent wind indicated in red. This is also the direction of the weakest wind as all snapshots are taken at the end of the wind cycle, 
which systematically goes from the strongest to the weakest wind. The resulting dunes have a single modal orientation, except in some wind regimes with orthogonal 
winds (cells 3, 9, 39, and 45). The dimensions of the cubic lattice of these simulations (height × width × length) is 60 l0 × 500 l0 × 500 l0. The simulated wavelength 
is approximately 80 l0, corresponding to 40 m and 200 m for terrestrial and Martian aeolian dunes, respectively. Images were recorded after 100 wind cycles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Wind directions are the same as in the corresponding cell in Fig. 1, but the dominant and secondary winds transport equal amounts of sand, and the third 
transports 50% as much as the other two. Even the weakest wind transports a substantial amount of sand relative to the other two, so the wind regime is truly tri- 
directional. The sand-transport roses show the directional modes, with the most recent wind indicated in red. The resulting dunes have a single modal direction, 
except in some wind regimes with orthogonal winds (cells 33 and 51) and some regimes with winds diverging by 120◦ (cells 10, 20, 46, 56). Dimensions and number 
of wind cycles are the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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images of dune morphology and topographic files Rozier et al. (2024). 
Movies of the evolving dune morphology for selected simulations are 
also included in the archive. 

3.2. Results of simulations 

Although predicting dune morphology from a given wind regime and 
bed condition leads to a unique solution, many qualitatively similar 

morphologies or orientations can be produced by more than one wind 
regime—some wind regimes only slightly different and some grossly 
different from each other. The lack of uniqueness of solutions to this 
inverse problem is not the only difficulty in interpreting wind regime 
from dune morphology (Fernandez-Cascales et al., 2018); merely dis-
playing and reviewing the thousands of images is difficult. 

We compiled images showing the final dune morphology into grids 
(Figs. 1-4), in which the magnitudes of the three wind vectors remain 

Fig. 3. Winds are identical to those in the corresponding cells in Fig. 1, but here the bed is partially starved. The weakest wind transports little sand relative to the 
other two, so the wind regime approaches a bidirectional wind regime. The sand-transport roses show the directional modes, with the most recent wind indicated in 
red. The resulting dunes generally change from symmetrical or asymmetrical barchans (left column) to squat barchans (second column from left) to “nail” dunes, and 
curved slug- or boomerang-shaped dunes (right column). The dimensions of the cubic lattice of these simulations (height × width × length) are 100 l0 × 875 l0 × 500 
l0 (corresponding to lengths and widths of 440 m × 250 m on Earth and 1000 m × 600 m Mars). The images were recorded after 300 wind cycles. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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unchanged within each figure, but the relative directions of the winds 
change systematically from cell to cell. The 66 cells in each of these 
figures are arranged such that the divergence angle of the second wind 
relative to the first (dominant) wind increases from 30◦ to 180◦ from left 
to right across the grid, and the divergence angle between the third wind 
(weakest) and the first increases from 30◦ to 330◦ from top to bottom. 
Thus, the wind directions in the corresponding cells in Figs. 1-4 are 
identical. The relative magnitudes of the winds, however, are not con-
stant for all four figures. In Figs. 1 and 3, the transport ratios of the three 
winds are 1, 0.5, and 0.1 in every cell, whereas in Figs. 2 and 4, transport 
ratios of the three winds are 1, 1, and 0.5. Thus, the divergence angles 

and transport ratios of every cell in Fig. 1 are identical to those of the 
corresponding cell in Fig. 3, and divergence angles and transport ratios 
of every cell in Fig. 2 are identical to the corresponding cell in Fig. 4. 

4. Discussion 

4.1. Approach 

This Discussion has five parts. Section 4.1 discusses the approach in 
generalizing the results, Section 4.2, discusses simulated morphologies 
on sand-covered beds, Section 4.3 discusses morphologies on starved 

Fig. 4. Winds are identical to the corresponding cells in Fig. 2, but here the bed is partially starved. The sand-transport roses show the directional modes, with the 
most recent wind indicated in red. The weakest wind transports a substantial amount of sand relative to the other two, so the wind regime is truly tri-directional. 
Consequently, the resulting dune morphologies are more varied than in Fig. 3. Dimensions are the same as in Fig. 3. Images were recorded after 250 wind cycles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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beds, Section 4.4 lists factors that the simulations did not explore, and 
Section 4.5 compares examples from Mars with the analogous simulated 
morphologies. 

For a given bed subjected to tri-directional wind regimes, dune 
morphology is determined by six independent variables: the magnitudes 
and directions of the three wind vectors. We can reduce this to four 
independent variables by defining the magnitudes and directions of two 
vectors relative to the third; here we define the two weaker winds 
relative to the strongest. The results in Figs. 1-4 thus represent 2-dimen-
sional slices through this 4-dimensional parameter space—slices in 
which the magnitudes of the three wind vectors remain constant for all 
66 cells in each figure. 

The following discussion generalizes trends in dune morphology as 
the divergence angles change. The strongest winds exert the greatest 
control on morphology, so the discussion emphasizes how morphology 
changes as the divergence angle between the two strongest winds in-
creases from 30◦ to 180◦. The generalized morphologic sequence is, by 
necessity, rather imprecise, however, because it follows changes in a 

single independent variable (divergence angle between the two domi-
nant winds). 

The most obvious control of dune morphology in the thousands of 
simulations is that dunes on a sand-covered bed (Figs. 1 and 2) tend to 
form long crests with relatively uniform orientations, whereas dunes on 
a starved bed have a greater diversity of crest orientations and shapes, 
including complex shapes (Figs. 3 and 4) that have not been simulated or 
observed in bidirectional wind regimes. The specific dune shapes 
resulting from the tri-directional wind regime persist regardless of 
whether the transport capacity of the weakest of the three winds is a 
substantial fraction or only 1/10th that of the dominant wind. 

4.2. Sand-covered beds 

4.2.1. General trends 
On sand-covered beds, dune orientation varies qualitatively as ex-

pected from the previous work discussed in Section 1.2. In approxi-
mately bidirectional winds, dune orientation abruptly jumps from a 

Fig. 5. Simulated dunes in orthogonal wind regimes. The sand-transport roses show the directional modes, with the most recent wind indicated in red. (a-b) Maze- 
like dune patterns on sand-covered beds. Neither of the two dune orientations is perpendicular to any wind mode, as is commonly inferred. (c) Linear dunes formed 
parallel to the resultant transport direction (i.e., longitudinal dunes). (d-f) Isolated dunes with crests having two orthogonal orientations. No dune orientations are 
perpendicular to any of the wind modes; rather, crest orientations are oblique to individual wind modes. (g) Asymmetrical barchan with one long arm consisting of a 
chain of asymmetrical barchan-like dunes, formed in asymmetrical orthogonal wind regime. (h) Asymmetrical barchan with a long arm consisting of a chain of peaks 
and saddles. (i) Barchan-like dune formed in symmetrical wind regime with two strong and one weak orthogonal wind. Simulations by Parteli et al., (2009, Fig. 3) 
produced similar morphology in bidirectional flows with a divergence angle of 160◦. (j) “Nail” dune with long tail. (k) “Nail” dunes with shorter tails. (l) “Nail” dunes 
transitional with star dunes. Sand was supplied continuously at a fixed location. Fig. 5a-c have horizontal dimensions of 500 l0 × 500 l0 and 100 wind cycles. Fig. 5d-k 
have dimensions 875 l0 × 500 l0 and 250 wind cycles. Fig. 5l has dimensions of 776 l0 × 388 l0 and 300 wind cycles. l0 is 0.5 m on Earth and 2.5 m on Mars. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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generally transverse orientation (columns 1 and 2 on the left side of 
Figs. 1 and 2) to longitudinal or oblique orientations on the right side 
(columns 4–6). Dunes on the left sides of Figs. 1 and 2 experience sand 
transport that is primarily in one direction across each crest (left to 
right) and, consequently, those dunes are asymmetrical in cross-section. 
Asymmetry is demonstrated by the wider stoss sides (light-toned) and 
narrower lee sides (darker). In contrast, dunes on the right sides of those 
figures experience substantial transport from both directions across their 
crests and are more symmetrical in cross-section, as indicated by the 
more uniform widths of their two flanks. This overall pattern across the 
cells in Figs. 1 and 2 is consistent with the previous studies cited in 
Section 1.2 that found that dunes on sand-covered beds took orienta-
tions having the maximum gross across-crest transport, although we 
didn’t conduct a detailed comparison of observed and predicted 
orientations. 

In any one simulation, dunes on a sand-covered bed generally have a 
single modal orientation, except in special cases where winds diverge by 
90◦ or 120◦. These special wind regimes produce dunes with more than 
one modal orientation, as discussed in the following two sections. 
Because many combinations of two or three winds can create dunes with 
relatively continuous crests with few distinctive properties, the inverse 
problem of identifying what wind regime produced this simple kind of 

dune may have no unique solution, although the observed across-crest 
symmetry/asymmetry may indicate whether the formative wind 
regime more closely matches those on the left or right sides of Figs. 1 and 
2. 

4.2.2. Special case where gross bedform-normal transport has two 
approximately equal maxima (geometrically orthogonal winds) 

At a divergence angle of approximately 90◦ the between two domi-
nant winds, simulated dunes on a sand-covered bed may develop two 
crest orientations (Figs. 1.3, 1.9, 1.39, 1.45; Figs. 2.33 and 2.51; Fig. 5a 
and b). This result is consistent with previous studies of bidirectional 
flows that have found a discontinuity in orientation at a divergence 
angle of ~90◦ (Rubin and Hunter, 1987; Rubin and Ikeda, 1990; Werner 
and Kocurek, 1997; Parteli et al., 2009; Reffet et al., 2010; Courrech du 
Pont et al., 2014; Gao et al., 2015a, 2015b). At this transition, the two 
orientations have been observed as either an intersecting pattern (Reffet 
et al., 2010, Fig. 1B and D), or as a maze-like pattern (Nishimori and 
Tanaka, 2003, Fig. 3C and D; Reffet et al., (2010, Fig. 2E) where indi-
vidual crests make 90◦ bends (Fig. 5a and b). 

Where dunes have two orientations in approximately bimodal winds 
(Figs. 1.9, 1.39 and 1.45), one of the two orientations is approximately 
normal to the resultant transport direction; transport across dunes with 

Fig. 6. Simulated dunes on sand-covered beds (a-c) and starved beds (d-i) in wind regimes with varying degrees of triradial symmetry. The sand-transport roses show 
the directional modes, with the most recent wind indicated in red. (a) Winds with perfect triradial symmetry produce three intersecting sets of crests and chains of 
star dunes with triradial symmetry. (b) One of the three winds is weaker than the others, generating only two crest orientations. (c) The same wind regime as in (b) 
except that the weaker wind is reversed. Only two crest orientations or lineations are produced. (d) Symmetrical star dunes formed in a wind regime with the same 
triradial symmetry as in (a). (e) One wind mode is weaker than the other two (same wind regime as (b)), causing one arm of the star to become longer and skinnier 
than the other two. (f) Reversing the direction of the weaker wind causes the star dune to convert to a dome with a tail (same wind regime as (c)). (g) Asymmetrical 
shark-tooth-shaped dunes (https://www.jpl.nasa.gov/images/pia03208-sharks-teeth-sand-dunes-in-proctor-crater) formed where one of the three wind modes is 
weaker and rotated from the radially symmetrical orientation. This morphology is similar to the “raked linear dunes” that require three wind modes, as shown by Lv 
et al. (2017). (h) Clusters of star dunes formed in wind regime where wind modes are separated by 120◦ but unequal in magnitude. Sand was supplied continuously at 
a fixed location. (i) Chain of shark-tooth-shaped dunes formed where one of the three wind modes is rotated 30◦ from radial symmetry. Sand was supplied 
continuously at a fixed location. Fig. 6a-c have horizontal dimensions of 500 l0 × 500 l0 and 100 wind cycles before the images were recorded. Fig. 6d-g have 
dimensions of 875 l0 × 500 l0 and follows 250 wind cycles. Fig. 6h has dimensions of 968 l0 × 484 l0 and 300 wind cycles. Fig. 6i has dimensions of 896 l0 × 448 l0 
and follows 300 wind cycles. l0 is 0.5 m on Earth and 2.5 m on Mars. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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this orientation is consistently from one side of the dune to the other. 
The second orientation has approximately equal gross bedform- 
transport to the first, but transport reverses across the dune crests. 
Where the two transport modes are equal in magnitude, this second 
orientation is approximately parallel to the resultant transport direction, 
but this alignment is coincidental, rather than the cause of the second 
orientation, as shown by Rubin and Hunter (1987) and many of the 
subsequent studies cited in section 1.2. 

The discontinuity in dune orientation observed at a 90◦ divergence 
angle between two dominant winds (for example, between the left and 
right sides of Figs. 1 and 2) is consistent with previous work, although 
the precise divergence angle at which the discontinuity occurs was 
found to vary slightly: 90◦ (Rubin & Hunter, 1987; Rubin & Ikeda, 1990; 
Courrech du Pont et al., 2014; Gao et al., 2015a), 90◦ – 110◦ (Werner 
and Kocurek, 1997, Fig. 4), and 80◦ – 90◦ (Reffet et al., 2010). The two 
orientations that arise in our simulations at a divergence angle of 90◦ are 
the two orientations that occur in conditions on either side of this phase 
boundary. In approximately bidirectional flows with a divergence angle 
of 90◦ (Fig. 1, column from 1.3 to 1.63), however, some simulations 
show only a single dune orientation. In these cases, the single orienta-
tion is consistently the orientation that is more longitudinal rather than 
the transverse orientation. This result agrees with the experimental re-
sults of (Reffet et al., 2010), who reported the phase change to occur at a 
divergence angle of 80◦ – 90◦. 

4.2.3. Special case of winds with triradial symmetry 
Just as a wind regime with two orthogonal winds can produce two 

dune orientations, a wind regime with triradial symmetry (three equal 
winds with divergence angles of 120◦ and 240◦) produces a network of 
three intersecting crest trends (Fig. 6a). This unique situation is one 
where dune morphology evolved throughout the simulation (as illus-
trated by the movie in the archive). This wind regime nevertheless ap-
pears to be another example where none of the individual crest 
orientations are perpendicular to a corresponding wind direction 
(Fig. 6a). 

As the wind regime becomes less symmetrical—either because the 
winds rotate or because they become unequal in magnitude—the 

symmetry of the triradial dune morphology degrades (Fig. 6b and c). A 
special case occurs where one of the three winds is reversed from the 
radially symmetric orientation. In this case only two of the three ori-
entations are retained (Figs. 2.10, 2.20, 2.56, Fig. 6f). Section 4.3.3 
discusses analogous morphologies of these dunes to those in identical 
triradial wind regimes on a starved bed. 

4.3. Starved beds 

4.3.1. Barchan and barchan-like dunes (most transport restricted to within 
approximately 30◦ or 60◦) 

On a starved bed, the simulations generate barchans where trimodal 
winds crudely approximate unidirectional winds, such as where two 
dominant winds diverge by only 30◦ (simulations along the left edge of 
Fig. 3) or where the weaker modes transport only a small fraction of the 
total transport (Fig. 7a). Barchans are relatively symmetrical in plan-
form where two weak winds are symmetrically distributed relative to 
the dominant wind or where they transport only a small proportion of 
the total transport. As the weaker winds become more substantial, 
barchans can become more asymmetric; for example, asymmetry in 
Figs. 4.25 and 4.43 is much greater than in Figs. 3.25 and 3.43. Such 
asymmetric barchans are common on Earth and Mars, as was discussed 
in Section 1.2. 

As the divergence angle between two substantial wind modes in-
creases from 30◦ to 60◦, barchans become squatter, with stubby horns 
(Fig. 3, column of simulations from 3.2 to 3.62; Fig. 7d and e), resem-
bling the “rounded” or “oblate” barchans that Parteli et al. (2014) 
created in similar simulated winds. Asymmetry in these two dominant 
wind modes leads to asymmetric morphology, in this case retaining the 
squatter morphology (Fig. 7e), or barchanoid ridges with more contin-
uous crests (Fig. 7f). Dunes with these morphologies here are common 
on Mars, as illustrated below in Section 4.5. As a greater proportion of 
the total transport occurs over a wider range of directions, dune 
morphology evolves to include domes, some with curved tails 
(Figs. 4.13, 4.50 and 4.55; Fig. 7g and h), as shown previously by Gao 
et al., (2018, Figs. 2 and 4B). 

Fig. 7. Barchan and dome-like dunes formed on partly starved beds. Horizontal dimensions are 875 l0 × 500 l0; 250 wind cycles. (a) Symmetrical barchan. (b) 
Asymmetrical barchan formed in asymmetrical tri-directional wind regime. (c) Asymmetrical barchan formed in a wind regime with one dominant mode and two 
weaker modes. (d) Symmetrical squat barchan in a symmetrical wind regime. Divergence angle between the two dominant winds is 60◦, which is greater than for 
classic barchans. (e) Asymmetrical squat barchan. The two dominant modes are the same as in (d), but the third (weakest) mode is asymmetrically oriented. (f) 
Laterally linked squat barchans. (g-i) Asymmetrical domes with tails. 
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4.3.2. Dunes in geometrically orthogonal winds (divergence angles of 
~90◦) 

On a starved bed in a wind regime where the two dominant wind 
modes increase from an acute angle to 90◦, dunes change from barchans 
(column 1 in Figs. 3 and 4) or squat barchans (column 2 in Figs. 3 and 4) 
to “nail” dunes (Song et al., 2019; Chao and Zhibao, 2022) (columns 3–5 
in Figs. 3 and 4). Differences in the magnitude of the orthogonal wind 
modes—or addition of a third mode—causes asymmetric morphology, 
as illustrated in Figs. 3.63 and 4.21. In a wind regime with two or more 
orthogonal modes, barchan-like asymmetry can be particularly pro-
nounced, with one very long arm resembling a sinuous linear dune 
(Fig. 5g – i). This is reminiscent of the dunes elongating from a topo-
graphic obstacle (Lucas et al., 2015). 

4.3.3. Dunes in winds with triradial symmetry (divergence angles of 120◦

and 240◦) 
In our simulations, a triradially symmetrical wind regime on a 

starved bed produces star dunes with three arms (Fig. 6d), as reported 
previously by Zhang et al. (2012). As noted in Section 4.2.3, the identical 
wind regime on a sand-covered bed produces a triradially symmetrical 
pattern of intersecting crests (Fig. 6a) rather than isolated stars. These 
two morphologies (Fig. 6a and d) arise in the identical wind regime, and 
both have triradial symmetry; the different morphologies result purely 
from the differing sand coverage on the bed. 

As the wind regime loses its symmetry star dunes lose their sym-
metry. In some cases, one of the three radial arms becomes elongated, 
resembling a shark’s tooth (Fig. 4.34; Fig. 6g – i). Similar morphologies 
have been reported in wind regimes with three modes in simulations and 
on deserts on Earth (Lv et al., 2017). In other cases, crests that roughly 
parallel the resultant transport direction become more pronounced 
(Figs. 3-40). 

4.3.4. Dunes in reversing winds (divergence angles of ~180◦) 
As the divergence angle between two dominant wind modes in-

creases to 180◦, the wind regime approximates a reversing flow, anal-
ogous to those that produce reversing tidal dunes or oscillatory ripples 
under waves. The dunes simulated on a starved bed in these flows have a 
relatively distinctive shape (cells along the right edge of Figs. 3 and 4; 
Fig. 8), resembling a boomerang (Fig. 3.6) or slug (Fig. 3.42). Simula-
tions by Parteli et al., (2014, Fig. 4c) produced dunes with similar 
morphology in bidirectional wind regimes with a divergence angle of 
160◦. 

4.4. Unexplored issues 

Despite the large number of simulations conducted in this study, 
many unknowns remain. We haven’t explored how dune morphology 
evolves through time. Specifically, in simulations that begin with a 
conical sand pile (such as Figs. 3 and 4), the amount of sand decreases 

through time. Previous work has suggested that duration of each flow 
cycle can influence the resulting morphology (Parteli et al., 2014), 
although the reported changes are typically changes in length and width 
of dune features rather than a change from one kind of dune to another. 
Inspection of a small subset of our simulations is consistent with this 
observation. To avoid the complication where dune morphology 
changes with each pulse of wind, we have restricted the simulations to 
flows where individual wind pulses transport an amount of sand that is 
small relative to dune volume. Not all natural flows have this property. 

We haven’t modified the dune simulation model to account for Mars 
atmosphere, sediment density, or gravity, and we don’t know if dune 
morphology varies systematically between Earth and Mars. Several 
factors suggest that this is not a serious issue for our purposes. First, 
because the ratio of transport toward different directions is adjusted by 
the duration of the winds rather than their magnitudes, the results aren’t 
affected if the transport rates are all greater or less than calculated. 
Second, many of the factors influencing dune morphology are related to 
symmetry or asymmetry of winds, which remain constant even if all 
wind vectors are too great or small by a constant proportion. 

We have not explored which lateral diffusion coefficient is most 
appropriate, and the simulations have only focused on forward 
modeling: what dunes a given wind regime will produce. We have not 
addressed the inverse problem of inferring wind regime from an 
observed morphology. We encourage the use of this archive of simula-
tions for further comparative geomorphology and training of algorithms 
for the inverse problem of interpreting wind regimes from dune 
morphology. 

4.5. Examples from Mars 

Our simulations generated a wide range of dune morphologies, many 
of which are present on Mars. We present below a sample of these 
morphologies. We cannot prove that the dunes on Mars formed by the 
same wind regime that produced a similar morphology in the simula-
tions, because more than one wind regime can produce similar mor-
phologies. In addition, other factors that were not examined in the 
simulations—such as sediment cohesiveness—are known to be impor-
tant in influencing dune morphology (Schatz et al., 2006; Rubin and 
Hesp, 2009). Nevertheless, the simulated wind regimes that produce a 
simulated morphology are a reasonable working hypothesis for what 
wind regime produced an observed dune form in nature. Although the 
examples presented are all from Mars, many of the same morphologies 
occur on Earth—including some of the more unusual forms, such as nail 
dunes (Song et al., 2019). 

4.5.1. Barchan and barchan-like dunes 
Many of the barchan and barchan-related morphologies produced in 

the simulations (Figs. 3, 4 and 7) also occur on Mars (Fig. 9). For 
example, dunes on Mars include classical, symmetrical barchans (Fig. 9a 

Fig. 8. Slug- and boomerang-shaped dunes formed in reversing wind regimes. Horizontal dimensions are 875 l0 × 500 l0; 300 wind cycles. (a) The two dominant 
winds are equal in magnitude but opposite in direction, and the third is very weak, producing relatively straight-crested dunes. Martian dunes with this shape are 
commonly called “transverse aeolian ridges” or “TARs”, but in this example the dunes are oblique to net transport rather than transverse. The two dominant winds 
are diametrically opposed and thereby cancel out; net transport is determined uniquely by the third (weak) wind. (b) Three equal winds with lateral symmetry 
produce relatively straight-crested dunes. The dunes are roughly transverse to the resultant transport direction, but two winds blow from right to left and only one 
from left to right, producing cross-sectional asymmetry with a wider, gentler stoss side (facing right) and steeper lee side (facing left). Sand was supplied at a point. 
(c) Boomerang-shaped dunes formed by two strong but unequal reversing winds and a much weaker orthogonal wind. 
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resembling those in Fig. 7a), asymmetrical barchans (Fig. 9b resembling 
Fig. 7b and c), squat barchans (Fig. 9c resembling Fig. 7d – f), and a 
variety of dome-like forms (Fig. 9d – f resembling Fig. 7g – i), including 
domes with tails (Fig. 9f resembling Fig. 7i). We presume that the dunes 
on Mars were formed in wind regimes resembling those of the corre-
sponding simulations. 

4.5.2. Dunes in orthogonal winds 
Dunes on Mars include a variety of morphologies resembling those 

that are arise in simulations with wind regimes that have approximately 
orthogonal wind directions. These morphologies include maze-like 
forms with orthogonal crest orientations (Fig. 10a and b crudely 

resembling Fig. 5a and b), “nail” dunes (Fig. 10a – c resembling Fig. 5j – 
l), and dunes that appear to be a hybrid of barchans and linear dunes 
with sinuous crests (Fig. 10d resembling Fig. 5i). 

4.5.3. Dunes in wind regimes with triradial symmetry 
Many of the simulated morphologies that form in winds with trir-

adial symmetry occur on Mars (Fig. 11), on both starved beds and sand- 
covered beds. Morphologies on a starved bed include star dunes 
(Fig. 11a and b) and chains of linked dunes with shark-tooth shape 
(Fig. 11c). It is unclear whether this latter morphology belongs to the 
class of dunes formed by approximately triradial winds (as in Fig. 6i) or 
whether it is more closely related to dunes formed in orthogonal winds 

Fig. 9. Barchan and dome dunes on Mars. (a) Symmetrical barchans. (b) Asymmetrical barchans. (c) Squat barchans. (d-e) Asymmetrical domes. (f) Domes with tails. 
Images a, c, f: NASA/JPL-Caltech/UArizona; images b, d, e: NASA/JPL/Malin Space Science Systems. 

Fig. 10. Dunes inferred to have formed by orthogonal wind regimes on Mars. (a-b) Maze-like patterns with orthogonal crest orientations. (c) “T” or “nail” dunes. (d) 
Dune resembling simulation shown in Fig. 5i. Images a, c: NASA/JPL-Caltech/UArizona; images b, d, NASA/JPL/Malin Space Science Systems. 
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(as in Fig. 5g). Morphologies resembling those formed by simulated 
triradial winds also occur on sand-covered beds on Mars (Fig. 11d – f 
resembling Fig. 6b and c). 

4.5.4. Dunes in reversing winds 
In the simulations, reversing winds produce relatively straight- 

crested dunes (Fig. 8), as is typical of bedforms in reversing aeolian 
and subaqueous flows (Rubin, 2012). Aeolian bedforms with this 
morphology are ubiquitous on Mars (Fig. 12) and commonly referred to 
as “transverse aeolian ridges” or “TARs” (Zimbelman, 2010; Geissler and 
Wilgus, 2017). The term “TAR” can be misleading because the crests of 
these bedforms—like the crests of wave ripples, tidal dunes, and other 
straight-crested bedforms in reversing flows—need not be oriented 
transverse to the net transport direction (Rubin, 2012), which is key to 
distinguishing transverse, oblique and longitudinal dunes as defined by 

Hunter, Richmond, and Alpha (1983). Where the two strongest winds 
are equal in magnitude and diametrically opposed, dunes can form with 
an orientation that is approximately perpendicular to those winds, but 
because transport from those two winds has a net transport of zero, even 
a weak wind from any other direction determines the net transport di-
rection. Similarly, where two winds transport equal amounts of sand but 
diverge by an angle that differs slightly from 180◦, the resulting dunes 
will lie parallel to the resultant. In these two situations, dunes can be 
oblique, parallel, or transverse to the resultant sand transport direction, 
depending on the orientation of dune relative to net transport. Although 
dunes in these two situations form approximately perpendicular to the 
two individual dominant winds, they do not meet Hunter, Richmond, 
and Alpha’s definition of “transverse” unless the net transport direction 
is approximately perpendicular to the dune crest. 

Fig. 11. Dunes with morphology suggesting triradial wind regimes. (a-b) Star dunes. (c) Chain of shark-tooth-shaped dunes resembling simulations in Figures 5g and 
6i. (d-f) Oblique intersecting patterns resembling simulations in Figures 2.10, 2.20, 2.46, 2.56, and 6b-c. Images a, c: NASA/JPL-Caltech/UArizona; images b, d, e, f: 
NASA/JPL/Malin Space Science Systems. 

Fig. 12. Dunes on Mars with morphology resembling simulated dunes in reversing winds. Images: NASA/JPL/Malin Space Science Systems.  
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5. Conclusions 

The thousands of dune morphologies simulated in this study 
encompass a wide variety of forms found on Mars (Table 1). Many of the 
morphologies vary gradually across a spectrum of morphologies as the 
magnitudes and directions of the two or three wind modes change. The 
simulations can be used to guide the interpretation of what wind re-
gimes produce a given morphology, although some morphologies can 
form in different regimes. 

On a sand-covered bed most wind regimes with one, two, or three 
wind directions produce dunes with a unimodal orientation. There are 
two notable exceptions to this generalization. The first is where the wind 
modes are roughly orthogonal, which in some situations produce dunes 
with two orientations (Figs. 1.3, 1.9, 1.39, 1.45, 2.33; Fig. 5a and b). The 
second situation is where three radially symmetrical winds produce 
dunes with three orientations (Fig. 6a) or where three winds have 
imperfect symmetry and produce dunes with two orientations 
(Figs. 2.10, 2.20, 2.56; Fig. 6b and c). In other words, the number of crest 
orientations in a dune field is not a reliable indicator of the number of 
wind directions that formed the dunes, and the observed crests need not 
have been formed by winds perpendicular to them. 

Tri-directional wind regimes over a starved bed form a wider range 
of dune morphologies than on a sand-covered bed. Increasing the 
divergence angle between the two strongest winds (moving from left to 
right across Figs. 3 and 4) produces a generalized sequence of: barchan 
dunes (the most unidirectional wind regime), squat barchans or domes, 
dunes with two or three crest orientations, to slug-shaped or boomerang- 
shaped dunes (reversing winds). 
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Table 1 
Examples of Mars dunes with morphologies resembling simulated dunes.  

Figure HiRISE image Corresponding simulations Other HiRISE images with similar dune morphologies 

9a https://hirise-pds.lpl.arizona.edu/PDS/EXTRAS/RDR/ESP/ 
ORB_076200_076299/ESP_076221_1380/ 
ESP_076221_1380_RED.browse.jpg 

Fig. 7a; symmetrical morphologies 
in left column of Fig. 3  

9b https://www.msss.com/mars_images/moc/2005/01/06/ Fig. 7b and c; asymmetrical 
morphologies in left column of  
Figs. 3 and 4 

https://www.msss.com/mars_images/moc/2004/07/20/ 
https://hirise-pds.lpl.arizona.edu/PDS/EXTRAS/RDR/ESP/ 
ORB_026800_026899/ESP_026839_2550/ 
ESP_026839_2550_RED.browse.jpg 

9c https://www.uahirise.org/ESP_034441_2565 Fig. 7d – f; 
second column from left in Figs. 3 
and 4 

https://www.uahirise.org/ESP_024881_2560 
https://www.msss.com/mars_images/moc/2004/07/27/ 
https://www.msss.com/mars_images/moc/2004/05/31/ 
https://www.msss.com/mars_images/moc/2004/01/10 
https://www.msss.com/mars_images/moc/2003/09/26/  

9d https://www.msss.com/mars_images/moc/2003/07/25/ Figs. 4.50 and 7h  
9e https://www.msss.com/mars_images/moc/2003/08/16/ Figs. 4.50 and 7h  
9f https://www.uahirise.org/ESP_024265_2535 Fig. 7i and 4.10 (after additional 

iterations 
https://www.msss.com/mars_images/moc/2004/10/22/ 
https://www.uahirise.org/ESP_024505_2555 

10a https://www.uahirise.org/ESP_044675_2580 Figs. 4.15–4.17, 4.57, 4.63, 5j and k  
10b https://www.msss.com/mars_images/moc/2004/11/09/ Figs. 4.15–4.17, 4.57, 4.63, 5j and k  
10c https://www.uahirise.org/ESP_062151_2540 Fig. 5j – l [lower case L]  
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