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Topographic perturbation of turbulent boundary layers by low­angle,1

early­stage aeolian dunes2

Abstract3

Decimeter­scale early­stage aeolian bedforms represent topographic features that differ no­4

tably from their mature dune counterparts, with nascent forms exhibiting more gently slop­5

ing lee sides and a reverse asymmetry in their flow­parallel bed profile compared to mature6

dunes. Flow associated with the development of these “protodunes”, wherein the crest grad­7

ually shifts downstream towards its mature state, was investigated by studying the pertur­8

bation of the turbulent boundary layer over a succession of representative bedforms. Rigid,9

three­dimensional models were studied in a refractive­index­matched experimental flume that10

enabled near­surface quantification of mean velocities and Reynolds stresses using particle­11

image velocimetry in wall­normal and wall­parallel measurement planes.12

Data indicate strong, topographically­induced, flow perturbations over the protodunes, to a13

similar relative degree as that found over mature dunes, despite their low­angled slopes. The14

shape of the crest is found to be an important factor in the development of flow perturbations,15

and only in the case with the flattest crest was maximal speed­up of flow, and reduction in16

turbulent stresses, found to occur upstream of the crest. Investigation of the log­linearity of17

the boundary layer profile over the stoss sides showed that, although the profile is strongly18

perturbed, a log­linear region exists, but is shifted vertically. A streamwise trend in friction19

velocity is thus present, showing a behavior similar to the trends in mean velocity. Analysis20

of the growth of the internal boundary layer on the dune stoss sides, beginning at the toe21

region, reveals a similar development for all dune shapes, despite clear differences in mean22

velocity and turbulent stress perturbations in their toe regions. The data presented herein23

provide the first documentation of flow over morphologies broadly characteristic of subtle,24
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low­angle, aeolian protodunes, and indicate key areas where further study is required to yield25

a more complete quantitative understanding of flow–form–transport couplings that govern26

their morphodynamics.27
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1. Introduction31

Much progress in understanding the controls on aeolian sand dune dynamics has been achieved32

in recent decades from investigations of aeolian processes operating over mature dune forms33

(Frank and Kocurek, 1996; Lancaster, 1996; Wiggs et al., 1996; Livingstone et al., 2007).34

These studies have focused on quantifying the relationships that exist between dune form,35

airflow perturbations, sand flux, and the subsequent impact of erosion and deposition on dune36

dynamics. Measurements of flow perturbation over aeolian and subaqueous dunes in both37

experiments and field environments have revealed the influence of topographic steering by38

dune morphology on both mean and turbulent flow (Mckenna Neuman et al., 1997; Neuman39

et al., 2000; Walker and Nickling, 2002; Maddux et al., 2003b; Maddux et al., 2003a; Baddock40

et al., 2011; Wiggs and Weaver, 2012; Bristow et al., 2018; Bristow et al., 2020; Bristow et al.,41

2021), and have promoted an understanding of how these forced flow patterns may influence42

dune migration and growth by driving patterns of sand flux (Bennett and Best, 1995; Best,43

2005; Weaver and Wiggs, 2011; Claudin et al., 2013). Studies on the dynamics of mature ae­44

olian dunes have encouraged interest in the development of early­stage dunes, with research45

examining the controls on the growth of nascent aeolian protodunes into mature dune forms46

(Nield et al., 2011; Nield, 2011; Elbelrhiti, 2012; Baddock et al., 2018; Delorme et al., 2020;47

Gadal et al., 2020; Qian et al., 2021).48
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Early­stage aeolian protodunes are poorly understood bedforms (Kocurek et al., 2010) of the49

order∼0.04–0.40m in height (Fig. 1). They have been documented on themargins (Fryberger50

et al., 1979; Phillips et al., 2019) and interior (Lancaster, 1982) of active dune fields, down­51

wind of linear dunes (Lancaster, 1996), as well as in coastal regions (Cooper, 1958; Kocurek52

et al., 1992; Jackson et al., 2006; Nield et al., 2011; Baddock et al., 2018). Principally defined53

by the lack of a slipface (avalanche slope) on their lee­side, protodunes also exhibit wide54

variability in their longitudinal cross­sectional profile. In contrast to mature dune forms, proto­55

dunes can possess a reverse­asymmetry, with a steep windward (stoss) slope and gentle lee56

slope (Hesp and Arens, 1997; Nield et al., 2011; Baddock et al., 2018). Kocurek et al. (1992)57

provided a qualitative classification of the dynamics exhibited by early­stage aeolian features58

as they developed from irregular sand patches, to protodunes, to fully developed dune forms59

on Padre Island, Texas, USA. They noted that this protodune evolution was characterized by60

a successive downwind migration of the bedform crest (from an upwind to downwind posi­61

tion), a lowering of the stoss slope angle, a steepening of the lee­slope angle, and a vertical62

growth in height. This qualitative outline of protodune evolution has been supported by field63

data (Elbelrhiti, 2012; Baddock et al., 2018; Hage et al., 2018; Phillips et al., 2019).64

In order to advance our knowledge of early­stage aeolian bedform dynamics from a quali­65

tative to a quantitative understanding, measurements of the feedbacks between controlling66

processes on protodune development are required. However, in comparison to investigations67

on mature dune forms, such process­based studies are particularly challenging in the case of68

early­stage aeolian bedforms due to their small size. Instrumentation used to measure airflow69

over dune forms (e.g., cup or sonic anemometers) are of the same order of size as the proto­70

dune height. Thus, the disruption to flow caused by the instrumentation effectively obscures71

the topographically forced flow perturbations that are of interest. Protodune morphologies72

also evolve relatively quickly, on the order of hours in the earliest stages of development,73

requiring rapid topographic measurements with sufficient detail to resolve the small changes74

in form.75
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Figure 1: Protodunes in the field from (a) Skeleton Coast National Park, Namibia (foreground
bedform), (b) Great Sand Dunes National Park, USA, and (c) Brancaster, UK. Plotted in (d) are
the centreline transects from representative protodunes measured by terrestrial laser scan­
ning at Great Sand Dunes (Example A), Brancaster (Example B) and Skeleton Coast (Exam­
ples C and D), with x and z scaled by dune length and height respectively. Actual lengths and
heights ranged from 2 to 16.5 m and 0.02 to 0.36 m respectively. Flow is left to right in (d).

4



These difficulties have resulted in process measurements over early­stage dune forms being76

generally restricted to cases of larger protodunes (c. 0.4m high). For example, Claudin et al.77

(2013) measured airflow over a 2­m high, low­angle dune in Morocco using traditional cup78

anemometers. Qian et al. (2021) reported morphological measurements using a kinematic79

GPS system for a dome dune in its transition first to a “protobarchan” and then a mature80

barchan dune, all of which were on the order of one meter in height. These measurements81

were supplemented by wind tunnel measurements of flow over downscaled models, but the82

study lacked measurements of sediment transport. In a novel field experiment, Baddock et83

al. (2018) investigated the morphological development of much smaller (0.06m high) early­84

stage bedforms using repeat terrestrial laser scanning (TLS) but, although they obtained par­85

ticle count­based sand flux measurements, they were unable to measure airflow data to fully86

examine the form–flow–flux feedback dynamic.87

Therefore, while quantitative data on sand flux patterns and morphological dynamics of early­88

stage aeolian bedforms are beginning to emerge, a significant research gap persists in quan­89

tifying the perturbation of airflow caused by the intrusion of such small­scale morphologies90

into the near­surface atmospheric boundary layer. The aim of the work presented herein91

is to quantify this flow–form coupling in key protodune development stages by leveraging a92

refractive­index­matching approach in a laboratory flume environment. This methodology has93

been demonstrated in recent work to provide high resolution near­surface flowmeasurements94

over complex 3D geometries (Bristow et al., 2018; Bristow et al., 2019; Bristow et al., 2020;95

Blois et al., 2020; Kim et al., 2020; Bristow et al., 2021) by mitigating the obscuring effects of96

laser reflections during measurements and providing unimpeded optical access for nonintru­97

sive flow quantification with particle image velocimetry (PIV). It is important to note, however,98

that no sediment transport occurs in this flume environment, and instead the focus is on the99

flow–form interaction alone utilizing fixed­bed models. Using this approach, we aim to quan­100

tify the topographically­induced perturbations in mean and turbulent flow statistics considered101

relevant for driving sand flux on early­stage aeolian dune surfaces, and examine whether the102
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resulting flow field is consistent with the occurrence of dynamic feedback processes operating103

between dune form, flow, and sand flux that might govern early­stage dune development and104

growth.105

2. Methods106

2.1 Protodune models107

In nature, early­stage protodunes exhibit a wide range of shapes and sizes, and therefore108

choosing representative protodune morphologies presents a challenge. Rather than repro­109

ducing exact replicas of specific protodunes measured in the field, for generality of the conclu­110

sions a series of idealized, broadly representative protodunes were developed that captured111

the key morphological characteristics of most protodunes, while avoiding additional case­112

specific complexity.113

To achieve these aims, protodunemodels were developed based on a natural protodunemea­114

sured at Brancaster beach, north Norfolk, UK by Baddock et al. (2018) that was 0.053m high115

by 2.02m long and 2.22m wide. The “idealization” of this protodune involved first smooth­116

ing its morphology with a 0.31m moving window, which removed superimposed ripples (see117

discussion of these effects in § 4.2), and then making the morphology spanwise­symmetric118

about its centerline.119

One of the key characteristics of protodune development, as documented by Kocurek et al.120

(1992), is the gradual adjustment of the crest from an initial upwind position (i.e., with a reverse121

asymmetry compared to a mature dune) toward a final downwind position (i.e., with regular122

asymmetry) as it grows. To capture this morphological transition, the crest of the idealized123

protodune was shifted to four different positions, hereafter referred to as CrestUp, CrestMidA,124

CrestMidB, and CrestDown (Fig. 2). CrestMidA represented an intermediary stage commonly125

observed in the field wherein the crest of the protodune becomes relatively flat as it transitions126
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from the initial upwind position. The aspect ratios of the stoss sides, H/Lstoss (where H is127

the dune height and Lstoss is the streamwise length of the stoss side), ranged from 1/8 to128

1/24, giving relatively low­angled (3–9◦) stoss slopes. The dimensions of each model were129

scaled down such that the height measured approximately 5mm while retaining the same130

low aspect ratio of the field protodune, H/L ≈ 1/40, where L is the full dune streamwise131

length. The motivation for keeping the heights of the models constant was to maintain the132

same aspect ratio as well as to allow full immersion of the model within the overlying boundary133

layer, as dunes in the atmospheric surface layer are generally immersed in the logarithimic134

region (Supporting Information, § 1).135

An additional “Mature” dune morphology case was also included in the experiments for com­136

parison with the protodune datasets. This model had nearly the same morphology as used137

by Palmer et al. (2012), except that the smoothing filter applied to the protodune models was138

also utilized on this model. Its centerline transect is shown alongside the protodunes in Fig. 2.139

All of the physical dune models were fabricated using a combination of 3D printing and cast­140

ing. The digital elevation model was first 3D printed using an Objet30 Prime, after which141

the surface was lightly sanded and polished to remove the “stair­stepping” resulting from the142

16 μm deposition layer resolution of the printer. This model was used as the pattern for a cast143

silicone rubber mold, within which a transparent urethane model was cast. Further details on144

this approach can be found in Blois et al. (2020).145

2.2 Flow facility146

Experiments were conducted at the University of Notre Dame in the Large­scale Refractive­147

Index­Matching (LS­RIM) facility where PIV was used to quantify the flow. The LS­RIM is148

uniquely designed to handle an aqueous solution of sodium iodide (≈ 63% by weight) as its149

working fluid. Refractive­index­matched conditions in the test section are achieved when the150

refractive indices of the working fluid and any solid model under testing are the same, thus151
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Figure 2: Morphologies of all dunes studied herein along the centerline plane (i.e., y = 0),
with z scaled by the respective dune height, H, in each case. In (a), the abscissa is scaled by
H, while in (b) the abscissa is scaled by Lcent, the streamwise length of the topography along
the centerline transect shown. Flow is left to right in (a) and (b). Measurement planes over
model CrestMidA are depicted in (c), where the z­axis of the model has been stretched to
make the topography more visible.
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yielding an optical continuum between the two. The advantages of the RIM approach include152

the mitigation of surface reflections from laser illumination as well as optical distortions as light153

passes through solid–liquid interfaces. The sodium iodide solution has a high refractive index,154

closely matching that of the cast urethane models at room temperature, while maintaining a155

low kinematic viscosity (≈ 1.1 × 10−6m2s­1) and thus enabling high Reynolds numbers (Re)156

to be achieved for the turbulent boundary layers formed on the bottom wall. Further details157

concerning the facility, and the RIM technique, are described by Blois et al. (2020) and Bristow158

et al. (2018), Bristow et al. (2019), and Bristow et al. (2020) wherein the same facility was used159

for measurements over barchan dune models.160

The test section of the LS­RIMmeasures 2.5m long and 0.45m×0.45m in cross­section, and161

at its inlet features a 7mm tall hemicylinder boundary­layer trip attached to the bottomwall and162

spanning the entire flume width. At the measurement region, roughly 1.7m downstream of163

the inlet, the thickness of the turbulent boundary layer, δ, is 45.8mm at a free stream velocity,164

Ue, of 0.97ms­1, where δ is given by U(z = δ) = 0.99Ue. These flow conditions yield a friction165

velocity, u⋆ = 0.038ms­1, and a friction Reynolds number,Reτ = 1600. The protodunemodels166

were immersed within this bottom boundary layer, with the crest well within the logarithmic167

region at z/δ = 0.11. A more complete discussion of the dynamic similarity between the168

laboratory facility and the field environment is provided in the Supporting Information § 1.169

2.3 Particle image velocimetry170

Particle image velocimetry (PIV) measurements were made around the models in the x–171

z, x–y, and y–z planes , where x, y, and z refer to the streamwise, spanwise, and wall­172

normal/vertical coordinates, respectively (Fig. 2c). The streamwise–wall­normal plane was173

aligned with the centerline of the protodune, the streamwise–spanwise plane was located at174

the crest height, and the y–z plane, for which data were only collected around case CrestMidA,175

was located at a streamwise position midway along the crest at x/H = 12.6 (Fig. 2). Separate176
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Table 1: Flow variables discussed herein.

Measurement plane

x–z x–y y–z

Mean velocity U, U, V∗ U
Reynolds stress u2, w2, uw u2, uv u2, v2, w2, uw, uv,

vw
In Supporting Info. W∗ V∗, v2 U, V∗, W∗

acquisition systems were used for the flow­parallel (x–z, x–y) and cross­stream (y–z) planes,177

the details of which are provided in the Supporting Information § 2.178

3. Results179

In the following analysis, the mean velocities, turbulent stresses, and structure of the loga­180

rithmic region of the boundary layer are presented for the different bedform models. Table 1181

summarizes the data presented from each of the measurement planes, complemented by182

additional data provided in the Supporting Information.183

3.1 Perturbation of mean velocity184

The extent to which protodune morphologies modify the structure of the incoming turbulent

boundary layer can be investigated by calculating the disparity between the unperturbed in­

coming flow and flow measured over the protodune. For data in the x–z plane, this entailed

selecting a vertical profile from the upstream end of the FOV and subtracting this from the

profile above the bed obtained at each streamwise position. Similarly, in the x–y plane, a

spanwise profile from the upstream end of the FOV was subtracted, although no topographic

shift can be accounted for in this plane, and therefore all data are for the same absolute z­

position for Δ in the x–y plane. Thus the disparity of the mean streamwise velocity from the
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x–z plane is given by

Δ⟨U(x, y = 0, zs)⟩ = ⟨U(x, y = 0, zs)⟩ − ⟨U⟩ref

= ⟨U(x, y = 0, zs)⟩ − ⟨U(x = −∞, y = 0, zs)⟩,
(1)

where zs indicates a relative height above the surface. For the x–y plane this becomes

Δ⟨U(x, y, z = H)⟩ = ⟨U(x, y, z = H)⟩ − ⟨U⟩ref

= ⟨U(x, y, z = H)⟩ − ⟨U(x = −∞, y, z = H)⟩.
(2)

For quantities whose associated reference data were non­zero (e.g., ⟨U⟩, ⟨w2⟩), the disparities185

were normalized with the reference data (i.e., Δ⟨U⟩/⟨U⟩ref), thus yielding a fractional change.186

For quantities whose time­averaged reference data were near zero (e.g., ⟨V∗⟩, ⟨W∗⟩, ⟨uv⟩),187

data had to be normalized with another suitable velocity scale, such as Ue or u⋆. These are188

indicated for each figure.189

Contour maps of the disparity in mean streamwise velocity, Δ⟨U⟩, along the centerline (x–z190

plane at y = 0) are shown in Fig. 3. The effect of the topography on ⟨U⟩ can be seen in191

three regions around the protodune: toe, crest, and lee side. At the toe, the flow decelerates192

relative to the upstream, with the strength of this slow­down consistently decreasing as the193

crest shifts downstream (i.e., CrestUp to CrestDown). The flow then accelerates up the stoss194

side, with peak speed­up observed near the crest in all cases. Only in CrestMidA is the195

maximum acceleration observed prior to the crest, whereas in all other cases the maximum196

coincides with the crest. Slightly greater magnitude of acceleration is observed over CrestUp197

and CrestDown, while the speed­up is slightly less in the intermediary cases of CrestMidA198

and CrestMidB. This appears to be associated with the “flatness” of the crest for CrestUp,199

which has a very similar stoss side morphology compared with CrestMidA, with the primary200

difference being that the latter has a very flat crest, likely resulting in a weaker acceleration. In201
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Figure 3: Disparity maps of mean streamwise velocity along the x–z centerline (y = 0) plane.
Dotted profile overlaid upstream shows reference data used for normalization. Note that the
abscissa x is scaled by the streamwise length of the centerline transect topography, Lcent,
the primary ordinate z is scaled by the respective protodune height, H, and the secondary
ordinate shows the scaling of z/Lcent. Thus the topography, depicted by the solid black line in
each case, does not represent the true aspect ratio of the protodune, which is approximately
1/40 in all cases. The reference data used to calculate disparity are plotted as a profile on
top of the contour maps in the upstream region in order to provide a sense of the magnitudes
of the data, which can vary significantly with distance from the surface.

the case of CrestDown, it is less straightforward to draw this same conclusion, as there is no202

“flat­crested” case to compare to with a similar stoss slope. Regardless, it is noteworthy that203

despite significant differences in slow­down at the toe, which is much weaker for CrestDown204

than CrestUp, the acceleration at the crest is still relatively similar across all cases shown.205

Beyond the crest, a clear trend in flow deceleration emerges, according to the steepness of the206

lee side, with CrestDown being the greatest and CrestUp and CrestMidA being the smallest.207
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Furthermore, the proximity of the crest to the region of greatest flow deceleration changes208

as well, with the separation between these regions being the smallest for CrestDown. This209

trend could have implications for deposition and scour in the leeside during development of210

the dune form: as the region of leeside deceleration gradually shifts closer to the crest, it may211

further encourage deposition near to the crest and thus reinforce steepening of the leeside212

slope.213
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Figure 4: Disparity maps of ⟨U⟩ along the x–y plane aligned with the bedform crest (z/H = 1).
Overlaid dotted outlines show underlying topographies at 0.1H increments.

The three­dimensionality of the flow becomes evident in a top­down view of it provided by214

measurements in the x–y plane (Fig. 4). As mentioned above, the normalization for the x–215

y plane cannot account for the fact that the distance of the measurement plane from the216

local topography changes throughout the FOV. Therefore, these disparity maps reflect the217

difference between the velocities measured at the same absolute height above the wall, but218

different relative heights above the topography. To aid in this visualization, the contours of219

the topography are overlaid in each case as dotted lines. One trend in the x–y plane that220

matches well what was observed in the x–z plane is that CrestUp and CrestDown exhibit the221
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greatest speed­up of the flow above their crests. Thus in the x–y plane they are the only two222

cases where ⟨U⟩ above the crest (measured extremely close to the local topography, c. 1.0H)223

exceeds ⟨U⟩ref, despite the reference data having been measured a distance of H above the224

wall in the incoming flow.225

An additional feature that can be seen in all cases from the x–y plane is that the flow accel­226

erates around the sides of the protodunes. Thus the spanwise steering of the flow by the227

topography locally compresses the streamlines, increasing the momentum of the fluid. All of228

these changes measured in the x–y plane are, however, relatively small, on the order of 5%229

maximum, but this is mostly due to the fact that the measurements are largely farther from230

the surface throughout most of the field of view compared with the x–z plane measurements.231

The latter plane reveals flow very close to the surface along the entire transect, where pertur­232

bations are on the order of 25%. This agrees well with the mean flow perturbations reported233

by Weaver and Wiggs (2011) and (Baddock et al., 2011) for mature dunes in the field and234

Charru and Franklin (2012) for a subaqueous experimental barchan. This speed­up is sub­235

stantially lower, however, than both the measurements of Wiggs et al. (1996), wherein a more236

sharp­crested morphology was investigated and maximum speed­up of approximately 50%237

was measured in the field and over 60% in a wind tunnel.238

3.2 Perturbation of Reynolds stresses239

Perturbation of the turbulent boundary layer is even stronger in terms of higher­order turbu­240

lence statistics. Disparity maps of the Reynolds stresses in the x–z plane (Fig. 5–7) show241

data normalized by the relevant unperturbed flow data from far upstream as an overlain wall­242

normal profile.243

All three measured Reynolds stresses in the x–z plane display an increase in the vicinity of244

the toe, and decrease over the stoss side, followed by an increase in the lee side. Across245

the different protodune cases, there is a general trend of decreasing magnitude of disparity246
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Figure 5: Disparity maps of ⟨u2⟩ along x–z centerline (y = 0) plane. Black dotted profile
overlaid upstream shows reference data used for normalization. Blue and red dotted contour
lines are overlaid to show coincident disparity of ⟨U⟩, spaced at intervals of 0.067.

for a given Reynolds stress in the toe region as the crest of the protodune shifts downstream247

(i.e., comparing CrestUp through CrestDown). This was the same trend observed for ⟨U⟩ in248

terms of slow­down at the toe. In the lee side, the increase in all three Reynolds stresses is249

greatest for CrestDown.250

The agreement between these trends in Reynolds stresses and results from prior work are251

more mixed than that of the mean velocity trends. Weaver and Wiggs (2011), who used sonic252

anemometers to measure flow over mature dunes in the field, reported similar trends for ⟨uw⟩253

and ⟨w2⟩, but not for ⟨u2⟩ for which the perturbation is more subtle and difficult to discern from254

the field data. Baddock et al. (2011) performed similar measurements as Weaver and Wiggs255

15



CrestUp

 a)

Flow 

0

1

2

 z
/H

-0.5 0 0.5

w
2

/ w
2

ref

+ U / U
ref

- U / U
ref

CrestMidA

 b)

0

1

2

 z
/H

CrestMidB

 c)

0

1

2

 z
/H

w2
ref

CrestDown

 d)

-0.5 0 0.5 1

 x/L
cent

0

1

2

 z
/H

re
f 
=

 0

re
f 
=

 1
.5

u
2

0

0.05

 z
/L

c
e
n
t

0

0.05

 z
/L

c
e
n
t

0

0.05

 z
/L

c
e
n
t

0

0.05

 z
/L

c
e
n
t

Figure 6: As in Fig. 5, but for ⟨w2⟩.

(2011), but showed that ⟨u2⟩ only decreases over the stoss side, with no discernable increase256

at the toe. This is likely due to the fact that the toe region of their dunes had a very gentle257

slope, and thus the results resemble those of the CrestDown model herein. Changes to ⟨w2⟩258

and ⟨uw⟩ reported by Baddock et al. (2011) are somewhat noisy, but are in general agreement259

with those presented herein in terms of a mid­stoss transition where the underlying surface260

curvature changes from concave to convex. Charru and Franklin (2012), in their subaqueous261

dune experiments, showed good agreement with the trends in ⟨u2⟩, although their data lacks262

the toe region, and interestingly for ⟨w2⟩ showed no variation. Although not specifically dune263

forms, the gently sloping hill models used by Finnigan et al. (1990) andWebster et al. (1996) in264

wind tunnels exhibited Reynolds stress trends in close agreement with those reported herein,265
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Figure 7: As in Fig. 5, but for ⟨uw⟩.

despite having higher aspect ratios (H/Lstoss) than the present bedforms.266

Comparing the Reynolds stress components for a given protodune case herein, further dif­267

ferences are manifest in terms of the magnitude of the stress disparity and the phase shift268

relative to Δ⟨U⟩. Magnitudes of the perturbations to ⟨uw⟩ and ⟨w2⟩ are generally greater than269

that of ⟨u2⟩. In terms of the phase, by plotting the dotted contours of Δ⟨U⟩/⟨U⟩ref (and keeping270

the convention of red for positive disparity and blue for negative disparity) it can be seen that271

⟨u2⟩ is clearly in­phase (though with an inverse relationship) with the speed­up, while the other272

Reynolds stresses (⟨uw⟩ and ⟨w2⟩) lag farther downstream. Where Δ⟨U⟩/⟨U⟩ref is negative,273

Δ⟨u2⟩/⟨u2⟩ref is positive, and vice versa. This relationship is most clear on the stoss side and274

above the crest region, and somewhat less so for the lee side, except for CrestDown. The275
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regions of positive Δ⟨w2⟩/⟨w2⟩ref and Δ⟨uw⟩/⟨uw⟩ref begin immediately after the toe, and thus276

are more likely associated with streamline curvature, or where ⟨W∗⟩ becomes non­zero (see277

Supporting Information). Such trends can be understood as the effects of streamwise pres­278

sure gradients induced by the topography. Although a full exploration of this topic is beyond279

the scope of the present paper, the reader is directed to the Supporting Information § 8, for280

further discussion.281

Utilizing data from the x–y plane, disparity maps of Δ⟨u2⟩/⟨u2⟩ref and Δ⟨uv⟩/⟨uv⟩ref show that282

the in­phase relationship with ⟨U⟩ is again particular to ⟨u2⟩ (Fig. 8). To preserve visual clar­283

ity, only dotted contours of Δ⟨U⟩/⟨U⟩ref = ±0.01 are overlaid in Fig. 8a–d, along with the284

topographic contour lines.285

On the other hand, the spatial trends in Δ⟨uv⟩/u2⋆ coincide with Δ⟨V∗⟩/Ue, as shown by overlaid286

contours of Δ⟨V∗⟩/Ue = ±0.01. This trend suggests that the streamline curvature imparted by287

the flow response to the topography is what controls the observed changes in ⟨uv⟩ as well as288

⟨uw⟩ . The relationship for ⟨uv⟩ is more easily verifiable in the x–y plane through comparison289

with the mean velocity components since ⟨V∗⟩ is both positive and negative, on either side of290

the protodunes, whereas ⟨W∗⟩ is always positive on the stoss side.291

The dataset collected from the cross­stream (y–z) plane is particularly valuable in terms of292

being able to measure all six components of Reynolds stress, and enables further assess­293

ment of the effects of bedform three­dimensionality. Due to flow speed­up, indicated by the294

overlaid red dotted line, a significant reduction in ⟨u2⟩ is noted throughout (Fig. 9a). However,295

⟨w2⟩ displays a more complex organization. The near­bed reduction, particularly near the296

centerline, agrees with measurements from the x–z plane (Fig. 6b). In contrast, near where297

the topography ends around y/Ly = 0.4 there is a region aloft where ⟨w2⟩ increases. This298

suggests that the increase in ⟨w2⟩ from the x–z plane that occurred at the toe (before the299

sharp reduction over the rest of the stoss side) was diverted around the sides of the bedform,300

sustaining increasing vertical turbulent fluctuations in those regions. It is also evident that301
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Figure 8: Plan­view disparity maps of (a–d) ⟨u2⟩ and (e–h) ⟨uv⟩ along x–y plane aligned with
crest (z/H = 1). Gray dotted profile overlaid shows underlying topography, spaced at 0.1H
intervals. Blue and red dotted contour lines are overlaid to show coincident disparity of ⟨U⟩ in
(a–d) and ⟨V∗⟩ in (e–h).

⟨v2⟩ increases the most in this region. Indeed, it is possible that the increased ⟨w2⟩ and ⟨v2⟩,302

along with acceleration of flow around the sides, may be related to the spanwise confinement303

of such 3D bedforms and the greater mobilization of sediment around the flanks of barchans304
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Figure 9: Cross­stream (y–z plane) disparity maps of all six Reynolds stress components
for CrestMidA case. Reference data from unperturbed region (y/Ly ∈ [0.67,0.75]) used to
calculate disparity is overlaid on right­hand­side with scale shown. Measurement plane is
located at x = 0.34Lcent = 12.6H, near the middle of the flat crest. Note that the bulk flow is
directed out of the page and Ly is the full width of the entire bedform.

as shown by Alvarez and Franklin (2018).305

Changes in ⟨uv⟩ and ⟨vw⟩ are less intense than the other Reynolds stress components, and306

are signed opposite from each other. However, each of these quantities are zero in the un­307
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perturbed region of the flow, and thus a non­zero disparity merely means a non­zero mean308

value for those stresses. However, both of these stresses also exhibit the most significant309

changes in this same region near y/Ly = 0.4.310

3.3 Comparison with a mature dune311

To place these results concerning protodunes into context, Fig. 10 presents a subset of the312

same statistics for flow over the Mature dune case along the x–z plane. The perturbations313

of the mean velocity and turbulence are very similar to that of the protodunes, at least on the314

stoss side. Note that the contour levels are unchanged from the protodune disparity maps,315

and therefore the magnitudes of the changes induced by the bedform are similar. Additionally,316

the differing phase relationships of Δ⟨u2⟩ and Δ⟨uw⟩ with Δ⟨U⟩ are similar to the protodune317

cases. These results are not entirely surprising on the stoss side, as the stoss slope angles318

of the Mature case are very similar to that of CrestUp (Fig. 2a). Therefore, the similarities319

and differences noted in § 3.1 and 3.2 concerning the flow over dune forms studied by others320

(e.g., Weaver and Wiggs, 2011; Baddock et al., 2011) and the protodunes herein also apply321

to our Mature case.322

In the lee side, the effects of flow separation for the Mature case become evident in terms323

of amplified turbulent stresses. The occurrence of intermittent flow separation here can be324

compared with the protodune cases (Fig. 11), where instantaneous flow separation is identi­325

fied at a given grid point if the uncorrected streamwise velocity, U∗, is negative. Separation326

in the lee side only occurs for CrestDown among the protodunes, and is only then observed327

in a very thin layer in at most 3% of flow realizations in the ensembles captured. In contrast,328

the Mature case (Fig. 11b) exhibits nearly permanent flow separation, reaching a maximum329

of 82% of flow realizations in which flow separation is registered at a given grid point. The330

highly intermittent nature of flow separation in the CrestDown case may reflect the discontin­331

uous process through which protodunes eventually develop slipfaces, as has been inferred332
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Figure 10: Disparity maps for only the mature dune case of (a) ⟨U⟩, (b) ⟨u2⟩, and (c) ⟨−uw⟩.
Overlaid contours of Delta⟨U⟩/⟨U⟩ref in (b) and (c) are spaced at intervals of 0.067.

from the stratigraphic record by Phillips et al. (2019). In the transition between CrestDown and333

Mature morphologies, the slipfaces may develop intermittently until flow separation becomes334

more permanent.335

Due to the nearly­permanent reversing flow in the lee side of the Mature case, the streamline336

coordinate system transformation renders the results for Δ⟨u2⟩ and Δ⟨uw⟩ (Fig. 10) in the337

recirculation region less meaningful, as there should not be a reduction of turbulence in this338

region. However, it can be seen through much of the rest of the wake that turbulence is greatly339

increased. Near the wall, beyond flow reattachment (x ∼ 1.25Lcent), a thin layer of near­zero340

disparity in Δ⟨u2⟩ can be observed growing, likely indicative of the new internal boundary layer341
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Figure 11: Probability, P, of flow realizations in which negative streamwise velocity (without
streamline coordinate system transformation) is measured. All other protodune cases are
zero everywhere in the FOV and thus are not shown. Note that the color scales are two
orders of magnitude different between (a) and (b).

developing at the wall.342

3.4 Constant elevation horizontal profiles343

Similarity across all cases for ⟨U⟩, ⟨u2⟩, and ⟨uw⟩ on the stoss sides can be assessed more344

closely with bed­parallel profiles (Fig. 12). A relatively close collapse between CrestUp and345

Mature is evident over the entire range plotted, although the increase in Δ⟨uw⟩ for the Mature346

case is slightly reduced along this profile. As was seen for the disparity maps (Fig. 3, 5, 7)347

the perturbations to CrestDown and CrestMidB are notably the weakest.348

In terms of the trends approaching the crest, a clear difference between CrestMidA and the349

rest of the cases can be seen for all the statistics shown. In terms of Δ⟨U⟩, maximum speed­350

up is reached well before the crest for CrestMidA, and the Reynolds stresses likewise begin351

to show an upward trend. This is in contrast to the other cases, where Δ⟨U⟩ only plateaus352

approaching the crest for CrestUp and CrestMidB, while CrestDown and Mature show con­353

tinued increases. For the Reynolds stresses, all other cases remain slowly decreasing near354

the crest, except for CrestMidB, whose profiles plateau. These differences are largely due to355

23



a)

-0.2

0

0.2

0.4
U
/U
re
f

CrestUp

CrestMidA

CrestMidB

CrestDown

Mature

b)

-0.4

-0.2

0

0.2

0.4

u
2
/
u
2

re
f

c)

-0.5 0 0.5 1

x/L
stoss

-0.5

0

0.5

u
w
/
u
w
re
f

Figure 12: Mean velocity and Reynolds stress profiles from x–z centerline (y = 0) plane
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the fact that CrestMidA has a relatively flat region surrounding the crest point (at x = 13.1H,356

see Fig. 2a). Therefore, before the flow reaches the crestal point, it experiences a very gen­357

tle return to a flat surface, resulting in a trend toward the upstream reference values for all358

of the statistics plotted. This reflects a result similar to that shown by Claudin et al. (2013),359

where the near­surface maximum flow speed­up was shown to occur ahead (upwind) of the360

crest and hypothesized to be the condition necessary for bedform growth. The results herein361

therefore suggest that such mean flow behavior may be dependent on the local curvature of362

the surface near the crest, such that a weaker curvature in this region induces an upwind shift363
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of the maximum speed­up and reductions in Reynolds stresses.364

3.5 Logarithmic mean velocity profiles365

An important metric in flow–form feedback processes is the topographically perturbed mean366

shear stress at the surface. Under ideal conditions, the log­linearity of the mean velocity367

profile can be used as a proxy measurement of this stress, but the strong topographic forcing368

from mature dune forms, and the difficulties of accurately measuring this profile in the field,369

has complicated the use of this approach (e.g., Mulligan, 1988; Frank and Kocurek, 1996;370

McLean et al., 2008). Here we leverage the high­resolution access to the flow field with PIV371

to identify the appropriate log­linear region of the mean velocity profile and then extract the372

corollary bed shear stress values. A brief background to this topic, as well as details of the373

approach used herein, are provided in the Supporting Information § 6.374

Upstream of each bedform, the mean velocity collapses onto the log law (plotted in green)375

below z+ = 300, as expected. Deviation in this near­wall region is first shown at the toe376

(x/Lstoss = 0), where deceleration due to the adverse pressure gradient causes the profile to377

dip below the log law. Beyond the toe, the flow accelerates to be in excess of the log law378

prediction, for z+ < 150. Interestingly, however, collapse with the log law is not completely379

lost beyond the toe in the region of flow acceleration, but rather the collapse shifts away from380

the wall, such that profiles from x/Lstoss = 0.67 and x/Lstoss = 1 follow the log law within381

150 < z+ < 103.382

Therefore, given this relatively good fit (despite the changing region in which log­linearity is383

observed), the local values of skin friction may be examined. In Fig. 13f, the changes in the384

log layer­fitted values of u⋆(x) are seen to follow a very similar trend to Δ⟨U⟩/⟨U⟩ref shown385

in Fig. 12a. All cases except for CrestMidA show increasing u⋆(x) approaching the crest, in386

agreement with Walker and Nickling (2003) who measured surface shear stress more directly387

using surface­mounted differential pressure sensors over transverse dunes in a wind tunnel.388

25



x/L

u
x

 /
 u

,

U
u

x

CrestUp

 a)

x/L = 

x/L = 

x/L = 

x/L = 

x/L = 

x/L = 

x/L = 

z
s

+
B

z
s

+
 = z

s
u x

-1

U
u

x

CrestDown

 d)

 f)

CrestMidA

 b)

z
s

+
 = z

s
u x

-1

Mature

 e)

CrestMidB

 c)

Figure 13: (a–e) Semi­log profiles of ⟨U+(zs)⟩ from select streamwise positions, and (f) profile
of local skin friction values obtained from each streamwise position from the log law fitting.

The morphologies therein featured sharper crests, however, and indeed CrestMidA, which389

features a more rounded crest, contrasts with these results and possesses a plateau in its390

shear stress profile. This particular trend for CrestMidA agrees more with Webster et al.391

(1996), who used oil­film interferometry over a gentle “bump” in a wind tunnel and reported a392

peak in surface shear stress prior to the crest. Notably, in a field study of flow over the side393

of a gently sloping dune, Claudin et al. (2013) used measurements of ⟨U⟩ very close to the394
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Figure 14: Total shear stress contours normalized in viscous wall units from local skin friction
u⋆(x).

surface, within the so­called “inner layer” of Jackson and Hunt (1975), to derive a profile of395

u⋆(x) similar to that of CrestMidA. Claudin et al. (2013) also used the log law to derive u⋆ from396

a single­point measurement of ⟨U⟩, and thus avoided fitting a log law profile. Such a result is397

perhaps not surprising, given the relatively close agreement shown here between streamwise398

trends of ⟨U⟩ and u⋆(x).399

Since the log law profiles herein deviated from the upstream reference profiles, it is worth
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examining if measurements of total shear stress, τ/ρ, calculated as

τ
ρ
= ν

dU
dz

− ⟨uw⟩(
τ
ρ

)+

=
τ

ρu⋆(x)2
=

dU+

dz+
− ⟨uw⟩+

(3)

scale appropriately with the local values of u⋆(x). Such contours are plotted in Fig. 14, wherein400

contours display similar trends to the plot of Δ⟨uw⟩/⟨uw⟩ref (Fig. 7). The diverging color scale401

emphasizes non­equilibrium behavior, wherein white filled contours display where the total402

shear stress normalizes to unity by the local skin friction. In each case, flow upstream of403

the dune toe features a wall­normal region corresponding roughly with the log layer wherein404

dzU+−⟨uw⟩ ≈ 1, except for the Mature case where relatively little upstream flow is visible due405

to horizontal scaling with its shorter centerline. Beginning approximately at the toe, the total406

stress first increases and then decreases, to varying degrees depending on the morphology,407

following a pattern similar to Δ⟨uw⟩/⟨uw⟩ref.408

These trends imply a breakdown either of ⟨U(z)⟩ or ⟨−uw⟩ for obtaining a true value of u⋆(x).409

Given the agreement of the u⋆(x) trends with past studies, it seems likely that the full boundary410

layer profile is the best proxy herein for τ0. However, it is unclear if during departure from411

equilibrium, wherein changes in u⋆(x) coincide with inverse trends in the aloft total shear412

stress, the mean bed shear stress is the best proxy for sediment flux. Weaver and Wiggs413

(2011) discussed this disparity in greater detail, noting that increased ⟨−uw⟩ at the toe may414

account for the lack of deposition there, which would otherwise be expected from τ0. Wiggs415

andWeaver (2012) explored this further using the quadrant analysis decomposition of uw, and416

suggested that “sweeps” (u > 0, w < 0), which increase in frequency at the toe, may sustain417

transport there while mean velocity drops. Towards the crest, they suggest that an increase418

in “outward interactions” (u > 0, w > 0) may help to sustain sediment transport despite the419

overall reduction in ⟨−uw⟩, and thus noted the importance of streamwise turbulence, u, for420

changes in transport. However, Weaver and Wiggs (2011) reported that strong mean flow421
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acceleration near the crest is more likely than streamwise turbulence to influence transport422

behavior.423

The upward shift in the log­linear region of the mean velocity profile, combined with the depar­424

ture from an equilibrium scaling of the total shear stress, suggests that an internal boundary425

layer may form a very thin layer above the stoss side surface, gradually growing in thickness426

towards the crest (Frank and Kocurek, 1996). The strongest deviations are associated with427

CrestUp, CrestMidA, and Mature, particularly near x/Lstoss = 0, as they have the steepest428

stoss slopes of all cases. However, despite the advantages provided by the RIM technique429

for near­surface flow measurements with PIV, precise identification of an internal boundary430

layer is challenging. Moreover, no clear differences between protodune cases could be identi­431

fied in terms of the flow statistics used for delineating internal boundary layers (see Supporting432

Information § 7 for further details).433

4. Discussion434

4.1 Morphodynamics435

The field measurements of Baddock et al. (2018) provide important context for interpretation436

of the the flow measurements presented herein. Baddock et al. (2018) measured streamwise437

profiles of transport and detailed topographic changes as a protodune slightly grew in height438

and exhibited signs of progression towards a more mature morphology. They showed that439

the growth of the protodune coincided with a transition from net erosion to deposition upwind440

of the crest, and that during this process the length of the lee side decreased such that the441

lee slope steepened. However, Baddock et al. (2018) had no flow data to complement these442

measurements. The data presented herein help to fill in the gaps as to the potential role of flow443

perturbations concurrent with these processes, as well as to indicate where additional effects444

must be considered. In this sense, comparison with the results of Baddock et al. (2018) also445

serves to constrain the explanatory power of flow measurements in a laboratory environment446
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devoid of sediment transport.447

The CrestMidA case quantified herein is most similar in its morphology to the protodune mea­448

sured by Baddock et al. (2018). The peaks upstream of the crest for both u⋆(x), derived from449

the mean velocity profiles (Fig. 13), and Δ⟨U⟩ (Fig. 3) agree with the expected growth at the450

crest shown by Baddock et al. (2018). The observation that the other protodune cases herein451

do not exhibit the same upstream peak suggests that the flow perturbation is most important452

at this particular stage (CrestMidA). In this sense,it is possible that other effects may be more453

dominant in other stages such that growth is possible despite the lack of an upstream peak.454

The protodune studied by Baddock et al. (2018) also possessed a “bump” on its stoss side that455

was gradually eroded away during its period of growth on the crest. Based on the flow mea­456

surements herein, this is potentially attributable to the sharp increase in Reynolds stresses457

in this same region (i.e., lower­ and mid­ stoss, Figs. 5–7). However, such explanations are458

difficult to accept with certainty as it may be questioned how the flow would generate such a459

bump in the first place, given that peak Reynolds stresses were also observed for the earlier460

stage (CrestUp).461

The shortening of the lee side observed by Baddock et al. (2018) could be explained by the462

relatively weak perturbation of mean velocity in the lee side in the early stages of protodune463

growth where lee slopes are more gentle. Similar to the presumed dynamics in the toe region464

(Wiggs et al., 1996; Weaver and Wiggs, 2011), deposition at the far edge of the lee side may465

be inhibited by enhanced turbulent stresses despite a slightly lower mean velocity. Thus,466

deposition in the lee could be expected to occur primarily closer to the crest, such that the lee467

side steepens gradually.468

The streamwise–spanwise and cross­stream planes (Figs. 4, 8, 9) provide data beyond the469

scope of Baddock et al. (2018), but their implications require further clarification with field470

data. The speed­up observed outboard of the crest region in all cases, combined with the471
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coincident increase in Reynolds stresses at the spanwise edge of topography, suggest that472

transport should be sustained in this region. This is in agreement with the results of Alvarez473

and Franklin (2018), who showed greater transport in this region for mobile barchan dunes474

in a flume environment. Such dynamics may be responsible for the eventual formation of475

barchan horns. However, this is not entirely clear, as it would suggest that as the crest grows,476

the side slopes only steepen, which is not necessarily expected to be the case if the overall477

length­to­width ratio is maintained during protodune development. Thus it is likely that other478

effects influence this region also, such as the transition from erodible to non­erodible substrate479

across the lateral edges.480

4.2 Remaining questions481

Although the well­controlled laboratory environment detailed herein has enabled measure­482

ments of the flow over protodunes that are currently impossible to achieve in the field, several483

critical open questions remain. First, since there is no sediment in the RIM flume, and the484

models are rigid plastic, conclusions regarding the development of sediment flux over pro­485

todunes must be viewed as preliminary. As discussed in § 3.5, the prediction of sediment486

transport based on flow is not necessarily straightforward, as it is unclear which flow quantity487

or trends will best predict sediment flux (e.g., mean velocity vs. Reynolds shear stresses).488

It seems likely that there is no single flow parameter that best predicts flux over the entire489

bedform. Instead, enhanced streamwise turbulence may compensate for decreased mean490

velocity near the toe, such that deposition does not occur there (Wiggs et al., 1996; Weaver491

and Wiggs, 2011; Baddock et al., 2011; Wiggs and Weaver, 2012), similar to the far end of492

the lee side during steepening prior to a slipface forming.493

A related aspect of protodune development that cannot be captured in the RIM environment494

is the changing height of the bedform relative to an incoming saltation layer thickness. In495

the earliest protodune stages, where the morphology most closely resembles CrestUp, pro­496
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todunes in the field are O(10−2 − 10−1m) high. If saltation activity was to remain unchanged497

over the extent of the bedform, the CrestUp case would then remain fully immersed within498

a typical O(10−1m) thick saltation layer. As the protodune develops, in addition to the crest499

shifting downwind (as mimicked in the experiments herein), the dune height also increases500

such that its crest, in stages CrestMidA and CrestMidB, is higher than the incoming saltation501

layer. This scaling difference may have an impact on the way sediment flux develops over502

the streamwise extent of the protodune in its various stages of growth. It is also unclear how503

the development of an internal boundary layer, as discussed in Supporting Information § 7,504

may be modified by a saltation layer.505

Furthermore, it is also likely that the saturation level for sediment flux changes over the pro­506

todunes as incoming sediment encounters a change in the underlying substrate and thus a507

new transport law (Valance et al., 2013). If the upwind surface is non­erodible, such as a508

desert pavement, the transition to the erodible surface of the protodune will result in an over­509

saturation of the sediment flux, causing deposition at some point over the protodune. The510

associated saturation length (Andreotti et al., 2010) over which this type of transition occurs511

is not necessarily clear, particularly due to the combined effect of concurrent topographically512

induced changes to the wind flow. Furthermore, the role of such effects on the lateral edges513

of a bedform, and their interplay with the flow dynamics there, is unclear. Although such514

effects would be expected to occur in the context of other dunes morphologies beyond proto­515

dunes, it is the relatively short lengths of protodunes, particularly in their earliest stages, that516

complicates these effects.517

Similarly, it is unclear what role linear instability can play in the dynamics of these three­518

dimensional protodunes at such small scale. The saturation length parameter, related to the519

lag between flow changes and associated transport modifications, is thought to be an impor­520

tant parameter in determining if a mature dune will grow, as it predicts where deposition will521

occur relative to the crest (Claudin et al., 2013). However, the saturation length, which is pri­522
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marily dependent on buoyancy and grain size, is usually O(100m) in aeolian environments.523

Although this is not an issue for mature dunes that are O(101 − 102m) in length, for proto­524

dunes whose toe–crest separation is O(10−1 − 100m), it is unlikely that the same analytical525

approach to predicting the growth of the protodune can apply. In the results presented herein,526

differences have been shown between different protodune shapes concerning the position of527

maximum mean flow speed­up relative to the crest. However, the scaling issue noted above528

limits our ability to draw conclusions in the context of linear stability analysis.529

It is also worthy of note that the protodunes investigated herein are idealized and do not530

possess rippled surfaces, which have been proposed to play a role in the growth of dunes531

(Pelletier, 2009). The superimposition of such secondary bedforms may impact the modi­532

fication of the boundary layer structure near the surface. However, the general effects of533

boundary layer perturbation due to non­zero streamwise pressure gradients induced by lo­534

cal topography are unlikely to be altered significantly, despite the presence of ripples as an535

effective roughness (Finnigan et al., 1990; Webster et al., 1996).536

In light of the above considerations, a complete understanding of all the physical mechanisms537

driving the transitions between protodune development stages remains beyond the scope of538

the results reported herein. Future advances in understanding appear dependent on further539

field research that is capable of measuring sediment transport characteristics over additional540

protodune stages beyond that studied by Baddock et al. (2018). Furthermore, filling in the541

gap between the final protodune stage considered herein, CrestDown, and the presumed542

eventual mature dune morphology (the “Mature” case herein), is similarly dependent on field543

data. Qian et al. (2021) have recently shown such a morphological transition in the field, and544

complemented these with wind tunnel measurements over solid model replicas, but their work545

involved no measurements of sediment transport. Therefore, measurements of streamwise546

profiles of sediment flux over several protodunes throughout the developmental stages would547

help considerably to close this knowledge gap. Additionally, flow measurements over natural548
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protodunes, both with and without saltation, could help to elucidate the added effect of particle­549

loading on the flow, as well as the continuously changing scaling of the protodune height550

relative to the saltation layer.551

5. Conclusions552

The use of a refractive­index­matched (RIM) flume has, for the first time, enabled measure­553

ment of the turbulent flow field around very small, low­angle protodune models that are repre­554

sentative of early­stage aeolian bedforms. Data suggest that these embryonic dune features555

are able to significantly steer the flow field, resulting in patterns of mean and turbulent flow556

that are consistent with measurements of flow­forcing previously observed over mature dune557

morphologies.558

These perturbations include a deceleration of mean streamwise velocity in the toe region of559

the protodunes, an acceleration on the stoss slope, followed by a slow­down in the lee. It560

is clear that these flow patterns were considerably altered as the protodune evolved from561

a crest­up to a crest­down morphology. Although the protodunes exhibit similar levels of562

streamwise velocity speed­up towards their crests, the curvature of the crest modulates where563

this effect reaches a peak. Only in the case of the flat­crested CrestMidA protodune was a564

maximum speed­up observed prior to the crest. Differences in flow in the toe region were565

more pronounced and showed a clear trend of a reduction in magnitude of deceleration of the566

flow as the crest shifted downstream and the stoss side sloped more gently.567

The perturbations in flow are alsomanifest in the turbulent statistics, with streamwiseReynolds568

normal stress (⟨u2⟩) showing a clear in­phase relationship with streamwise velocity, andReynolds569

shear stresses (⟨−uw⟩) lagging spatially downstream, occurring more in­phase with stream­570

line curvature. The three­dimensionality of the protodunes was found to induce significant571

cross­stream perturbations in the flow, which were characterized by mean flow acceleration572

around the flanks of the bedforms, together with a reduction in ⟨u2⟩ and increase in the other573
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turbulent normal stresses. The overall patterns of changes to mean velocity and turbulent574

stresses, both in phase and magnitude, are consistent with flow over the stoss side of a ma­575

ture dune. However, clear differences are present in the lee side flow due to the effects of576

flow separation, which only occurs highly intermittently for the final protodune stage with a577

regular, downstream crest, and not at all for the earlier stages due to the very gentle lee side578

slope.579

The flow perturbations on the stoss side of the protodunes also led to a disruption of the log­580

linearity of the vertical profile of streamwise velocity and a nonequilibrium scaling of ⟨−uw⟩.581

Although a logarithmic region could be found at each streamwise position along the stoss side,582

the applicable wall­normal region shifted away from the wall as the crest was approached583

and the total shear stress decreased. This behaviour suggests that the boundary layer is584

forced out of equilibrium along the protodune surface due to the pressure gradient and effects585

of streamline curvature, and associated changes in mean velocity and turbulence. It is not586

entirely clear if this non­equilibrium behaviour causes the formation of an internal boundary587

layer over the stoss side of the protodunes, although this seems likely for the most strongly588

perturbed cases where the crests were in more of an upstream position.589

The fixed­bed laboratory data presented herein do not include measurements of sand flux.590

However, the finding that early­stage bedforms perturb the three­dimensional flow field to591

such an extent suggests there is potential for their growth to be controlled by feedback pro­592

cesses operating between dune form, flow, sand flux, and subsequent erosion and deposition.593

This is similar to the process feedbacks considered to operate on mature dune forms. In par­594

ticular, the present results identify the capacity for a rounded protodune shape to induce an595

upwind shift in the position of the mean streamwise velocity maximum. Such a finding con­596

curs with field observations of sand flux and surface change on a protodune of similar scaled597

morphology (Claudin et al., 2013; Baddock et al., 2018).598

Nevertheless, whilst the flow perturbations identified in the data presented herein suggest599
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a potential role for the operation of process feedbacks in the evolution and growth of incip­600

ient early­stage bedforms, the scale characteristics of the protodunes are quite different to601

mature dunes, and this complicates their dynamics. The present study identifies additional602

complexities that may influence protodune dynamics, including the situation of such early­603

stage bedforms wholly within the saltation layer, the likely changing rates of sand transport604

between upstream and on­dune surfaces together with associated spatial lags, and the pos­605

sible influence of surface ripples that can exist at a similar vertical scale as the underlying606

early­stage bedform. At the small scales of interest that are important here, such factors are607

likely to have a proportionately larger impact on protodune dynamics in comparison to larger608

scale mature dunes. These open questions are not easily resolved in a flume environment609

where sand transport and micro­morphological features are not scaled in a straightforward610

manner. However, questions elucidated by such detailed laboratory experimentation indicate611

a critical path for future field research in order to resolve longstanding questions regarding612

the initiation and growth of aeolian sand dunes, and providing a generic understanding of the613

evolution of subaerial and subaqueous bedforms.614
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