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Abstract Previous studies have shown that sediment fluxes and dune sizes are a maximum near the
upwind margin of the White Sands dune field and decrease, to first order, with increasing distance
downwind. These patterns have alternatively been attributed to a shear-stress overshoot associated with a
roughness transition localized at the upwind margin and to the influence of long-wavelength topography
on the hydrology and hence erodibility of dune field sediments. I point out an issue that compromises the
shear-stress overshoot model and further test the hypothesis that long-wavelength topographic variations,
acting in concert with feedbacks among aerodynamic, granulometric, and geomorphic variables, control
dune field properties at White Sands. Building upon the existing literature, I document that the mean and
variability of grain sizes, sand dryness, aerodynamic roughness lengths, bed shear stresses, sediment fluxes,
and ripple and dune heights all achieve local maxima at the crests of the two most prominent scarps in
the dune field, one coincident with the upwindmargin and the other located 6–7 km downwind. Computational
fluid dynamics (CFD) modeling predicts that bed shear stresses, erosion rates, and the supply of relatively coarse,
poorly sorted sediments are localized at the two scarps due to flow line convergence, hydrology, and the
spatially distributed adjustment of the boundary layer to variations in dune size. As a result, the crests of the
scarps have larger ripples due to the granulometric control of ripple size. Larger grain sizes and/or larger ripples
lead to larger dunes and hence larger values of bed shear stress in a positive feedback.

1. Introduction and Motivation

The large-scale self-organization of aeolian dune fields has received a great deal of attention in the
geomorphic community in recent years. Many early quantitative dune studies approximated dunes as
isolated landforms [e.g., Howard et al., 1979;Wipperman and Gross, 1986]. In some cases, this approximation is
valid, but there has also been a growing realization that in many cases, an understanding of any single dune
requires knowledge of how it interacts (aerodynamically and/or by exchange of sand) with other dunes in
the dune field and/or with the long-wavelength topography of the dune field or its substrate. Early papers
explored dune-dune interactions among a small number of dunes [e.g., Durán et al., 2005; Katsuki et al., 2005].
More recent papers have explored the interactions among many dunes or between the dunes and the
long-wavelength topography within and around dune fields [e.g., Bourke et al., 2004; Hersen et al., 2004;
Elbelrhiti et al., 2008; Diniega et al., 2010; Durán et al., 2010; Jerolmack et al., 2012; Jackson et al., 2013;Worman
et al., 2013; Baitis et al., 2014].

The White Sands dune field in New Mexico (Figure 1) has been a particular focus of dune studies during the past
decade [e.g., Kocurek et al., 2007; Ewing and Kocurek, 2010; Reitz et al., 2010; Jerolmack et al., 2011, 2012; Anderson and
Chamecki, 2014; Baitis et al., 2014; Pelletier and Jerolmack, 2014], building on classic studies by McKee [1966] and
McKee andDouglass [1971]. Models for the large-scale self-organization of this dune field has figured prominently in
the aeolian dune literature [e.g., Ewing and Kocurek, 2010; Jerolmack et al., 2011, 2012; Baitis et al., 2014].

Jerolmack et al. [2012] attributed the decrease in sediment flux with increasing distance from the upwind
margin to the effects of an aerodynamic roughness transition localized at the upwind margin. The upwind
margin is a transition from the relatively smooth, low-relief surface of Alkali Flat to the rougher surface of the
dune field downwind. Smooth-to-rough aerodynamic transitions trigger a shear-stress overshoot, i.e., values
of bed shear stress immediately downwind of the transition that are larger than values either upwind or
farther downwind of the transition. In Jerolmack et al.’s [2012] model, distance from the margin is the primary
control on sediment flux within the barchanoid portion of the dune field.
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The upwind margin of White Sands is both a roughness transition and a scarp. It is thus difficult to use this
margin to differentiate between a model that invokes an abrupt roughness transition from one that invokes
long-wavelength topographic variability to explain the downwind decrease in sediment flux or other dune
field properties. For this reason, the scarp located 6–7 km downwind from the margin becomes especially
important as a discriminator among alternative models for the large-scale spatial variations in dune field
properties at White Sands. The importance of this scarp in controlling dune field properties was recognized
by Baitis et al. [2014], who showed that mean dune height achieves a local maximum near the top of the
second scarp. Baitis et al. [2014] proposed, following Langford [2003], that the scarps were formed during
high stands of Lake Otero. This interpretation is likely correct, but for the purposes of this paper, it is not
essential how the scarps were formed, just that they are zones of relatively steep long-wavelength
topography. For this reason I refer to them as scarps rather than paleoshoreline scarps. Baitis et al. [2014]
argued that the sediments composing the crests of these scarps should be relatively dry, thus resulting in
larger sediment fluxes for otherwise similar wind-forcing conditions. Indeed, remote-sensing studies of
surface moisture indicate drier-than-average conditions at the crests of these two scarps, a fact that Scheidt
et al. [2010] associated with an ≈20% decrease in the threshold wind velocity for transport. There is an almost
equal to threefold increase in sediment flux at the upwind margin of White Sands relative to areas just a
few kilometers downwind, however. As such, drier conditions alone may not be the only cause of spatial
variations in sediment flux at White Sands.

In this paper I propose and test a model, building off the work of Baitis et al. [2014], for how long-wavelength
topography and feedbacks among surface roughness, sand dryness, sediment fluxes, and bed form
sizes control variations in dune field properties at White Sands (Figure 2). In this model, zones of larger
long-wavelength convexity (i.e., the crests of the two most prominent scarps) are zones of larger bed shear
stresses (due to flow line convergence) and drier sand (since groundwater fluxes are driven by topographic
gradients, and hence, groundwater tends to be deepest below the surface in portions of the landscape
with the largest convexity). Larger values of bed shear stress and drier sand both promote larger sediment
fluxes and erosion rates in the vicinity of the scarps. Larger sediment fluxes and erosion rates increase the
saltation-induced roughness and the exposure of coarser, more poorly sorted sands locally, both of which
lead to larger values of the effective aerodynamic roughness length in the vicinity of the crests of the scarps.
The exposure of coarser sediments also tends to promote drier sediment conditions due to the positive
correlation between grain size and permeability. Larger grain sizes promote the development of larger
ripples [e.g., Wilson, 1972; Ellwood et al., 1975], which in turn increases the value of the ripple-scale effective
aerodynamic roughness length, thus triggering the formation of larger dunes [Pelletier, 2009], larger
dune-scale effective aerodynamic roughness lengths, and larger values of local bed shear stress in a positive

Figure 1. Aerial photographic mosaic of the central barchanoid portion of the White Sands dune field. The area enclosed
by the rectangle is the study area mapped in Figures 5 and 6.
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feedback. In this paper I report field and laboratory measurements that document trends in grain sizes and
ripple sizes across the barchanoid portion of the dune field. I use computational fluid dynamics (CFD)
modeling to establish key linkages among long-wavelength topography, bed shear stresses, bed form sizes,
and aerodynamic roughness lengths at multiple spatial scales.

2. Methods
2.1. Introduction to the Compound Nature of the Logarithmic Wind-Velocity Profile Over Ripples
and Dunes

The velocity profile over an aerodynamically rough surface is given by the law of the wall [e.g., Bagnold, 1954]:

u zð Þ ¼ u�
κ
ln

z
z0

� �
; (1)

where u is the wind velocity, z is the elevation above the bed, u* is the shear velocity, κ is the von Karman
constant (0.41), and z0 is the aerodynamic roughness length. The value of z0 depends, in part, on the size of the
roughness elements that compose the surface. In a dune field, roughness elements exist at a minimum of
three scales: the size of individual grains, ripples, and dunes. As a result, the velocity profile has a piecewise
logarithmic formwith different values of u* and z0 associatedwith distinct ranges of heights above the bed [e.g.,
Smith and McLean, 1977; Lefebvre et al., 2013]. The compound nature of the logarithmic velocity profile is
important for CFD modeling because numerical experiments conducted at the scale of dunes and dune fields
generally cannot resolve individual ripples. As such, the effective z0 value used in the model must incorporate
the ripple-scale roughness.

Figure 3 plots an example of a hypothetical, spatially averaged velocity profile over ripples and dunes
following Lefebvre et al. [2013]. This figure was constructed by prescribing a reference height, zm, a velocity at
that reference height, um, and assuming that the velocity profile follows the law of the wall with effective
roughness lengths z0g for z0g ≤ z< z0r, z0r for z0r ≤ z< z0d, and z0d for z0d ≤ z< zm. Figure 3 represents the
spatially averaged velocity profile over ripples and dunes because large deviations from the profile can occur
depending on whether the profile is measured on the stoss side or lee sides of ripples and/or dunes [e.g.,
van Boxel et al., 1999]. Despite such large deviations from the law of the wall due to local topographic effects,
the use of the law of the wall with effective roughness lengths at different scales is nevertheless useful as a
means of quantifying the effects of bed forms on large-scale flow.

Figure 2. Schematic diagram of the conceptual model of this paper. See section 1 for discussion.
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In section 1, I show that wind flow over
ripples and dunes is characterized by a
grain-scale aerodynamic roughness
length, z0g, equal to ~10�5–10�4m for
median grain diameters ~0.3–1.0mm; a
ripple-scale aerodynamic roughness
length, z0r, equal to ~10

�4–10�1m, with
larger values occurring under stronger
wind conditions (Figure 4); and a dune-
scale aerodynamic roughness length,
z0d, equal to ~10�2–100m, with larger
values corresponding to larger and/or
steeper dunes.

2.2. Airborne Lidar Data Analysis

The lidar data analysis presented in this
paper makes use of two publically
available data sets of the central portion
of the White Sands dune field collected
in September 2009 and June 2010
(10.5069/G9ZK5DMD; 10.5069/

G97D2S2D) to document spatial variations in sediment fluxes and dune heights. Spatial variations in
sediment flux were mapped by downloading 1mpixel�1 bare-earth digital elevation models (DEMs) of the
study area from opentopography.org. Bare-earth DEMs (Figure 5) were created from point clouds via the
points2grid tool in opentopography.org, using the lowest of all returns within each 1m2 pixel as the value for
that pixel. I applied a positive 0.34m shift of the 2009 elevations so that the mean elevation change in
interdune areas within the barchanoid portion of the dune field (where resistant strata are exposed in many
areas that can be expected to undergo minimal change in any 9month period) is zero. A DEM-of-difference
was then created by differencing the 2009 and 2010 bare-earth DEMs. This map has units of meters divided
by the 9month time interval between the two surveys.

A map of volumetric unit sediment flux,
qs (units of m

2 divided by 9months) was
constructed by integrating the
topographic-change map along the
predominant transport direction (Figure 6).
Exner’s equation [Exner, 1920, 1925], i.e.,
conservation of mass as applied to
sediment erosion/deposition, expressed in
a finite-difference, 2-D form, is given by

Δhi
Δt

¼ � 1
1� λ

Δqs
Δx

; (2)

where Δhi is the change in ground-surface
elevation over a time interval Δt, λ is
the sediment porosity (in the range of
0.23–0.30 for White Sands [Ahlbrandt,
1979]; 0.25 is assumed here), qs is the
volumetric unit sediment flux, and Δx is
the distance between sample points in the
predominant transport direction. The
volumetric unit sediment flux can be
thought of as the cross-sectional area of
sediment passing through a vertical plane
along a direction perpendicular to

Figure 4. Estimate of the range of ripple-scale effective aerodynamic
roughness lengths, z0r, predicted by the modified Charnock relation of
Sherman [1992] and Sherman and Farrell [2008] (with Cm=0.132, i.e., from a
compilation of data from field conditions) as a function of the shear
velocity, u*. This figure demonstrates that, under vigorous saltation (i.e.,
dune-forming) conditions, a reasonable estimate for the range of z0r values
at White Sands is 0.001–0.03m, with larger values characteristic of larger
shear velocities and/or more intense saltation conditions.

Figure 3. Example of an idealized velocity profile above compound bed
forms (e.g., ripples and dunes), illustrating three distinct regions characterized
by different effective aerodynamic roughness lengths, z0g, z0r, and z0d.
Values for this plot are z0g/z0m = 3.33 × 10�7, z0r/z0m = 3.33 × 10�5, and
z0g/z0m = 3.33 × 10�4 (e.g., z0g = 0.0001 m, z0r = 0.01 m, z0d = 0.1 m, and
zm = 300m).
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transport. The “unit” refers to the fact that this is a flux per unit length in the direction perpendicular to
transport. The volumetric unit sediment flux can be converted to a mass unit flux (units of M L�1 T�1) via the
grain density. Equation (2) shows that, given values for the erosion/deposition rate, i.e., Δhi/Δt, along the
predominant transport direction (where i is an index of discrete points along the profile), the volumetric unit
sediment flux can be determined via Euler integration, i.e.,

qs ¼ � 1� λð Þ
Xn
i¼1

Δhi
Δt

Δx þ q0; (3)

where n is the number of points along the profile. The constant of integration q0 in equation (3) may be
constrained with sediment-flux data measured in the field (from sand traps) or by assuming zero sediment
flux at one or more locations where this assumption is appropriate. In this case I assumed that sediment flux
was zero in all interdune areas. That is, the topographic change map was integrated from the downwind
end of each 1-m-wide dune cross-section to the upwind end, increasing from zero with increasing height on
the lee side of each dune (where topographic change is generally positive) to a maximum near the dune
crest, and then decreasing back down to zero or near zero on the stoss side (where topographic change is
generally negative). The sediment flux in interdune areas is not precisely zero, but due to the relatively dense
vegetation cover, elevated soil moisture, and/or exposure of resistant strata characteristic of such areas, it
is reasonable to assume that sediment fluxes in those areas are negligible compared to fluxes on the dunes.
The resulting map was then smoothed over a length scale of 500m to create a map of mean sediment flux
that reveals the variations in flux at scales larger than an individual dune. All of the maps of this paper are
smoothed using the same 500m length scale so that only variations in dune field properties at scales larger
than individual dunes are retained. I constructed an alternative map of mean sediment flux that averages
the fluxes only where the flux is finite (i.e., in this alternative map, the interdune spaces were not included in
the averaging process).

Spatial variations in dune height were mapped by digitally removing the dunes from the June 2010 DEM by
traversing the DEM row-by-row and extracting the lowest points within a 100m search radius. This process

Figure 5. Color maps illustrating the long-wavelength topographic variations in the study region. (a) Plot of the topographic
profile through the central portion of the White Sands dune field (location of topographic profile shown in Figure 5b). Color
maps of the (b) ALSM-derived bare-earth DEM and (c) magnitude of long-wavelength topographic curvature (convex
zones only are shown), illustrating the zones of convexity associated with the two most prominent scarps.
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retains only the lowest points of the interdune areas as a series of irregularly spaced x, y, and z points. A
triangular irregular network (TIN) was then created from these points and bilinearly interpolated to make a
1mpixel�1 raster representing the topography of the substrate beneath the dune field. This raster was
then smoothed over a length scale of 500m. This smoothing length scale was found via trial-and-error to
be large enough to remove the small-scale irregularities associated with the interpolation process yet small

Figure 6. Color maps documenting the spatial variations of sediment fluxes and dune heights in the study region. (a) Color
map of topographic changes (deposition (red) and erosion (blue)) measured by differencing ALSM-based DEMs of the dune
field in September 2009 and June 2010. (b) Color map of sediment flux (units of m2 over the time interval between the
two surveys) obtained by integrating the topographic change map in Figure 6a along the predominant transport direction
as described in section 2.2. (c) Spatially averaged/smoothed version of Figure 6b. (d) Color map of dune height obtained by
differencing a DEM of the long-wavelength topography of the dune field (constructed from removing the dunes) from
the original DEM (Figure 5b). (e) Smoothed version of Figure 6d. (f ) Plot of mean (spatially averaged) sediment flux and
dune height along the central portion of the study area, illustrating the two maxima associated with the crests of the two
most prominent scarps in the dune field.
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enough that the shape of the
long-wavelength topography was
not artificially modified. The
resulting raster is a map of the
long-wavelength topography of
the dune field. This map was input
to the CFD model to predict the
spatial variations in bed shear stress
that would result froma hypothetical
White Sands dune field without
dunes (i.e., long-wavelength
topographic variations only). Also,
the map of long-wavelength
topography was differenced from
the original DEM to obtain a raster
map of the elevations of the dunes
without the topographic variations
of the substrate. This map was
smoothed over a length scale of
500m to obtain a map of mean
dune heights (mean in the sense
that the height above the base of
the dune was averaged using all
pixels, including those representing
crests, troughs, and areas in
between). The resulting map of
mean dune heights exhibits a
primary maximum at the crest of

the first scarp (near the upwind margin) and a secondary maximum at the crest of the second scarp located
6–7 km downwind.

2.3. Field and Laboratory Measurements

On 29 July 2014 I measured ripple dimensions at 55 locations along an 8 km long transect starting from the
upwind margin and proceeding to the barchan-to-parabolic transition along a precise 65° bearing (transect
location shown in Figure 1). Previous studies have documented systematic variations in grain size, grain
sorting, and/or dune size along this or nearby transects [e.g., Langford, 2003; Jerolmack et al., 2011; Baitis et al.,
2014]. My goal was to test the hypothesis that ripple sizes vary in a manner that corresponds with variations
in both grain size and dune size (Figure 7).

The 55 measurement locations corresponded approximately to the midpoints of the stoss sides of each dune
along the transect. As such, the distance betweenmeasurement locations was not uniform but larger in areas
with greater spacing between dunes. At each location I measured one crest-perpendicular topographic
profile within the group of largest ripples found within a 30m radius from the midpoint of the stoss side and
one profile of ripples that were more representative of the most common ripples at that location. The largest
ripples were usually found near the bases of dunes or in saddles between adjacent dunes. To measure
ripple sizes, I placed a meter-long straight-edge on the surface and photographed the shadow cast by the
straight-edge, following the method of Werner et al. [1986]. I also measured the crest-to-trough height at
three locations within each profile using a ruler and then averaged those values to obtain an estimate of
ripple height for the profile. The shadow cast by the straight-edge provides a relative topographic profile of
the ripples that can be absolutely calibrated using the ripple height measurement. For smaller ripples, the
meter-long profile was adequate to measure the profiles of at least 5–10 ripples. For the larger ripples, I used
a tape measure to quantify the average crest-to-crest distance across 5–10 ripples.

At a subset of locations I also sampled sediments from the crests of the largest ripples for grain-size analysis
using a Mastersizer 2000 laser diffraction particle size analyzer at the University of Arizona. Grain-size

Figure 7. Plots documenting the spatial variations in (a) ripple height, (b) ripple
spacing (crest-to-crest), (c) coarse-fraction grain size (d90), and grain-size
variability (dispersion, σ*) from Jerolmack et al. [2011] and (d) coarse-fraction
grain size (d90) and grain-size variability (dispersion, σ*) from this study.
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measurements have been performed at White Sands along similar transects in a number of previous studies
[e.g., Langford, 2003; Jerolmack et al., 2011]. However, no one has reported the results of grain-size analyses
from the sand located at the bases and/or midpoints (which tend to be coarser than sand located at the
crests) of dunes located beyond 5.7 km from the upwind margin. These samples complement the dune-crest
texture data of Jerolmack et al. [2011].

2.4. Computational Fluid Dynamics Modeling

The goals of the CFD modeling in this study were fivefold: (1) to quantify the bed shear stress response to
localized roughness transitions; (2) to quantify the spatial variations of sediment flux and erosion/deposition
associated with variations in long-wavelength topography in the White Sands dune field; (3) to quantify
the effective aerodynamic roughness lengths associated with dunes of different sizes; (4) to document the
dependence of spatial variations in bed shear stress over incipient dunes on the effective aerodynamic
roughness length; and (5) to quantify the spatial variations of sediment flux associated with variations in both
long-wavelength topography and effective aerodynamic roughness lengths related to dune size.

I used the 2013 version of the PHOENICS CFD model [Ludwig, 2011] to estimate the time-averaged wind
velocities and turbulent shear stresses associated with neutrally stratified, fully developed turbulent flow over
ripples and dunes. PHOENICS uses a finite-volume scheme to solve simultaneously for the pressure and flow
velocity in boundary layer flows over arbitrary topography and variations in effective surface roughness
length. PHOENICS solves the flow equations using the iterative SIMPLEST algorithm of Spalding [1980], which
is a variant of the SIMPLE algorithm of Patankar and Spalding [1972]. The solution was considered converged
when the state variables changed by less than 0.001% from one iteration to the next. I used a variant of
the k-ε closure scheme from Chen and Kim [1987]. This scheme retains the simplicity of k-ε closure but results
in significant improvements in modeling highly sheared/separated flows. I also tested the sensitivity of
the results to the choice of the closure scheme by running a subset of the CFD model runs using the
renormalization group version of k-ε closure proposed by Yakhot and Orszag [1986] (also widely used for
sheared/separated flows). In all cases the differences between the results obtained with the Chen and Kim
[1987] and Yakhot and Orszag [1986] schemes were negligible.

The PHOENICS model with the Chen and Kim [1987] closure scheme does not fully resolve the coherent-flow
structures that are known to occur over bed forms nor does it resolve time-dependent variations (e.g., bursts)
that may be essential for quantifying the absolute value of sediment flux precisely. However, variants of the k-ε
closure optimized for highly sheared/separated flows have for many decades been shown to match the
fundamental aspects of time-averaged flow over bed forms observed in the field and in wind tunnels and
hence such models are useful for predicting the first-order patterns of spatial variations in sediment flux over
bed forms. For example, an earlier version of PHOENICS that implements the Yakhot and Orszag [1986] closure
scheme was successfully validated against wind-tunnel data for flow over aeolian bed forms [Parsons et al.,
2004]. Moreover, it has been argued that fully quantifying coherent-flow structures may not be critical for
understanding the first-order aspects of bed form evolution [Bauer et al., 2014].

The computational grids I used consisted of 2-D and 3-D terrain-following coordinate systems with a
horizontal resolution ranging from 1mcell�1 (for 2-D flow over a small number of dunes) to 100m cell�1

(for 3-D flow over the entire study area) and a resolution in the vertical direction that varies logarithmically
with distance from the bed (from a lowest value equal to twice the aerodynamic roughness length (which
varied between models runs), up to a value of ≈10m near the top boundary of the model (i.e., 300m above
the lowest elevation of the DEM)). The rule in atmospheric boundary layer (ABL) simulations is that the top
boundary should be ~30 times larger than the relief of the topography in order to capture the effects of
changes within the roughness sublayer (such as flow separation) on the large-scale flow [Franke et al., 2004].
Given that the largest dunes are ≈8m in height, a top boundary of 300m is more than 30 times larger than
the topographic relief. For a subset of the CFD model runs presented here, I verified the grid-resolution
independence of the model results by increasing the resolution (by doubling the number of grid points in all
directions) and absolute size of the computational domain in order to verify the consistency of the results.

Inputs to PHOENICS include a DEM (or topographic profile if the model is 2-D) and a map or profile of the
effective aerodynamic roughness length. The ground surface is prescribed to be a fully rough boundary, i.e.,
one that results in a law-of-the-wall velocity profile if the terrain is macroscopically flat. At the upwind
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boundary of the model domain, an
“inlet” law-of-the-wall velocity profile is
prescribed using a horizontal velocity at
the top boundary together with the
local value of z0. At the downwind
boundary (i.e., the “outlet”), a fixed-
pressure boundary condition is used.

I used the modified Charnock relation of
Sherman [1992] and Sherman and Farrell
[2008] to estimate the effective
aerodynamic roughness length at the
ripple scale, z0r:

z0r ¼ d50
15

þ Cm
u� � u*t
� �2

g
; (4)

where Cm is an empirical coefficient
equal to 0.132 for field conditions, u*t is
the threshold shear velocity (equal to
≈0.28m s�1 at White Sands assuming a
median grain size of 0.4mm and grain
density of 2600 kgm�3 [Bagnold, 1954])
and g is the acceleration due to gravity
(Figure 4). Sherman and Farrell [2008]
obtained the Cm= 0.132 value by fitting
measured velocity profiles for shear
velocities between 0.09 and 1.25m s�1

and z0r values between 0.0001 and
0.0121m. The first term on the right side
of equation (4) is the grain-scale
roughness and the second term
includes saltation-induced roughness
as well as the roughness/drag

associated with flow separation on the lee sides of ripples. Equation (4) predicts the ripple-scale effective
roughness length (as opposed to the grain-scale or dune-scale roughness length) because this relation was
calibrated in field studies where ripples and saltation were both generally present and because the velocity
profiles used by Sherman [1992] and Sherman and Farrell [2008] were collected at heights with the range of
10�2–100m above the bed, i.e., at scales well above where the grain-scale roughness can be measured and
generally below where the dune-scale roughness can be measured. During strong winds (i.e., shear velocities
in the range of 0.7–2m s�1), the magnitude of the second term on the right side of equation (4) is 1–3 orders
of magnitude larger than the first term on the right side.

For the model runs that predict the bed shear-stress response to localized roughness transitions (Figure 8),
the 2-D model domain extends from 0.5 km upwind of the transition to 3 km downwind of the transition, the
velocity was prescribed to be a horizontal 20m s�1 at a reference height of 300m, the roughness length
upwind of the transition was prescribed to be z01 = 0.01m (based on a representative value for z0r predicted
by equation (4) and the roughness length downwind of the transition was varied from z02 = 0.05 to 0.2m
(based on CFD model predictions of the effective roughness of a dune field with dunes comparable in
height to those at White Sands, described in section 3.7). The PHOENICS model predictions for this case were
compared with those of an analytic model for the shear-stress response to a smooth-to-rough transition. This
solution combines an empirical equation for the height of the internal boundary layer (IBL) triggered by a
roughness transition, i.e.,

δi
z02

¼ x
z02

� �0:8

; (5)

Figure 8. Bed shear stress, τ02, downwind of an abrupt smooth-to-rough
roughness transition, with z01 = 0.01m and z02 varied as noted.
Predictions of (a) PHOENICS and (b) the Jensen [1978] model (equations
((5)) and (6)). Dashed lines in Figure 8b show values at x =∞.
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where δi is the IBL height and x is the distance downwind of the roughness transition, with a theoretical
equation for the change in bed shear stress associated with the growth of the IBL past a roughness transition
[Jensen, 1978]:

τ2
τ1

¼ 1�
ln z01

z02

� �
ln δi

z02

� �
2
4

3
5
2

: (6)

The next set of CFD model runs was designed to predict the spatial variations in bed shear stress resulting
from 3-D flow over the long-wavelength topography of the study site (Figure 9). A subsampled version
(100mpixel�1) of the DEM of the long-wavelength topography of the dune field was input to PHOENICS
using a uniform z0 value of 0.01m. The model domain was 9.1 km× 2.3 km and 300m in height. Once the bed
shear stress was obtained from the CFD model, the derivative of the bed shear stress in the predominant
transport direction was computed to provide a map of where erosion and deposition can be expected to
occur. According to equation (2), erosion should occur where the bed shear stress is increasing along the
predominant transport direction and deposition should occur where the bed shear stress is decreasing.

I also performed a series of 2-D CFD model runs of flow over incipient dunes (i.e., dunes with a sinusoidal
topography and relief and wavelength appropriate for incipient dunes, i.e., ~1 and ~10m, respectively) to test
the hypothesis that the value of z0r controls the spatial variations of bed shear stress over growing dunes
(Figure 10). The prescribed far-field shear velocity in these runs was held constant as z0rwas varied in order to
isolate the effects of varying z0r. I use the term “far-field” in this context to distinguish between the shear
velocity close to the bed, which varies spatially depending on the position within the dune, and the shear
velocity far from the bed, where it is nearly uniform (i.e., independent of height above the bed) and can be
held fixed for different effective aerodynamic roughness lengths using equation (1). A horizontal velocity
of 20m s�1 was assumed at a reference height of 300m for the case z0r=0.01m and the reference velocity
wasmodified according to equation (1) in order to maintain a fixed far-field shear velocity across the different
model runs as the value of z0r was varied from 10�4 to 10�1m.

A set of 2-D CFDmodel runs was also performed to estimate the effective dune-scale aerodynamic roughness
length, z0d, as a function of the dune dimensions (Figure 11). For this set of runs, I set the value of z0r to 0.01m
and varied the height of the dunes over a range from 1 to 4m (the average height of dunes at White Sands
is 3m), assuming a constant crest-to-crest wavelength of 100m (comparable to the average wavelength of
dunes atWhite Sands). Themodel-predicted values for z0dwere obtained by least squares fitting of the portion
of the vertical velocity profiles between z=0.3m and 300m to equation (1) for all 300 horizontal profiles
within themodel domain and then averaging those values. The velocity profile below z=0.3mwas not used in
the fit because the ripple-scale aerodynamic roughness length dominates or significantly influences the

Figure 9. Colormaps of (a) bed shear stress and (b) the derivative of bed shear stress along the predominant transport direction.
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velocity profile below this height.
Values of z0d were plotted as a
function of dune height (assuming a
constant wavelength of 100m) to
obtain an empirical relationship
between z0d, z0r, and dune height for
dunes of 100m wavelength. This
relationship was tested against the
predictions of the analytic model of
Jacobs [1989]:

z0d
z0r

¼ exp
1
2

Sln
L
z0r

� �� �2
 !

; (7)

where L is the half-length of the
dunes at the half-height position and
S is the slope of the stoss side of
the dunes.

Finally, I used PHOENICS to predict
the spatial variations in sediment flux
over the barchanoid portion of the
White Sands dune field, taking into
account the spatial variations in both
long-wavelength topography and
effective aerodynamic roughness
length, z0d, related to variations in
mean dune height (Figure 12). A

map of z0d was computed using the map of mean dune height together with the empirical relationship
between z0d, z0r, and the dune dimensions developed by the CFD model. The parameters for this
simulation are otherwise identical to the model designed to predict the bed shear stress variations due to
long-wavelength topography.

3. Results
3.1. What Are Representative Values for z0r in the White Sands Dune Field?

Figure 4 plots the predicted values of z0r using the modified Charnock relation of Sherman [1992] and
Sherman and Farrell [2008]. Figure 4 demonstrates that the ripple-scale effective aerodynamic roughness
length under strong winds is generally in the range of 0.001–0.01m, with values as high as 0.03m possible
under extreme wind conditions. The curve in Figure 4 represents predictions based on the average of a set
of published field studies; hence, larger and smaller values of z0r are possible. For the CFD models of this
study, I took 0.01m to be the default value for z0r. In all cases, however, I verified that qualitatively similar
patterns were observed using the alternative value z0r= 0.001m.

3.2. How Do Aeolian Sediment Fluxes and Dune Heights Vary in the White Sands Dune Field?

Figures 5 and 6 document the spatial variability in long-wavelength topography, aeolian sediment fluxes, and
dune heights in the barchanoid portion of the White Sands dune field surveyed by airborne laser swath
mapping (ALSM) in September 2009 and June 2010. Figure 5a illustrates, using a topographic profile from
Alkali Flat to the barchan-to-parabolic transition along the predominant direction of sediment transport (i.e.,
65° [Reitz et al., 2010]), the two most prominent scarps in the dune field: one with a midpoint elevation of
1200mabove sea level (asl) that is coincident with the upwind margin and the proposed L1 mid-Holocene
paleoshoreline of Langford [2003], and the other located 6–7 km downwind from the margin at 1211masl. A
map of these scarps (Figure 5c) was created by removing the dunes from a digital elevation model (DEM)
constructed from the ALSM point-cloud data as described in section 2.2 and subsequently computing the
curvature of the long-wavelength topography, h, in the along-wind direction, x, i.e.,∂2h/∂x2, from that DEM.

Figure 10. Results of PHOENICS runs that document the dependence of the
spatial variations in bed shear stress on the ripple-scale aerodynamic
roughness length, z0r, for flow over incipient dunes. (a) Plot of the assumed
topography of the incipient dunes (note vertical exaggeration). (b) Plot of the
bed shear stress (normalized by the density of air) predicted by the PHOENICS
CFD model for a range of values of z0r. Red lines denote cases in which flow
separation occurred on the lee side of the incipient dunes. The difference in
bed shear stress between the stoss and lee sides increases with increasing
z0r until a value of 0.01m, then decreases for larger values of z0r.
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Figure 5c includes only those areas of zero or negative curvature in order to emphasize the scarps. (Note that
Figure 5c suggests the possibility of a third scarp, i.e., the 1206masl scarp of Baitis et al. [2014]. I will return to
this point in section 4.3.)

Figure 6a is a color map of the elevation changes that occurred within each 1m2pixel during the 9month
interval between the two ALSM surveys. Figure 6b is a color map of volumetric unit sediment flux. Figure 6c is
a smoothed version of Figure 6b created using a smoothing length scale of 500m, illustrating the trends in
sediment flux at a spatial scale that averages over several dune wavelengths. Figure 6d is a map of dune
heights created by differencing the map of long-wavelength topography used to create Figure 5c from the
original DEM as described in section 2.2. Figure 6e is a smoothed version of Figure 6d. Figure 6f plots
variations in spatially averaged or mean sediment flux and dune height along a centerline transect of the
study area mapped in Figures 5 and 6. Figure 6 demonstrates that both mean sediment flux and mean dune
height have two local maxima, one coincident with the crest of the 1200m scarp and the upwind margin and
the other at a distance of 6–7 km from the upwind margin and coincident with the crest of the second (i.e.,
downwind) scarp illustrated in Figure 5a. In short, sediment flux is highest and dunes are tallest in the
portions of the landscape characterized by the greatest long-wavelength topographic convexity, i.e., near the
crests of the twomost prominent scarps. As noted in section 2.2, I constructed an alternative map that excludes
interdune areas from the analysis. This map (not shown) results in absolute values of mean sediment flux that
are slightly larger, on average, compared to those obtained by including both dunes and interdune areas. The
spatial variations of mean sediment flux, however, are nearly identical in the two cases. Specifically, both
maps exhibit two local maxima near the crests of the two scarps and are otherwise nearly indistinguishable.

Figure 11. Results of PHOENICS runs designed to quantify the dependence of the dune-scale effective aerodynamic
roughness length, z0d, on dune heights for dunes with a constant wavelength of 100m. The same value of z0r was used
for all of the runs (i.e., 0.01m) and the same relative topographic profile was used (the mean height of the dunes was varied
from 1 to 4m by multiplying the elevation of the dunes above their base in order to match a specified mean). (a) Plots of
the dune topography corresponding to different mean heights. Additional runs with mean heights of 3.2, 3.4, 3.6, and 3.8m
were run and the results are plotted in Figure 11c. (b) Plots of the local value of the local dune-scale effective aerodynamic
roughness length, z0dl, obtained by fitting the velocity profile predicted by the CFD model above each point with the range
of heights from z= 0.3 to 300m. As in Figure 10, red lines indicate cases in which flow separation occurred. (c) Plot of the
mean (spatially averaged) roughness length, z0d, as a function of mean dune height, together with the prediction of Jacobs
[1989] (equation (7)). (d) Colorized vector plots of flow velocity above dunes of increasing relief, illustrating the onset of flow
separation at dunes with a mean height of 2.5m.
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3.3. How Do Grain and Ripple Sizes Vary With Distance From the Upwind Margin?

Figure 7 presents data for spatial variations in ripple size (average trough-to-crest height and average
crest-to-crest spacing) and measures of grain size and sorting (d90 and dispersion, σ*, defined as (d90–d10)/d50)
along the 8 km transect located in Figure 1. Figures 7a and 7b demonstrate that the both the largest and
most common ripples vary in height and wavelength in a manner that is consistent with spatial variations in
sediment flux and dune height, i.e., they achieve local maxima near the crests of the two most prominent
scarps. Figure 7c presents the results of the grain-size analyses of Jerolmack et al. [2011]. These authors
documented a systematic decrease in d90 and dispersion out to a distance of 5 km, beyond which grain size did
not vary appreciably based on samples from dune crests. Figure 7d presents the results of the particle-size
analyses I performed on sediment samples from the largest ripples found at the bases or midpoints of the stoss
slopes of dunes located in the distal portion of the study area. Figure 7d demonstrates that the values of d90
and dispersion of sediments from the largest sets of ripples both increase substantially in the vicinity of the
second scarp.

Figure 12. Color maps and plots illustrating the relationships among the spatial variations in (a) dune-scale effective
aerodynamic roughness length, z0d, and sediment flux predicted by (b) the law of the wall (version 1 prediction) and
(c) PHOENICS (version 2). Version 1 of the predicted sediment flux (thin blue curve) is based solely on the law of the wall and
the local value of z0d, plus the assumption that sediment flux scales with the 3/2 power of bed shear stress. Version 2
also includes the spatially distributed adjustment of the boundary layer flow to spatial variations in z0d. (d) The thick black
line is the profile of measured mean sediment flux (from Figure 6f) for comparison.
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3.4. How Does the Bed Shear Stress Respond to a Roughness Transition?

I used computational fluid dynamics (CFD) modeling and analytic models for the boundary layer response to
an abrupt surface-roughness transition to test the Jerolmack et al. [2012] hypothesis that the decrease in
sediment flux downwind from the margin at White Sands is the result of a roughness transition localized at
the upwind margin. Figure 8a plots the bed shear stress predicted by PHOENICS for three example cases.
In each case, the wind velocity is prescribed to be a horizontal 20m s�1 at a reference height of 300m above
the ground, the aerodynamic roughness length upwind of the transition is prescribed to be z01 = 0.01m, and
the aerodynamic roughness length downwind of the transition is varied from z02 = 0.05 to 0.2m (based on
CFD model predictions of the effective roughness length of dunes similar in size to those at White Sands,
described in section 3.7). Figure 8 demonstrates that, for a range of roughness contrasts, z02/z01, the shear-
stress overshoot is significantly elevated above its asymptotic value (i.e., the value achieved far downwind
from the roughness transition) for a distance of at most ~100m. Figure 8b plots the prediction of an analytic
model of the shear-stress overshoot associated with a roughness transition. Differences exist between the
predictions of the analytic solution and the results of the CFD model (Figure 8). This is not surprising given
that equation (5) is an empirical fit to data and measurements of IBL heights have significant uncertainty.
Inboth cases, however, the shear-stress overshoot is localized to a distance of at most ~100m from the
roughness transition. This prediction is consistent with the experimental results of Bradley [1968], who
measured elevated bed shear stresses for a distance of only a fewmeters downwind of a roughness transition
characterized by a value of z02 (0.0025m) of the same order of magnitude as the value assumed by Jerolmack
et al. [2012] (0.01m). These results are robust with respect to the values of z01 chosen, i.e., a z01 value of
0.001m instead of 0.01m increases the magnitude and spatial extent of the shear-stress overshoot slightly,
but the length of the zone of elevated bed shear stresses is still limited to ~100m.

3.5. Where Is Erosion Localized in the Dune Field?

The starting point for the conceptualmodel illustrated in Figure 2 is the hypothesis that zones of long-wavelength
convexity experience larger average bed shear stresses even in the absence of spatial variations in dune size. As a
result, these may have been zones of net erosion (based on the fundamentals of how air flow interacts with
topography, e.g., flow line convergence in the vicinity of slopes dipping into the wind) even before the dunes
became established andmay continue to be zones of net erosion for reasons other than spatial variations in dune
size or locally drier sediments.

Figure 9a presents a color map of the bed shear stress predicted by PHOENICS for flow over the long-wavelength
topography of the study area. Not unexpectedly, the bed shear stress achieves local maxima at the crests of
the two scarps due to flow convergence over the steeper topography. Note that the absolute differences
in bed shear stress are small—just a few percent of the absolute value. Despite the modest magnitude of
these variations, any nontrivial spatial variation in sediment flux can be expected to have a significant effect
on the spatial pattern of erosion/deposition in a threshold sand sea in which the formative stress is
everywhere close to the critical stress for entrainment, as is the case at White Sands [Jerolmack et al., 2011].
Sediment flux correlates positively with bed shear stress, and the rate of erosion/deposition is related to the
derivative of the sediment flux along the predominant transport direction according to equation (1). As
such, the derivative of the bed shear stress along the predominant transport direction (Figure 9b) provides a
map of where the rates of erosion can be expected to be the highest. Note that the gradient of bed shear
stress along the wind direction is not an accurate map of the absolute rates of erosion because sediment
transport depends nonlinearly on bed shear stress. Nevertheless, it does accurately show the locations where
erosion is maximized. Figure 9b demonstrates that erosion likely occurs at the two most prominent scarps.
Elsewhere, landscape stability or net deposition is predicted.

3.6. How Might the Ripple-Scale Aerodynamic Roughness Length, z0r, Control Dune Size?

Figure 10 presents the results of CFD model runs designed to test the hypothesis that z0r values control the
spatial variations of bed shear stress (and hence sediment fluxes) within growing dunes. Figure 10a plots the
bed form topography used for all of the model runs, i.e., a sequence of incipient dunes with a sinusoidal
shape, a wavelength of 10m, and a maximum midpoint slope of 0.30m/m (i.e., 16.7°) on both the stoss and
lee sides. Figure 10b plots the spatial variations in bed shear stress predicted by PHOENICS for a range of
z0r values from 10�4m to 10�1m. The difference in sediment flux between the stoss and lee sides (which, via
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conservation of mass, controls the rate of growth of the crest of an incipient dune) increases with increasing
z0r until z0r=0.01m, past which point the difference in bed shear stress decreases with increasing z0r. Red
curves denote the cases in which flow separation occurred (i.e., all of the cases except for the lowest value,
i.e., z0r= 10�4m).

Figure 10 presents results for just one hypothetical size and shape of incipient dunes. However, I have
experimented with different shapes and sizes of incipient dunes, and in all cases, flow separation occurs or
does not occur consistently depending on whether the z0r value is above or below a threshold value. That is,
for a given dune morphology, flow separation does not occur for any z0r values less than a threshold value
and flow separation always occurs for z0r values above that threshold (with the value of the z0r threshold
always occurring in the range of z0r between 10�4 and 10�1m) and the size of the zone of lee side flow
separation (if one exists) always increases with increasing values of z0r. These results are consistent with
experimental and theoretical studies that have shown, for a variety of bed form/obstacle sizes and shapes,
the presence of separated flow and the size of the region of separated flow (if one exists) increases with
increasing z0 [Engel, 1981; Finnegan, 1988; Aubertine et al., 2004; Loureiro et al., 2009].

3.7. How Does the Dune-Scale Aerodynamic Roughness Length, z0d, Depend on Dune Size?

Figure 11 illustrates the results of CFD model runs designed to quantify the increase in dune-scale effective
roughness length, z0d, associated with dunes of different heights but constant wavelength (100m, i.e.,
comparable to the wavelengths of barchanoid dunes at White Sands). This analysis provides a key linkage
between mapped spatial variations in mean dune height (Figure 6e) and spatial variations in the dune-scale
effective roughness length. Data for the dependence of z0d on dune height are useful for relating spatial
variations in dune height to bed shear stress via CFD modeling.

The mean dune height was varied from 1 to 4m. The mean dune height is nearly equal to half the crest
height, so a mean height of 4m corresponds to a dune with a crest height of just under 8m. The dune profile
was chosen such that the lee sides of the dunes are at the typical angle of repose for dry sand (i.e., 33°)
and the stoss sides have a slope of 20° for dunes of mean height equal to 4m. Dunes of lower mean heights
have proportionately lower slopes on both the stoss and lee sides. Figure 11b plots local values of the
dune-scale effective aerodynamic roughness length, z0dl, determined by fitting the vertical velocity profile
predicted by the CFD model at heights above the bed ranging from z= 0.3m to 300m. Figure 11c plots the
value of z0d (the arithmetic mean of all of the values of z0dl) as a function of mean dune height. Figure 11b
shows that essentially all of the increase in z0d above the ripple-scale effective roughness length, z0r, is
attributable to flow separation on the lee sides of the dunes (for dunes tall/steep enough to trigger flow
separation). Figure 11c shows that the effective roughness length of dunes is equal to the ripple-scale
roughness length until the dunes are tall/steep enough for flow separation to occur; for this specific dune
shape and wavelength, such a threshold occurs at a mean height of ≈2.5m. Figure 11d visualizes the flow
patterns and zones of flow separation (or lack thereof) for dunes of various heights.

The threshold nature of the dune-scale effective roughness length values plotted in Figure 11c is important
to emphasize because some alternative roughness schemes [e.g., Lettau, 1969] assume a linear relationship
between the effective roughness length and the mean height of the obstacles. Such a relationship is a
good approximation if flow separation occurs on the lee side of all obstacles large and small. If, however, the
occurrence of flow separation is a function of the height/slope of the obstacles, a nonlinear/threshold
relationship is needed. Jacobs [1989] developed such a nonlinear relationship (i.e., equation (7)) in order to
quantify the effective roughness of sinusoidal surfaces. Figure 11c plots the values predicted by equation (7).
The agreement with the CFD model results is quite good for dunes with mean heights in the range of 3–4m.
The agreement is less good for dunes of smaller height.

It should be noted that the values of z0dl (the average of which is z0d) are sensitive to the range of heights over
which the velocity profile is fit. As such, it is difficult to uniquely estimate the absolute value of z0d with
precision. The relative values of z0d for dunes of different dimensions are largely insensitive, however, to
the range of heights used to compute the values of z0dl. As such, I have high confidence that the relative
values of z0d predicted for dunes of different heights are accurately represented in Figure 11c. The absolute
values of z0d, however, can vary by as much as a factor of 2 depending on which portion of the velocity profile
is fit to the law of the wall.
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3.8. How Does Dune Size (and Its Spatial Variations) Control Bed Shear Stresses and Sediment Fluxes?

The CFD-derived relationship between mean dune height and z0d was used to convert the map of mean dune
height (Figure 6e) to a map of z0d (Figure 12a) for the study area. Specifically, I interpolated linearly between the
results of the CFD model for dune heights of and between those plotted in Figure 12c. The resulting map of
z0d values was then input into the PHOENICS CFD model to predict the spatial variations in bed shear stresses
and sediment fluxes associated with spatial variations in dune height and long-wavelength topographic
variations. Predicted bed shear stresses were used to estimate relative sediment fluxes assuming that sediment
flux is proportional to the 3/2 power of bed shear stress [e.g., Bagnold, 1954]. Relative values of predicted
sediment fluxes were then scaled such that the sediment flux averaged over the entire study area matched
that of the measured sediment fluxes (Figure 6c). In other words, no attempt was made to predict absolute
values of sediment flux from the CFD models (such an analysis would require integration of sediment fluxes
estimated using high-resolution time-series data for wind-forcing conditions). Instead, the relative sediment
fluxes predicted using the CFD-model predictions of bed shear stress were scaled to match the average
sediment flux measured by ALSM within the study area. Any similarity among the absolute values of the
sediment fluxes predicted and measured is not meaningful; only the relative values (i.e., spatial variations) of
measured and predicted values are meaningful.

Before I present the predictions of the CFD model, I wish to present a much simpler calculation (Figure 12b)
that assumes that bed shear stresses are only a function of the local z0d value using the law-of-the-wall.
Figure 12b uses equation (1) to convert the local z0d value to a shear velocity (assuming a uniform horizontal
velocity of 20m s�1 prescribed at a reference height of 300m) and then a relative sediment flux (by scaling
the bed shear velocity to the third power). This version of the predicted bed shear stress is referred to as
version 1 due to its simplicity. The map and profile of the version 1 prediction (Figures 12b and 12d)
demonstrate that it is possible to reproduce the first-order aspects of the measured sediment flux (i.e., two
maxima coinciding with the crests of the two most prominent scarps) using only local z0d values. The version
1 prediction tends to underestimate the sediment flux in the vicinity of the upwind margin (first scarp)
and overestimate the sediment flux in the vicinity of the second scarp.

The version 2 prediction refers to the results of the full CFDmodel, which includes the effects of local z0d values
and the spatially distributed adjustments of the boundary layer flow to variations in z0d. Figure 12d
demonstrates that version 2 does a better job of predicting spatial variations in sediment flux compared with
version 1. Specifically, version 2 increases the sediment flux at the upwind margin in a way that more closely
matches the measured data. Comparing the version 1 and version 2 maps is useful because the comparison
demonstrates the relative importance of local versus nonlocal surface roughness values in controlling bed shear
stresses and sediment fluxes within the dune field. Such a comparison shows that the spatially distributed
adjustments of the boundary layer to spatial variations in z0d are important. As section 3.3 demonstrates,
shear-stress overshoots/undershoots that are associated with roughness transitions generally do not have a
large influence on areas farther away than ~100m from the roughness change. Despite that limited range of
influence, nonlocal effects are collectively important because spatial variations in z0d occur everywhere in the
dune field. One way of interpreting the differences between the version 1 and version 2 predictions is that
version 2 includes the effects of relatively small but ubiquitous shear-stress overshoots and undershoots.

It should be noted that the maps of Figures 6c, 12b, and 12c are not precisely comparable because sediment
flux is assumed to be zero on Alkali Flat in themeasured data (Figure 6c) while the CFDmodel predicts a finite
bed shear stress (and hence a finite sediment flux). In order to make the maps in Figures 6c, 12b, and 12c
more comparable, the model-predicted sediment fluxes shown in Figures 12b and 12c were modified over
Alkali Flat to have them ramp up from zero to the model-predicted value at the upwind margin. This is a
reasonable approximation since most of the sand supplied to the dune field comes from the erosion of the
upwind margin rather than from sediments of Alkali Flat.

4. Discussion
4.1. How the Results of This Paper Relate to the Conceptual Model

The continuous adjustment of the boundary layer flow to changes in dune size (with the tallest dunes located
at the crests of the twomost prominent scarps) is the primary reason for spatial variations in aeolian sediment
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flux in the conceptual model of this paper (Figure 2). Importantly, however, Figure 7 suggests a mechanism
for how the dunes came to be larger, i.e., that the scarps, as zones of flow convergence and net erosion,
supply relatively coarse and poorly sorted sediment to the regions downwind (where abrasion and
size-selective transport lead to progressive downwind fining). This supply of coarser and more poorly sorted
sediments, together with the relatively dry nature of sediments in zones of long-wavelength convexity, is
responsible for larger values of the effective aerodynamic roughness length and hence larger bed forms in
the vicinity of the crests of the two scarps. Larger bed forms, once initiated, operate in a positive feedback
with bed shear stress and sediment flux (Figure 2).

A key linkage in the proposed model is the hypothesis that larger grain sizes lead to larger bed forms. This
correspondence is apparent in Figures 6 and 7, which together demonstrate that larger ripple and dune sizes
correspond to larger grain sizes in the portion of the White Sands dune field studied in this paper. Many
models exist that may help explain the granulometric control of bed form sizes. It is beyond the scope of this
paper to test the applicability of all of these models at White Sands. What is important for the purposes of
this paper is that multiple process-based pathways exist whereby coarser grains and/or larger values of bed
shear velocities can result in larger ripples and dunes. Larger bed forms, in turn, increase the effective
aerodynamic roughness lengths, z0r and z0d, associated with bed forms, which in turn feeds back on bed
shear stresses and sediment fluxes.

Larger ripples could result from coarser sediments having a larger mean reptation length, all else being equal,
following the model of Anderson [1987]. It could also be that in coarse-grained ripples, the mean saltation
length of the fine-grain fraction increases with the grain diameter of the coarse fraction (since coarse grains
typically armor the stoss sides and crests of ripples, thereby activating the finer grains beneath them only
under relatively high shear-velocity conditions [Wilson, 1972; Ellwood et al., 1975; Yizhaq, 2008]). In any case,
Wilson [1972] and Ellwood et al. [1975] emphasized that fine-grained ripples and coarse-grained ripples
exist along a continuum. The data of Wilson [1972] and Ellwood et al. [1975] imply that, regardless of the
formational processes, grain sizes and ripple sizes are correlated for ripples of a wide range of sizes from
centimeters to meters in wavelength. Moreover, to the extent that coarse-grained ripples have different
formational processes than fine-grained ripples, there is a gradual transition in process dominance along the
continuum from small to large ripples.

A large body of work has demonstrated the likely importance that the drag or saturation length has on
the size of dunes [e.g., Andreotti et al., 2002, 2010; Claudin and Andreotti, 2006]. The drag length is directly
related to grain size, and the saturation length depends, in addition, on z0 (which is indirectly related to
grain size). Pelletier [2009] argued that ripples and dunes could be genetically linked such that larger grain
diameters and shear velocities increase the grain-scale aerodynamic roughness length that controls the
length scale of the instability that begets ripples, which in turn increases the ripple-scale aerodynamic
roughness length that controls the size of dunes. In Pelletier’s [2009] model, larger z0 values are associated
with an increase in the spatial variation of bed shear stresses between the stoss and lee sides of
evolving bed forms (thus causing them to grow faster since spatial variations in bed shear stress drive
erosion/deposition via mass conservation), but only to a point. Beyond that point, an increase in z0 leads to
a decrease in the spatial variations of bed shear stress; hence, such bed forms do not develop as quickly as
those with more optimum ratios of wavelength or height to z0. The aerodynamic roughness length also
controls the distance of the upwind shift in the bed shear stress maximum relative to the bed form crest
(Figure 10). In some models of bed form dynamics, this upwind shift plays a crucial role in setting the size of
mature bed forms.

Figure 10 demonstrates that the value of the ripple-scale effective roughness length exerts a first-order
control on the occurrence and size of flow separation in incipient dunes, with flow separation more likely
and/or larger in cases of larger z0r, all else being equal. When flow separation occurs, bed forms likely grow in
height more rapidly compared to the same conditions without flow separation since flow separation
increases the difference in sediment flux between the stoss and lee sides (and hence the capture efficiency)
of the bed form. The presence/absence of flow separation is, in turn, a function of z0r, with flow separation
more likely to be absent for lower values of z0r. As in Pelletier [2009], this increase in the spatial variation of
bed shear stress increases only to a point. Once the value of z0r becomes relatively large (i.e., 0.01m), the
spatial variation in bed shear stress decreases (Figure 10).
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Proposing that bed form size is related to grain size and/or aerodynamic roughness length and/or bed shear
velocity does not imply that time plays no role in controlling bed form sizes nor that all bed forms are in
equilibrium with time-averaged aerodynamic conditions. Rather, the granulometric control of bed form size
merely suggests that the minimum size of bed forms, or the maximum size of bed forms (if a maximum
exists), and/or the size of the fastest growing bed form within a continuum of growing bed form sizes, relates
in some way to grain size or to parameters related to it (e.g., z0r). Such a hypothesis leaves a lot of room
for time/age to control bed form sizes. For example, if the minimum size of a dune increases with grain size, it
is reasonable to expect that dune size will correlate with grain size within a dune field even if dunes
continually grow larger with time, all else being equal. It is obvious even to proponents of granulometric
control of bed form sizes, such as me, that bed forms can grow in size through time via the elimination of
defects (bifurcations and terminations of crest lines) among them [e.g.,Werner and Kocurek, 1999; Ewing et al.,
2006]. However, it is also clear that bed forms do not grow monotonically with time in many cases. Ripples
often decrease in spacing and defect density may increase during the waning stages of wind storms, for
example [e.g., Bagnold, 1954; Seppala and Linde, 1978; Walker, 1981]. It is not obvious how to reconcile this
fact with models that predict a monotonic decrease in defect density through time [e.g.,Werner and Kocurek,
1999; Ewing et al., 2006]. Quantifying defect elimination through time is insufficient for understanding bed
form sizes because defects are regularly introduced into bed form systems via changes in wind velocity,
direction, and perhaps other factors (e.g., natural fluctuations in transport). In short, it is likely that grain size
and age both contribute to bed form size.

4.2. Comparison of My Results to Those of Other Recent Studies

Jerolmack et al. [2012] proposed that bed shear stresses triggered by the roughness transition associated
with the upwind margin at White Sands remain significantly elevated above their asymptotic value out to
distances of several kilometers from the margin. The results in Figure 8 differ from those of Jerolmack et al.
[2012] because Jerolmack et al. [2012, equation (2)] estimated the bed shear stress downwind of the
roughness transition using the Blasius relation, i.e.,

τ2 ¼ 0:0225ρU2 ν
Uδi

� �1=4

; (8)

where ρ is the density of air, U is the wind velocity at the top of the atmospheric boundary layer under
dune-forming conditions, and ν is the kinematic viscosity of air. The Blasius relation cannot be used to model
the bed shear stress downwind from a roughness transition because it applies only to aerodynamically smooth
flows, i.e., those in which the boundary layer flow is independent of surface roughness, or equivalently, that
the velocity increases as the 1/7 power of distance from the bed [e.g., Glauert, 1956; Bansal, 2010; Chanson,
2013]. In order for a flow to be aerodynamically smooth, the thickness of the viscous sublayer (~1mm on Earth
[Kok et al., 2012]) must be significantly larger than the dominant roughness elements (~1–10m tall dunes in
this case). The surface roughness of the White Sands dune field is thus 3–4 orders of magnitude larger than
what would be required for equation (8) to apply. As Jiménez [2004] notes, nearly all geophysically and
meteorologically relevant flows are aerodynamically rough; hence, equation (8) cannot be used to model ABL
flows except in very unusual circumstances. Perhaps as a consequence of assuming aerodynamically smooth
flow, the Jerolmack et al. [2012] model contains some unrealistic aspects. For example, the predicted bed shear
stress downwind of the roughness transition is independent of z01 and approaches zero far downwind from
the transition. Any valid model for the bed shear-stress response to a roughness transition must depend on
z02/z01 (and vanish as this ratio approaches 1) and approach an equilibrium value given by the law-of–the-wall
far downwind from the transition (e.g., Figure 8).

In this paper I documented a local maximum in aeolian sediment flux 6–7 km from the upwind margin. No
such local increase was detected by Jerolmack et al. [2012] using a broadly similar analysis of lidar data.
One possible reason for this difference is the different methodologies used by the two studies. I integrated
high-resolution (i.e., 1mpixel�1) data for topographic change (Figure 6a) along the predominant transport
direction in order to create a high-resolution map of sediment flux (Figure 6b) prior to performing spatial
averaging. Jerolmack et al. [2012, Figure S5B], in contrast, spatially averaged the absolute value of their
topographic change map over areas of size 191m×3842m before integrating those data with dune height
to estimate sediment flux.
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It is important to emphasize that my work confirms the broad conceptual point of Jerolmack et al. [2012] that
the surface roughness associated with dunes controls bed shear stresses and hence sediment fluxes in
the White Sands dune field. I have, however, demonstrated that this influence cannot be idealized as a
discrete roughness transition localized at the upwind margin. My work confirms the hypothesis of Baitis et al.
[2014] that long-wavelength topographic variations (e.g., paleoshoreline scarps) exert a strong control on
dune field patterns at White Sands.

The results of the CFD modeling presented here differ somewhat from those of Araújo et al. [2013], who
reported that the value of z0 has a negligible effect on bed shear stresses and, as a result, varied only the
far-field shear velocity in their model runs. The difference between my results (which found that z0 exerts a
strong influence on both the mean and spatial variability of bed shear stresses) and those of Araújo et al.
[2013] is likely the result of the different boundary conditions used in the two studies. In my study I prescribed
the upwind velocity at a far-field reference height and one or more values of z0, following Wipperman and
Gross [1986], van Boxel et al. [1999], Parsons et al. [2004], and many other modeling studies of flow over
aeolian dunes. In contrast, Araújo et al. [2013] imposed a pressure gradient on the length of a virtual wind
tunnel in their scoping studies related to z0. Such an approach yields amean bed shear stress independent of
z0 because flow velocities become reduced over rougher surfaces (due to their larger drag coefficients),
thus yielding a mean bed shear stress that depends only on the pressure gradient. Spatial variations in bed
shear stress, which drive erosion and deposition, however, depend on z0 regardless of the boundary
conditions used provided the flow is aerodynamically rough. In nature, weather systems generally impose a
far-field velocity that is relatively uniform over areas approximately kilometers in size despite the presence of
spatial variations in surface roughness at a range of smaller scales. As such, it is appropriate to prescribe a
uniform far-field velocity rather than a uniform pressure gradient when quantifying the effect of spatial
variations in z0 on spatial variations in bed shear stress within a particular dune field. Prescribing a uniform
far-field velocity has the effect that bed shear stresses are larger over zones of increased z0 compared with
areas of smaller z0, a key component of the conceptual model of this paper. In contrast, prescribing a uniform
pressure gradient within a virtual wind tunnel implies that velocities far from the surface will continuously
and finely adjust to local variations in surface roughness at all spatial scales.

4.3. Evidence Suggesting the Presence of a Third Scarp That Influences Dune-Field Properties

Some of the data presented in this paper suggest that a third scarp may be present within the study area and
that this scarp may influence dune field properties. For example, the map of long-wavelength convexity
(Figure 5b) identifies a scarp (more subtle than the twomost prominent scarps) just downwind from the scarp
at the upwind margin. This scarp correlates with the 1206masl paleoshoreline of Baitis et al. [2014]. The
data for mean dune height (Figure 6e) and ripple dimensions (Figures 7a and 7b) also show local maxima in
this vicinity. Other data, however (e.g., the grain size data of Jerolmack et al. [2011], reproduced in Figure 7c),
do not show any significant increase in the vicinity of this scarp. In this paper I choose to focus on the
two most prominent scarps, leaving the question of whether the third scarp influences dune field properties
to a future study.

5. Conclusions

In this paper I sought to reconcile two alternative visions of the mechanisms governing the spatial variations
of dune field properties in the barchanoid portion of theWhite Sands dune field. In one vision, Jerolmack et al.
[2012] proposed that a roughness transition localized at the upwind boundary of the dune field triggers a
shear-stress overshoot that influences sediment fluxes up to distances of several kilometers downwind. In
an alternative vision, Baitis et al. [2014] proposed that the primary influence on dune field patterns is the
relative dryness of the sediment composing the crests of the paleoshoreline scarps. As Baitis et al. [2014]
noted, these visions are not mutually exclusive. Nonetheless, they emphasize very different processes
and mechanisms.

The model I have proposed builds upon concepts drawn from both Jerolmack et al. [2012] and Baitis et al.
[2014]. Variations in dune height clearly influence bed shear stress, as Jerolmack et al. [2012] proposed. This
influence cannot be modeled as a roughness transition localized at the upwind boundary but the influence
of variations in dune height on boundary layer flow and bed shear stress is still fundamental. Variations in
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dune height, in turn, are controlled by the long-wavelength-topographic variations of the dune field, which
result in drier sand near the crests of the scarps, as Baitis et al. [2014] proposed, as well as an increase in
sediment fluxes and erosion rates in the vicinity of the crests of the scarps due to flow line convergence.
Larger sediment fluxes and erosion rates increase the saltation-induced roughness and the exposure of
relatively coarse, more poorly sorted sands locally, both of which lead to larger effective aerodynamic
roughness lengths. The exposure of coarser sands also tends to promote drier sand conditions due to the
positive correlation between grain size and permeability. Larger grain sizes and/or aerodynamic roughness
lengths promote the development of larger ripples, which in turn further increases the value of the effective
aerodynamic roughness length, thus triggering the formation of larger dunes, larger effective roughness
lengths, and larger local bed shear stresses in a positive feedback.
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