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Abstract Early‐stage bedforms develop into mature dunes through complex interactions between wind,
sand transport, and surface topography. Depending on varying environmental and wind conditions, the
mechanisms driving dune formation and, ultimately, the shape of nascent dunes may differ markedly. In
cases where sand availability is plentiful, the emergence and growth of dunes can be studied with a linear
stability analysis of coupled transport and hydrodynamic equations. Until now, this analysis has only been
applied using field evidence in unidirectional winds. However, in many areas of the world and on other
planets, wind regimes are more often bimodal or multimodal. Here, we investigate field evidence of
protodune formation under a bimodal wind regime by applying linear stability analysis to a developing
protodune field. Employing recent development of the linear stability theory and experimental research,
combined with in situ wind, sediment transport, and topographic measurements during a monthlong field
campaign at Great Sand Dunes National Park, Colorado, USA, we predict the spatial characteristics
(orientation and wavelength) and temporal evolution (growth rate and migration velocity) of a protodune
field. We find that the theoretical predictions compare well with measured dunefield attributes as
characterized by high‐resolution Digital Elevation Models measured using repeat terrestrial laser scanning.
Our findings suggest that linear stability analysis is a quantitative predictor of protodune development on
sandy surfaces with a bimodal wind regime. This result is significant as it offers critical validation of the
linear stability analysis for explaining the initiation and development of dunes toward maturity in a complex
natural environment.

1. Introduction

The variability in sand dune patterns is, in part, due to complex interactions between fluid flow, bed mor-
phology, and sediment transport. The coupling between flow and sediment transport controls dune mor-
phology, and concurrently, there is a strong modification of airflow dynamics driven by dune topography
(Walker & Nickling, 2002; Wiggs et al., 1996; Wiggs & Weaver, 2012). Although these interactions are well
studied on mature dunes, we lack field observations of early‐stage (proto)dunes because the small scale of
relevant morphological features and associated flow processes are extremely difficult to measure (Kocurek
et al., 2010).

The early stages of dune development involve localized sand deposition, which, under conditions of positive
flow‐transport‐form feedback, leads to dune emergence. To understand the mechanisms of initial dune
nucleation and subsequent growth, it is therefore necessary to quantify the relationships between flow, sedi-
ment transport, and morphology close to the surface. Although requisite process measurements are challen-
ging on small bedforms, the quantification of these fundamental relationships on protodunes is crucial
because of the importance this bedform type has as a precursor to fully developed dunes (Baddock et al., 2018;
Claudin et al., 2013; Kocurek et al., 2010; Phillips et al., 2019).

At this small scale, a range of theoretical studies, laboratory experiments, and physically based models have
established quantitative predictions of fluid dynamic and sand transport controls on bedform development
for both subaqueous and aeolian environments (Andreotti et al., 2002, 2010; Durán et al., 2011;
Fourrière et al., 2010; Richards, 1980; Sauermann et al., 2001). In recent decades, continuous dune models
have been developed to describe the shape of barchan and transverse dunes in unidirectional wind
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regimes (Andreotti et al., 2002; Parteli et al., 2006), and cellular automaton models have been used to study
protodune (Nield, 2011) and dune dynamics (e.g., Eastwood et al., 2011; Narteau et al., 2009; Rozier &
Narteau, 2014; Worman et al., 2013; Zhang et al., 2010). In addition, the emergence of dunes on an erodible
sand bed has been investigated theoretically through linear stability analysis (Andreotti et al., 2002, 2012;
Claudin & Andreotti, 2006; Colombini, 2004; Devauchelle et al., 2010; Kennedy, 1963; Kouakou &
Lagrée, 2005; Richards, 1980). Linear stability analysis shows that small perturbations in surface morphol-
ogy are amplified by an instability process that results from the balance between a destabilizing hydrodyna-
mical mechanism and a countering stabilizing sediment transport mechanism. This leads eventually to
bedform emergence, as discussed by Fourrière et al. (2010), Durán et al. (2011), Ping et al. (2014),
Courrech du Pont et al. (2014), and Gadal et al. (2020). Independent fieldmeasurements of the flow and sedi-
ment transport over a small bed perturbation have previously quantified the two mechanisms controlling
the instability process (Andreotti et al., 2010; Claudin et al., 2013; Elbelrhiti et al., 2005). Only recently, how-
ever, Gadal et al. (2020) have shown the validity of the linear stability analysis to predict the emergence and
growth of incipient dunes in natural aeolian environments characterized by unidirectional wind regimes.

Despite the often high variability of the transport‐competent winds in the natural environment, only a few
studies have focused attention on dune dynamics in multidirectional wind regimes (Gao et al., 2015; Rubin
&Hunter, 1987; Rubin & Ikeda, 1990). Thesemodels show that under such environmental conditions, dunes
tend to align to maximize the gross sand transport occurring normal to the crest (Rubin & Hunter, 1987). In
the case of a bimodal wind regime, water tank experiments demonstrated that the crucial parameter control-
ling the dune orientation is the divergent angle (i.e., the angle between the two winds, Courrech du Pont
et al., 2014; Parteli et al., 2009; Reffet et al., 2010). Parteli et al. (2009) and Reffet et al. (2010) observed that
transverse dunes formed with divergent angles smaller than 90°, whereas longitudinal dunes were observed
when the divergent angle is greater than 90°. While the dependence of dune orientation and pattern on wind
regime has been validated only rarely in natural aeolian environments (e.g., Courrech du Pont et al., 2014;
Gao et al., 2018; Ping et al., 2014), the linear stability analysis has recently been extended theoretically to
multidirectional winds (Gadal et al., 2019)

In this paper, we undertake the first investigation of the emergence of protodunes in a natural aeolian sandy
environment through linear stability analysis in a bimodal wind regime. Our field site was located in the
Great Sand Dunes National Park (Colorado, USA) and consisted of a flat sandy surface that facilitated the
emergence of protodunes. During a 1‐month field campaign, we measured the wind and sediment transport
characteristics at the site and monitored the evolution of the growing bedforms through repeat terrestrial
laser scanning (TLS). Using an adaptation of the linear stability analysis incorporating wind bimodality,
we examined the measured wind and sand transport data to recover predicted information for dune orienta-
tion (α), wavelength (λ), growth rate (σ), and migration velocity (c). We compared these predicted data to
those measured with the TLS to evaluate the explanatory power of linear stability analysis for the initiation
of dunes in a bimodal wind regime.

2. Methods
2.1. Field Description

The Great Sand Dunes National Park is located in the San Luis Valley, in south‐central Colorado (USA). The
prevailing southwesterly and westerly winds in the San Luis Valley transport sand toward the foot of the
Sangre de Cristo mountains creating a complex dunefield system of transverse and barchanoid dunes
(Madole et al., 2008). The dunefield is bounded by two ephemeral channels: Medano Creek in the southeast
and Sand Creek in the northwest (Figure 1a). Each year in late spring and early summer snowmelt feeds the
two creeks such that there is a fluvial redistribution of sediment, resetting the creek beds to a flat surface
(Valdez, 1996). This phenomenon helps establish these creek sites as a novel setting to investigate drivers
of dune initiation and development because winds act on these wide, flat, sandy surfaces resulting in the
annual development of protodunes on the beds of the channels. The characteristics of these creek sites make
them suitable for landscape‐scale experiments that are particularly well suited for validation and quantifica-
tion purposes (Ping et al., 2014; Wilcock et al., 2008).

Our experimental field site was established at Sand Creek (Figure 1a). This is the more active of the two
bounding channels, and so the resetting (flattening) of its bed by spring floodwater tends to be more exten-
sive (Valdez, 1996).
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2.2. Measuring Wind and Sediment Transport Characteristics

Data were collected at the Sand Creek field site from 23 March to 16 April 2019 (24 days). For the duration of
the experiment a temporary weather station was erected adjacent to the TLS measurement site (Figure 1c).
Here wind speed and direction were measured at a height of 3.17 m using a Gill 2‐D sonic anemometer with
colocated measurements of saltation activity derived from a Sensit mass transport monitor (Gillette &
Stockton, 1986; Stockton & Gillette, 1990). The anemometer and Sensit were connected to a Campbell
CR800 Series data logger with data recorded at a frequency of 0.1 Hz. For each time step (10 s), we extracted

mean wind speed ui and wind direction xi
!. Using the wind velocity and Sensit records, we defined the

threshold wind velocity for sand transport, uth, by computing the maximum saltation counts occurring in
each 0.01‐m s−1 bin of velocity data (Figure 2c). Employing the law‐of‐the‐wall and assuming a logarithmic
velocity increase with height above the surface, we also calculated the shear velocity, u∗ (analogous to basal
shear stress):

Figure 1. Field characteristics. (a) Satellite image of the Great Sand Dunes National Park dunefield. The blue rectangle
indicates the field site in Sand Creek (Source: Esri). (b) TLS‐derived Digital Elevation Model of the Sand Creek study
site. The white polygon shows the area used for the morphometric analysis of protodunes. (c) Photograph of the Sand
Creek study site, looking toward the north from the western edge of the creek. Protodunes (the lighter gray strips of finer
sand, 0.2 m high) can be seen extending W‐E across the bed of the ephemeral channel. The red cross in each figure
indicates the location of the TLS during survey measurements.
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u∗ ¼ uðzÞκ
ln

z
z0

� �; (1)

where u is the wind velocity at height z, κ = 0.4 (the von‐Kármán constant), and z0 is the aerodynamic
roughness length, due to the transport layer, generally of the order of a millimeter (Claudin et al., 2013;
Durán et al., 2011; Gadal et al., 2019).

Wind tunnel experiments have highlighted empirical relations between sand flux and shear velocity, u∗
(Bagnold, 1937; Durán et al., 2011; Iversen & Rasmussen, 1999; Ungar & Haff, 1987). For low to moderate
wind speeds, when the shear velocity u∗ is higher than a threshold shear velocity u∗th, the sediment flux,

Figure 2. (a) Raw velocity data measured at z ¼ 3:17 m averaged over 10 s. The vertical grey lines represent the date of the TLS scans. The dashed red line is the
threshold wind speed uth. (b) Wind rose calculated from the wind speed and direction data measured by the 2‐D sonic anemometer showing a bimodal wind
regime with characteristic winds from 217 ± 15° and 299 ± 10°. (c) Relationship between sand transport (grain impacts recorded by the Sensit) and wind
speed. The shaded area represents all data, the dots represent the maximum number of impacts for each 0.01 m s−1 bin of wind speed, and the dashed
orange line is the fit with a quadratic law. (d) Sand flux rose, with sediment flux calculated by the transport law (Equation 2). The black arrow indicates the
Resultant Drift Direction.
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Qs, evolves quadratically on a sandy erodible surface (Andreotti, 2004; Creyssels et al., 2009; Ho et al., 2011;
Pähtz & Durán, 2020; Ralaiarisoa et al., 2020; Rasmussen et al., 1996; Ungar & Haff, 1987),

Qs ¼ 25
ρ
ρs

ffiffiffi
d
g

s
u2∗ − u2∗th
� �

; (2)

where d is the average grain diameter, ρ and ρs are, respectively, the air and sediment density, and g is the
gravitational acceleration. To determine d and ρs, we collected surface samples of dune and interdune
sand. The grain diameter was established using a laser granulometer (Malvern Mastersizer 3000 laser)
and the density of the sand using a pycnometer.

To characterize the wind regime, we calculated the resultant drift potential (RDP), drift potential (DP), and
the resultant drift direction (RDD), defined as the direction of the resultant sand flux (Bullard et al., 1996;
Fryberger & Dean, 1979).

DP ¼ ∑N
i¼2‖ Qi

�!‖δti
∑N

i¼2δti
; (3)

RDP ¼ ‖∑N
i¼2 Qi

�!
δti‖

∑N
i¼2δti

; (4)

where N is the angular sector (i.e., the wind direction for each 1° bin ) and Qi is the associated individual
flux vector. The ratio of RDP/DP is a nondimensional number used to characterize the directional varia-
bility of the wind, where values closer to unity represent a more unidirectional wind regime.

2.3. Protodune Morphology
2.3.1. Measuring Dynamic Topography
Throughout the period of the experiment high‐resolution scans of the surface topography, repeated every
3–7 days, were undertaken using a Leica P50 Scanstation TLS on a tripod at a height of 1.5 m and with a reso-
lution setting of 0.0016 m at 10 m for an instrument sensitivity of 1,000 m. Five scans were performed,
respectively, on 27 and 30 March and 5, 12, and 16 April 2019. The placement of the TLS (see Figure 1)
enabled measurement scans to span the entire width of the channel encompassing multiple bedforms along
the channel long axis. The instrument placement also minimized both surface occlusion and the distance to
the bedforms of interest (maximum distance of 200m from the TLS). No human or animal disturbance of the
surface was apparent during themeasurement period. In order to measure the gradient of the channel bed in
the absence of protodunes, a further TLS scan of the surface was carried out in November 2019 using a Leica
C10 Scanstation TLS with a resolution setting of 0.001 m vertical and 0.005 m horizontal at 10 m. The surface
measured in November 2019 had been reset by fluvial activity in the preceding summer which was extensive
enough to inundate the full channel. In order to follow the temporal evolution of the developing protodunes,
scans were aligned using five fixed targets established outside of the measurement area. This allowed us to
achieve a mean absolute error of registered scans of 0.005 m across the entire March to November measure-
ment period. A handheld GPS was used to orientate the registered surfaces to true north using the TLS loca-
tion and a fixed target.
2.3.2. TLS Postprocessing and Surface Detrending
Analysis of the TLS data involved extracting a rectangular section of measured points (approximately 340 m
long and 55 m wide) along the centerline of the channel to facilitate the determination of protodune mor-
phology and migration rates and also to eliminate the effect of the channel banks on the area under inves-
tigation (Figure 1b). Each extracted rectangle contained approximately 3.2 million measured data points.
Point data were filtered to separate surface and active saltation points following the methods of Nield and
Wiggs (2011) giving a mean surface point density of 775 points/m2. Surface points were gridded with a reso-
lution of 0.1 m and interpolated using Matlab Natural Neighbor following the methods of Nield et al. (2013).
Finally, surfaces were detrended for the underlying channel gradient (∼0.003) by removing the smoothed
topographic surface surveyed in November 2019 using a 15‐m by 15‐mmoving window, following the meth-
ods of Hugenholtz and Barchyn (2010), thus producing five detrended Digital Elevation Model (DEM) sur-
faces throughout the spring measurement period.
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2.3.3. Calculation of the Protodune Morphometrics and Migration Rates
The time series of DEMs resulting from the TLS surveys included six complete protodune forms. We ana-
lyzed the DEMs, to measure the morphological and dynamic characteristics of the protodunes for compar-
ison with those predicted by the linear stability analysis. The TLS‐derived DEMs were inspected using a
“peak‐by‐peak” analysis, to extract the spatial characteristics (wavelength and orientation) and temporal
evolution (migration celerity and growth rate) of the protodune field. The “peak‐by‐peak” analysis consisted
of extracting the peak positions (minimum and maximum) on seven transects perpendicular to the dune
crest, with a regular across‐channel spacing of 7 m between each transect. For each DEM, we used the posi-
tion of the maximum peak of each protodune to calculate the orientation of each bedform and the distance
between them. The displacement of the maximum peak between the first and last DEM allowed us to esti-
mate the migration rate for each protodune. Finally, we calculated the variation in amplitude of each proto-
dune using the same peak‐by‐peak method to determine growth rates (details are provided in the supporting
information).

2.4. Mechanisms of Dune Instability

The bed instability that results in dune formation is a consequence of the interaction between sand bed, flow,
and sediment transport (Andreotti et al., 2012; Devauchelle et al., 2010). Over a small topographic irregular-
ity on a sandy surface, the simultaneous hydrodynamical effects of inertia and dissipation cause a phase
advance of the surface shear stress (i.e., the maximum shear stress is shifted upwind of the crest, Claudin
& Andreotti, 2006; Claudin et al., 2013; Durán et al., 2011; Jackson & Hunt, 1975). This phase advance
can be mathematically characterized by two hydrodynamical parametersA, which is in‐phase with the topo-
graphy, andB, which is in‐phase quadrature with the topography. This hydrodynamical mechanism repre-
sents a destabilizing process. In addition, the relaxation of the sediment flux toward an equilibrium value
generates an additional spatial phase lag. This spatial lag is characterized by the saturation length, Lsat. In
practice, the saturation length scales as the distance needed for one grain to be accelerated to the velocity
of the wind (Claudin & Andreotti, 2006; Charru et al., 2013; Durán et al., 2011; Hersen et al., 2002; Pähtz
et al., 2013; Selmani et al., 2018). The prefactor of the scaling has been validated with wind tunnel experi-
ments (Andreotti et al., 2010),

Lsat ¼ 2:2
ρs
ρ
d: (5)

The effect of the saturation length is such that the maximum sediment flux is shifted downwind of the max-
imum shear stress, representing a stabilizing process. The hydrodynamical (destabilizing) effect and the
associated relaxation of the sediment flux (stabilizing effect) are the two main contributors to the phase shift
and instability between topography and sediment flux (Fourrière et al., 2010). The crest of a protodune is
therefore located in a deposition zone, a situation that induces its vertical growth (Kennedy, 1963;
Naqshband et al., 2017). The aim of the linear stability analysis is to determine the characteristics
(wavelength, λ and orientation, α) of the most unstable (growth) mode generated by the simultaneous effects
of the stabilizing and destabilizing mechanisms. This can be achieved by solving the fundamental dispersion
relations of growth rate, σ, and propagation velocity, c (Andreotti et al., 2012; Charru et al., 2013).

In the case of a bimodal wind regime such as that observed at Sand Creek (Figures 2b and 2d) the growth rate

(σΣ) and propagation velocity ( c!Σ) can be expressed as the sum of the contribution of each effective wind
(i.e., the wind above threshold that is associated with sand transport). Following Gadal et al. (2019), the
dimensional equations read,

σΣðα; kÞ ¼ 1
L2sat

∑ iti
Qiu

2
∗i

u2∗i − u2th∗
σðu∗i; αi; kÞ

∑ iti
; (6)

c!Σðα; kÞ ¼ 1
Lsat

∑ iti
Qiu

2
∗i

u2∗i − u2th∗
cðu∗i; αi; kÞ

∑ iti

0
BB@

1
CCA k

!

‖k!‖
; (7)
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where k
!¼ ðk cosα; k sinαÞ is the wave vector; αi is the angle between the perpendicular to each wind and

the dune orientation; ti, Qi, and u∗i are, respectively, the time wind blew, the sediment flux, and the shear
velocity associated with each wind, they act as weighting factors; and σ(u∗i, αi, k) and c (u∗i, αi, k) are the
growth rate and the velocity propagation calculated for each wind (detailed calculation of these variables
is described in the supporting information). The emerging wavelength and orientation are determined as
those which maximize the growth rate.

3. Results
3.1. Wind and Sediment Transport Characteristics

During the field campaign the wind speed, measured at a height of 3.70 m, varied between 0 and 20 m s−1

(Figure 2a), with direction varying mostly from between south and NW. The stronger, sand moving winds,
however, came from two dominant directions, SW and NW (Figure 2b). By fitting a quadratic relationship
between the wind speed and Sensit output (grain impacts), we determined the threshold wind velocity at
3.17‐m height for sediment transport, uth ¼ 7:86 ± 1:1 m s−1 (Figure 2c). Using the law of wall
(Equation 1) and assuming an aerodynamic roughness of 0.001 m (approximately 10% of the height of the
sand transport layer, Claudin et al., 2013; Durán et al., 2011; Gadal et al., 2019), we calculated the threshold
shear velocity u∗th ¼ 0:39 ± 0:05 m s−1.

Using measured values of sand grain diameter (0.45 ± 0.07 mm) and density (2,650 ± 54 kg m−3) in
Equation 2, we calculated sediment flux from each wind direction, as shown in Figure 2d. This figure shows
that sediment flux originated almost exclusively from two directions, (221 ± 15° and 303 ± 10°) correspond-
ing with the bimodality evident in the wind directional data. These flux determinations allowed the charac-
terization of the wind regime using DP and RDP (Equations 3 and 4). For our study, we found
RDP=DP ¼ 0:72with a RDD= 65°. The RDP/DP ratio indicates a moderate bidirectional wind and sediment
transport trend (Fryberger & Dean, 1979; Pearce & Walker, 2005; Tsoar, 2005).

3.2. Protodune Morphodynamics From Topographic Surveys

From the TLS‐derived DEMs we extracted six protodune profiles (Figure 3). The protodunes have very low
aspect ratios and do not exhibit an avalanche slope (Figure 3a). Futhermore, the detrended profile can be
approximated by a sine wave (Figure 3b). These two characteristics are necessary ingredients for the validity

Figure 3. (a) Example of the raw topographic profile of the six studied protodunes (27 March 2019). (b) Detrended
profiles of the six protodunes, the dashed line is a sinusoidal fit.
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of the linear stability analysis (Andreotti et al., 2012; Claudin et al., 2013; Devauchelle et al., 2010; Gadal
et al., 2019, 2020).

From the surface elevation data we calculated an average wavelength of 25.7 ± 0.5 m (Figures 4a and 4c, blue
line) and an average orientation of 131 ± 7° for the protodune bedforms (Figures 4a and 4d, blue line). The
protodune migration rate over the observation period was 0.096 ± 0.054 m day−1 (Figures 4b and 4e, blue
line). Finally, the increase in protodune amplitude gave a growth rate of, σ = 0.003 ± 0.005 day−1

(Figures 4b and 4f, blue line). Within the protodune field there were small variations in wavelength, orienta-
tion, growth, and migration rates that likely relate to the nuances of the surface sediment availability. No
spatial trends in wavelength, orientation, growth, and migration rate were observed perpendicular to the
channel direction (i.e., between the eastern and western transects), and the overall morphological character-
istics of the six bedforms were internally consistent and within the standard deviation of the measurements.

Figure 4. (a) DEMs of the field area on 27 March 2019 and 16 April 2019, protodunes are labeled from 1 to 6.
(b) Elevation difference map between 27 March 2019 and 16 April 2019. (c) Measured bedform wavelength estimated
from each DEM, blue line is the average wavelength, and shaded area is the standard deviation. (d) Crest orientation of
each measured protodune (1 to 6), on each DEM (blue symbol) and average crest orientation (orange dot). (e) Measured
migration rate of each protodune. (f ) Measured height increase (i.e., growth rate). Blue lines in c–f represent mean
calculated values.
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3.3. Linear Stability Analysis

Our measurements of wind direction, sediment characteristics, and
sand flux from the field were used to calculate the most unstable
mode of the linear stability analysis. We solved Equation 6 for values
of k∈ [0, 0.5] and α∈ [− 90°, + 90°], with Lsat ≈ 2 ± 0.2 m
(Equation 5) and values of A and B ranging from [3.2, 4] and
[1.6, 2.1], respectively (See supporting information). We obtained a
maximum growth rate of 0.004 ± 0.002 day−1, reached for a wave
number kmax ¼ 0:23 ± 0:07m−1 and an orientation angleαmax ¼ −19
± 4 ° (Figure 5). This corresponds to a wavelength
λ ¼ 2π=k ¼ 27 ± 10 m and an orientation of the dune pattern of
136 ± 4° (anticlockwise, with 0° as north). Additionally, computation
of the migration velocity of the most unstable mode using Equation 7
and the values of kmax and αmax previously determined produces a
maximum migration c ¼ 0:12 ± 0:03 m day−1.

4. Discussion

Our computed statistics resulting from the linear stability analysis of spatial (wavelength and orientation)
and temporal (growth rate and migration velocity) characteristics measured in the field can be compared
to previous studies that have characterized dune orientation as a function of sand availability and bimodal
wind regime (Courrech du Pont et al., 2014; Gao et al., 2015; Ping et al., 2014; Rubin & Hunter, 1987; Rubin
& Ikeda, 1990; Werner & Kocurek, 1999). In these studies three parameters are relevant: sand availability,
the divergent angle between the two formative winds (θ), and the transport ratio (N, the ratio between the
sand fluxes that are associated with the two different wind directions) defined as

N ¼ Q1t1
Q2t2

; (8)

where Q1 and Q2 are the sediment fluxes from each direction and t1 and t2 are the duration of each wind.
In the case of infinite sand availability, models such as Rubin and Hunter (1987) predict that for a diver-
gence angle smaller than 90° (as we measured in Sand Creek), the dune crests are more likely to be per-
pendicular to the resultant sand flux (transverse dunes). In contrast, where the divergent angle is larger
than 90° (as observed in the Tengger Desert by Ping et al., 2014), the Rubin and Hunter (1987) model sug-
gests that either longitudinal or oblique dunes form. Where the transport ratio (N) is 1, dune crests should
align with the resultant sand flux (longitudinal dune), while in the case of a transport ratio higher than 1,
the Rubin and Hunter (1987) model suggests that oblique dunes will form. Subsequent models such as
those of Werner and Kocurek (1999) and Courrech du Pont et al. (2014) show a smooth transition between
transverse and oblique bedforms, whereas a sharp transition occurs according to the model of Rubin and
Hunter (1987). The smoothness of this transition depends on the transport ratio, N, and the feedback of
dune topography on flow strength, computed as the flux‐up ratio, γ, which directly quantifies the increase
in sand flux (Courrech du Pont et al., 2014; Gao et al., 2015). In the linear regime, dunes do not exhibit an
avalanche slope, and the majority of the sediment passing the crest escapes the dune, consequently the
flux‐up ratio ratio tends toward infinity. The influence of the flux‐up ratio is stronger for a divergent angle,
θ≈ 90°.

In the case of the Sand Creek field site, the mean orientation of the two winds of α1 ≈ 221± 15° and α2 ≈ 303
± 10° creates a divergent angle of θ ≈ 82°, and we calculated the transport ratio N ¼ 2:1. Additionally, the
protodunes show a smooth profile (without an avalanche slope) so that the equivalent flux‐up ratio, γ, can
be considered as infinity (Courrech du Pont et al., 2014; Gadal et al., 2019; Gao et al., 2015). Using the wind
values as an input for the model of Courrech du Pont et al. (2014), we find a dune orientation of 138°, which
corresponds to an angle between the resultant flux and the dune pattern of 73°. According to the numerical
simulation of Gao et al. (2015), an infinite flux‐up ratio and a transport ratio higher than 1 smooth the tran-
sition from transverse to oblique, consequently the angle between the dune orientation and the resultant
sand transport direction moves from 90° to an acute angle (> 70°). Using the linear stability analysis at

Figure 5. Growth rate σΣ as a function of the wavenumber k and the orientation
α of the bed perturbation calculated using Equation 6 for A ¼ 3:4 and B ¼ 2.
The black dot represents the maximum growth rate.
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the Sand Creek field site, we calculated an angle between the protodune orientation and the resultant sand
transport direction of 71°, a value within the range of that predicted by the Gao et al. (2015) model [70°, 90°].
This result complements the work of Ping et al. (2014) as for the first time we observe the formation of
oblique dunes under an acute bimodal wind regime.

To determine the significance and impact of the wind regime bimodality on the pattern of protodune devel-
opment, we used the linear stability analysis to calculate the morphological and dynamic characteristics of
the protodune with the assumption of only a single effective wind direction from the SW. In this unidirec-
tional case the wavelength of the protodunes was calculated to be of the order of 23 m with an orientation
of 131°, celerity 0.22 m day−1, and a growth rate of 0.01 day−1. For ease of comparison Table 1 presents a
summary of the measured spatial and temporal characteristics of the protodune field and those predicted
by the linear stability analysis under both bidirectional and unidirectional wind regimes.

This comparison highlights the importance of the secondary wind in the formation of the Sand Creek pro-
todune field. As predicted by the analysis of Gadal et al. (2019), the presence of the NW secondary wind gen-
erated a deviation of the flow; consequently, a transverse component of the sediment transport appears. The
transverse component of the sediment transport has a stabilizing effect which produced an increase in the
wavelength and reduced both the protodune migration and growth rates in comparison with a dominant
unimodal wind (Gadal et al., 2019).

5. Conclusion

Despite recent theoretical and experimental advances in our understanding of protodune initiation, field
investigations and tests remain rare and challenging. The experiment presented here is the first
field‐based study testing the veracity of an extended linear stability analysis for dune initiation in a bimodal
wind regime (Gadal et al., 2019).

Using measured wind and sand transport data as an input to the linear stability analysis, we found a strong
quantitative agreement between the output of the bed instability model and measured field characteristics.
Our results validate previous theoretical studies that have highlighted the importance of secondary wind
flows on dune orientation (Courrech du Pont et al., 2014; Gao et al., 2015; Rubin & Hunter, 1987; Rubin
& Ikeda, 1990; Werner & Kocurek, 1999). Further, by simulating the evolution of the same dune field under
a unidirectional wind, we show that the presence of a secondary wind in a bimodal regime has the impact of
reducing dune growth and migration rates while increasing dune wavelength.

Aside from the quantitative agreement between the theoretical model and the field characteristics provided
by this study, our analysis offers confirmation of the validity of the linear stability analysis as a solution for
determining patterns of dune emergence and growth on sandy, erodible surfaces. The strong relationship
between wind regime and dune morphology substantiated in this study also offers confidence in analyses
of the reverse problem, where determination of the wind regime in a natural environment is required based
on evidence provided by dune morphology. Such a requirement is widespread in analyses of extraterrestrial
dune surfaces where wind data are absent (e.g., Durán Vinent et al., 2019; Fernandez‐Cascales et al., 2018;
Jia et al., 2017).

Table 1
Morphological and Dynamical Characteristics of the Protodune Field, Measured From the Surface DEMs and Calculated
With the Linear Stability Analysis Under a Bidirectional and Unidirectional Wind Regime

Wavelength λ
(m)

Dune orientation
(degrees)

Growth rate σ
(day−1)

Migration rate c
(m day−1)

Morphological
measurements from
TLS‐derived DEM

25.7 ± 0.5 131 ± 7 0.003 ± 0.005 0.096 ± 0.054

Predictions under
a bidirectional wind

27 ± 10 136 ± 4 0.004 ± 0.002 0.12 ± 0.03

Predictions under a
unidirectional SW wind

23 ± 8 Perpendicular to the wind
direction (131 ± 3)

0.01 ± 0.003 0.22 ± 0.06
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While our analysis provides the first field validation of the linear stability analysis in bimodal wind regimes,
an important step in furthering our understanding of dune initiation processes, it suffers from some restric-
tions due to the lack of field testing of key model parameters. In our study, the parametersA andB required
adjustment to obtain agreement between the outputs of the linear stability model and themeasuredmorpho-
logical characteristics. Our understanding of these parameters needs to be quantitatively strengthened with
further field and experimental data focusing on measurements of the spatial shift between the maximum
shear velocity and the crest. Currently, the only data available for the determination of A and B are from
the field measurements of Claudin et al. (2013). Further, the calculation of the saturation length Lsat requires
additional field quantification with measurements of the spatial shift between maximum shear velocity and
resulting maximum sand flux. With the addition of such field and experimental data to refinements of the
linear stability analysis, we are confident that our understanding of dune initiation processes in complex
and natural wind regimes can be significantly advanced.

Data Availability Statement

The data used in this manuscript can be found in the NERC National Geological Data Center (https://doi.
org/10.5285/46af71db-1caa-4c88-bd6a-c9724dd90df8). Supplementary figures and text can be found in the
supporting information.
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