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ABSTRACT: Estimates of the wind shear stress exerted on Earth’s surface using the fully rough form of the law-of-the-wall are a
function of the aerodynamic roughness length, z0. Accurate prediction of aeolian sediment transport rates, therefore, often requires
accurate estimates of z0. The value of z0 is determined by the surface roughness and the saltation intensity, both of which can be
highly dynamic. Here we report field measurements of z0 values derived from velocity profiles measured over an evolving topography (i.e. sand ripples). The topography was measured by terrestrial laser scanning and the saltation intensity was measured using a
disdrometer. By measuring the topographic evolution and saltation intensity simultaneously and using available formulae to estimate
the topographic contribution to z0, we isolated the contribution of saltation intensity to z0 and document that this component
dominates over the topographic component for all but the lowest shear velocities. Our measurements indicate that the increase in
z0 during periods of saltation is approximately one to two orders of magnitude greater than the increase attributed to
microtopography (i.e. evolving sand ripples). Our results also reveal differences in transport as a function of grain size. Each grainsize fraction exhibited a different dependence on shear velocity, with the saltation intensity of fine particles (diameters ranging from
0.125 to 0.25 mm) saturating and eventually decreasing at high shear velocities, which we interpret to be the result of a limitation in
the supply of fine particles from the bed at high shear velocities due to bed armoring. Our findings improve knowledge of the controls
on the aerodynamic roughness length and the grain-size dependence of aeolian sediment transport. The results should contribute to
the development of improved sediment transport and dust emission models. © 2018 John Wiley & Sons, Ltd.
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Introduction
Reliable prediction of sediment transport requires an improved
understanding of fundamental geomorphic processes such as
the controls on aeolian ripple formation and evolution
(Bagnold, 1941; Anderson and Bunas, 1993; Sherman and
Farrell, 2008; Pelletier, 2009) and the spatial and temporal
variability of saltation (Owen, 1964; Stout and Zobeck, 1997;
Gillette et al., 1998; Pfeifer and Schönfeldt, 2012). Sediment
transport predictions are often highly sensitive to key input
parameters such as shear velocity and the aerodynamic
roughness length. Detailed empirical data are therefore
necessary for the development and verification of sediment
transport models and for improving agreement between field
observations and theoretical predictions.
A more comprehensive analysis of the interactions between
boundary layer turbulence and sediment transport is a critical
area of research needed to improve model performance and
to provide new insight into aeolian sediment transport processes (Ungar and Haff, 1987; Anderson and Haff, 1991; Baas,

2008; Li and McKenna, 2012; Wiggs and Weaver, 2012). Recent studies have argued that microtopographic variations exert
a first-order control on bed shear stresses and sediment transport rates. For example, Chatanantavet et al. (2013) presented
data demonstrating that the critical Shields stress for fluvial entrainment varies over two orders of magnitude with varying
channel slope and bed roughness. Gravel rivers and aeolian
sand seas have been shown to be dynamically equivalent in
terms of threshold transport (Shields stress) and collision dynamics (Jerolmack and Brzinski, 2010). Similarity in Shields
stress between fluvial systems and aeolian sand seas may
provide useful insights for designing appropriately scaled experiments to test the importance of bed microtopography on
flow and sediment transport. In both aeolian and fluvial
systems, greater microtopographic roughness leads to greater
turbulent energy production near the bed, but it also creates
zones where the bed is sheltered behind microtopographic
highs, potentially lowering mean bed shear stresses.
The formation and evolution of bedforms such as aeolian
ripples is controlled primarily by the impact of high-energy
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saltating grains with the bedform and results from a screening instability, as fine grains are more likely to be deposited in the troughs
and coarse grains are more likely to be deposited on the crests
(Anderson and Bunas, 1993; Andreotti et al., 2006). Ripple formation and evolution also depends largely on the grain-size distribution of saltating particles and bed texture (Durán et al., 2011).
In areas with abundant sand supply, the height and wavelength of
aeolian ripples increases with increasing shear velocity and increasing grain size (Wilson, 1972; Andreotti et al., 2006). Some
of the more recently developed numerical models and theoretical studies provide a process-based understanding of the controls
on ripple height and wavelength (Yizhaq et al., 2004; Andreotti
et al., 2006; Pelletier, 2009). A more comprehensive model for
aeolian ripple formation and evolution will require consideration
of the mechanisms controlling vertical grain sorting and
consideration of heterogeneous sand mixtures with a wide
grain-size distribution.
Desert landscapes with abundant sand supply and a wide
grain-size distribution often exhibit evidence of vertical grain
sorting, suggesting that armor layers should be present in most
arid landscapes, as confirmed by recent field observations (Gao
et al., 2016). Armor layers in natural landscapes can vary
greatly in depth and typically become thicker near the ripple
crest but can be as thin as a monolayer at the surface (Bagnold,
1941; Sharp, 1963). Although armor layers are abundant in
many desert landscapes, their overall control on sediment
transport and availability is poorly understood in most natural
landscapes because of the complexity that wide grain-size
distribution introduces in the sediment transport process (Dong
et al., 2008; Frey and Church, 2009; Gao et al., 2016;
McKenna Neuman and Bédard, 2017).
The formation of armor layers and the formation and evolution of aeolian ripples can cause substantial increases in the effective roughness length. However, little is known about the
relative contribution of saltation activity and ripple formation
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to changes in roughness length and displacement height in natural flow systems. Previous work has analyzed velocity profiles
in great detail to estimate the influence of either saltation
(Anderson and Haff, 1988; Gillette et al., 1998; Bauer et al.,
2004; Schönfeldt, 2006) or aeolian ripples (Hoyle and Mehta,
1999; Sherman and Farrell, 2008) on changes in the aerodynamic roughness length. Although previous work has greatly
improved our understanding of these processes and their role
in aeolian sediment transport, there exists a need to concurrently determine the relative contribution of both saltation activity and ripple formation on changes in the effective
roughness length, especially in the presence of armor layers.
The objective of this study is to quantify the relationship
between z0 values, surface roughness, and saltation intensity. To
do this, we measured z0 values in sand sheets that develop into
wind ripple fields with a variety of heights and spacings (to quantify the dependence of z0 values on microtopography) and a variety of particle sizes (to determine the influence of grain size on
saltation-induced roughness). Our findings provide an empirical
foundation for understanding the relative contribution of saltation
activity and ripple formation to changes in the aerodynamic
roughness length and displacement height in natural flow systems.

Study Site and Methods
Site description
We measured wind profiles, saltating particle velocity and
diameter at a fixed height above the bed, and changes in ripple
wavelength and height in a ripple field near the Salton Sea in
southeastern California (Figure 1(a)). The Salton Sea dunefield
is located about 13 km south of Salton City, California and
occupies an area of approximately 15 km2 (Long and Sharp,
1964). The dunefield extends westward about 6 km from the

Figure 1. (a) Aerial image of the study site and (b) photograph of the ripple field. (c) Equipment used for measuring evolving topography (left, Leica
C10 terrestrial laser scanner), saltation activity (center, Thies Clima® laser disdrometer), and wind profiles (right, mast holding four cup anemometers).
(d) Close-up photography of the laser disdrometer. For scale, note that the center of the laser disdrometer is located 0.185 m above the surface in both
of the bottom photographs. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2018 John Wiley & Sons, Ltd.
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shore of the Salton Sea and extends about 3 km in the north–
south direction. Previous studies conducted at the Salton Sea
dunefield have described in detail the physical setting of the
study location (Long and Sharp, 1964; Haff and Presti, 1995;
Pelletier, 2013). The dunes are located on nearly flat Pliocene
sedimentary rocks, typical slope values being 10–25 m km-1 toward the north and east (Haff and Presti, 1995). The ripple field
had a bimodal grain-size distribution with the fine fraction
ranging from 0.05 to 0.2 mm in diameter and the coarse
fraction ranging from 0.5 to 1 mm in diameter. Detailed
information on the particle-size distribution of the two distinct
populations of sand is reported by Pelletier (2013).
The measurement area where we acquired our measurements (33° 11.0150 N; 115° 51.9210 W; Figure 1(b)) is a sand
sheet approximately 30 m long (length parallel to prevailing
winds) and 20 m wide with ~0.1 m of relief. The location was
carefully chosen to maximize the likelihood that the boundary
layer flow would be in equilibrium with the local surface
roughness up to a distance of 3 m from the ground. Although
the southwestern shore of the Salton Sea includes a field of barchans up to 8 m in height, there is no barchan located within approximately 500 m upwind of where we collected our data
(Figure 1(a)). We positioned our instrumentation at a location
on the sand sheet with approximately 30 m of ripples of uniform
height and boundary layer development. We observed similar
ripple height and spacing upwind. Counehan (1971) demonstrated that the minimum fetch required for a boundary layer
flow to be in equilibrium with the local surface roughness is
1000 times the height of the dominant roughness elements.
Based on this standard, together with the fact that ripples in
the study area are at most 3 cm in height, 30 m is adequate fetch.
A complementary approach to estimating the minimum fetch
required for the development of a boundary layer in equilibrium with the local roughness uses the Elliott (1958) formula
for the height of the internal boundary layer downwind of a
roughness transition:
δi
¼
z 02



x
z 02

0:8
(1)

where δi is the internal boundary layer height, z02 is the roughness value downwind of the transition (which we estimate as
1 mm, i.e. near the upper end of the values we measured),
and x is the distance downwind of the roughness transition.
Using the Elliott (1958) formula, the minimum fetch required
for the development of a log-law profile in equilibrium with
the local roughness out to a distance of 3 m from the ground
is 22 m. As such, 30 m is adequate fetch for measurement
heights up to 3 m.
Wind events were selected for monitoring based on forecasted
wind speed and direction for the Salton Sea dunefield. Field
measurements and observations took place during three monitoring periods on 14–15 May (15:30–7:00), 21–22 May
(17:02–10:36), and 22–23 May (15:21–11:15). Wind speeds
were measured at 6 s intervals at four heights above the bedform
(0.185 m, 0.52 m, 1.22 m, and 2.80 m) using standard cup anemometers (Inspeed Vortex brand; Figure 1(c)) logging data simultaneously to a PC. The distribution of measuring heights was
selected to give approximately equal logarithmic spacing. Our
approach for estimating shear velocities (u*) and aerodynamic
roughness lengths (z0) based on four cup anemometers is similar
to the methodology described by Pelletier and Jerolmack (2014).
Wind direction was measured at 2.80 m above the bedform
using an electronic wind vane. Wind direction during the three
monitoring periods was uniform and had a standard deviation
of less than 10°, ensuring that the upwind fetch was maintained
during the sampling period. Because the three monitoring
© 2018 John Wiley & Sons, Ltd.

periods were selected based on forecasted wind conditions at
the study site, we were able to obtain measurements only during
periods when the wind direction was uniform and perpendicular
to the ripple field. As a result, the data were not filtered for wind
direction. Average wind speed during the monitoring period was
approximately 6.5 m s-1 at 1.22 m above the surface, with gusts
commonly exceeding 12 m s-1.
Wind speeds in this study were close to or exceeded the saltation threshold during the three monitoring periods. Wind
speeds were generally greatest from late afternoon until midnight and then typically decreased during the early morning
hours the following day. Saltation activity was observed during
1716 min out of the 2538 min monitoring period, accounting
for 67.6% of the time when measurements were collected.
Measurements were not taken continuously throughout the
monitoring periods either due to periods of calm winds or to
allow for time required to backup data and recharge batteries.

Measurement and analyses of wind profiles
Shear velocity, by definition, is an average property of the flow.
As such, an appropriate averaging time scale must be selected
when estimating u* and z0. Studies have shown that the time
scale separating turbulent fluctuations from mesoscale atmospheric dynamics depends on the range of distances above
the ground used for computing u*. Larger heights require longer
averaging time scales because larger eddies are incorporated
into boundary layer turbulence at larger distances from the
ground. Vickers and Mahrt (2003), for example, determined
the appropriate averaging time scale to be on the order of
several minutes when distances above the ground from 0 to
3 m are considered (their Figure 6(a)). The literature on aeolian
sediment transport has, however, recognized the potential
benefit of shorter time scales of averaging. If the surface roughness evolves over time scales less than one minute, this evolution will impact u*. In such cases it might be necessary to use a
smaller time scale of averaging in order to resolve the effects of
short-time scale variations in surface roughness. In addition,
bursts of turbulent energy that last ~10 s can have a dominant
role in driving sediment transport. As such, the literature has
recognized the benefit of choosing averaging time scales less
than 1 minute in some cases (Namikas et al., 2003; Ellis et al.,
2009). In this study we chose 1 min as our averaging time scale,
i.e. slightly less than the value obtained by Vickers and Mahrt
(2003), in order to resolve variations in surface roughness associated with the occasionally rapid evolution of the ripple field.
Wind-velocity profiles obtained from the four cup anemometers were used to calculate u* and z0 based on the average velocities measured in each 1-min interval. Shear velocities and
roughness lengths were calculated via least-squares fitting of
the wind velocities to the natural logarithm of the height of the
cup anemometers; u* and z0 values were obtained by fitting
1 min averaged wind speeds to the law of the wall (i.e. Bagnold,
1941). Wind velocities were regressed against lnz because lnz
is observed with much greater accuracy than u and incorrect regression has been shown to cause considerable overestimation
of u* and z0 (Bergeron and Abrahams, 1992). Shear velocity is
equal to the slope of the regression of u on lnz multiplied by
the von Kármán constant (κ = 0.41; Equation (6) of Bergeron
and Abrahams, 1992). The roughness length is equal to the exponential of the following: minus the intercept divided by the
slope (Equation (7) of Bergeron and Abrahams, 1992).
Only wind profiles that had a coefficient of determination
(R2) greater than 0.95 were retained for analysis. The R2 values
between u and lnz provide an indication of the quality of fit of
the straight line to the data but does not necessarily provide a
Earth Surf. Process. Landforms, Vol. 43, 2616–2626 (2018)

ROUGHNESS LENGTH AND THE GRAIN-SIZE DEPENDENCE OF SEDIMENT TRANSPORT

good indication of the errors associated with the estimated
values of u and z0 (Wilkinson, 1983). Regression methods for
estimating u and lnz from velocity profiles are highly sensitive
to potential measurement errors in both laboratory and field
environments. Even small errors in the estimation of u and lnz
may introduce considerably larger errors in other important
hydraulic and sediment transport parameters (Bergeron and
Abrahams, 1992).

Terrestrial laser scanning and analysis of ripples
We measured changes in ripple wavelength and height during
the study period by taking repeat scans of the bedform
approximately every 45 min using a Leica C10 terrestrial laser
scanner. An area of approximately 7 m ×7 m was scanned a total of 50 times collectively during the three monitoring periods.
The scanned area was upwind and adjacent to the location
where measurements of velocity profiles and saltation activity
were obtained. The scanner was mounted on a small tripod
(2 m) to maximize the angle of incidence and minimize occlusion (Brown and Hugenholtz, 2013; Figure 1(c)). The Leica C10
has an inherent surface-model accuracy of approximately
2 mm (Hodge, 2010). A triangulated irregular network (TIN)
was constructed using each point cloud and then all the returns
in each 1 cm2 domain were averaged to create a raster with
point spacing of 0.005 m. Voids were filled using natural neighbor interpolation. Voids requiring interpolation were limited to
< 1% of the area.

Saltation measurements
In our approach, we used an optical sensor (Thies Clima® laser
disdrometer) because it provides several advantages including
minimal obstruction to the wind flow, large detection area for
measuring saltation, and high-resolution measurements of particle diameter and velocity. The Thies disdrometer is capable of
distinguishing among rain, drizzle, hail, snow grains, graupel,
and ice pellets by its ability to accurately measure particle velocity and to distinguish particles with diameters as small as
0.125 mm (Upton and Brawn, 2008). The standard deployment
of the disdrometer places the laser window horizontally in order to measure precipitation falling vertically. We deployed
the disdrometer with the laser window oriented along a vertical
plane in order to measure aeolian sediment transport. Details
on the apparent accuracy of the Thies disdrometer and an account of the factory calibration process are provided by
Lanzinger et al. (2006). The ability of the Thies disdrometer to
distinguish precipitation type is described in detail by Bloemink
and Lanzinger (2005). The optical disdrometer used in our
study was secured to a portable steel mast with a metal clamp
at the base and a bungee rope at the opposite end of the instrument to avoid disturbing the airflow upwind of the detection
area (Figure 1(d)). The disdrometer was mounted to a steel mast
so that the detection area was oriented perpendicular to the
prevailing westerly winds and bedform crests and parallel to
the bedform surface. The laser diode and all electronics are
enclosed in the base of the instrument (square box adjacent
to mast). The receiver is mounted in a small cylindrical enclosure approximately 22.8 cm from the laser diode and held in
place by the outer two metal bars. The laser diode and the receiving optics produce a 780 nm parallel infrared light-beam
with a cross-sectional detection area of 45.6 cm2 (20 mm by
228 mm; Bloemink and Lanzinger, 2005; Upton and Brawn,
2008). Optical disdrometers are capable of differentiating between solid and liquid particles (Jaffrain and Berne, 2011) and
© 2018 John Wiley & Sons, Ltd.
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have been used successfully in windy conditions with wind
speeds up to 20 m s-1 (Illingworth and Stevens, 1987).
The optical disdrometer measures the scattering of light in a
small volume of the atmosphere using a horizontal light sheet
less than 1 mm thick. If there are particles passing through this
horizontal light beam, they will cause peaks in the scattered
light and will reduce the receiving signal. The amplitude of
the reduction is related to the diameter of the particles passing
through the detection area (Bloemink and Lanzinger, 2005).
The attenuation of the light caused by each individual particle
is converted to an electrical pulse by the receiver, with the duration of the reduction related to particle velocity (Kathiravelu
et al., 2016). The disdrometer measurements are based on the
total number of particles greater than 0.125 mm in diameter
passing through the detection area within a 1-min time interval
(Lanzinger et al., 2006). Particle counts are recorded in 440
possible size-velocity bins each minute (Upton and Brawn,
2008). Particles of different sizes are separated into 22 classes
with lower bounds as follows (in mm): 0.125, 0.25, 0.375,
0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6,
6.5, 7, 7.5, 8, 8.5. Particles with different velocities are recorded in 20 classes with lower bounds as follows (in m s-1):
0, 0.2, 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2.2, 2.6, 3, 3.4, 4.2, 5, 5.8,
6.6, 7.4, 8.2, 9, 10, 11.
Saltation activity was measured at 1-min intervals during the
three monitoring periods when wind speeds were near the saltation threshold. Measurements were taken during periods with
no precipitation and only when the experimental surface was
dry to avoid potential errors associated with changes in surface
moisture following rainfall events. The disdrometer was located
0.185 m above the bed, with the detection area oriented
perpendicular to the prevailing winds and bedform crests and
parallel to the surface. This height was selected to maximize
the number of saltating particles passing through the crosssectional detection area without saturating the disdrometer detector. The height of the disdrometer was adjusted as needed
during the measurement periods so that the center of the
disdrometer detection area was maintained at a height of
0.185 m above the migrating bedform. During brief periods of
intense saltation activity, the disdrometer detector would at
times become saturated with saltating particles, resulting in a
maximum readout of 999 particle counts in some of the sizevelocity bins. Particle counts in the size-velocity bins that
exceeded the detection limit (999 counts per minute) were estimated using a Weibull distribution specific to each of the 1min intervals when saturation was observed. Saturation of the
disdrometer detector was observed in approximately 6.4% of
the total size-velocity bins throughout the monitoring period.
There is a potential limitation associated with placing the
disdrometer at a height of 0.185 m above the migrating bed that
could result in periods of saltation occurring very close to the
surface that go undetected by this experimental approach.
However, when considering the prospect of the disdrometer
to provide potentially useful measurements of the number, size,
and velocity of saltating grains at high temporal resolution, this
limitation seemed to be a reasonable tradeoff to accomplish the
particular objectives of this study.

Empirical formulae for estimating z0
Several relationships have been proposed to estimate the aerodynamic roughness length as a function of shear velocity. Some
of the most commonly used relationships for determining
roughness length were proposed by Charnock (1955), Raupach
(1991), and Sherman (1992). The Charnock model was
originally developed to estimate roughness lengths over a
Earth Surf. Process. Landforms, Vol. 43, 2616–2626 (2018)
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deformable water surface as a function of shear velocity but has
since been widely applied to aeolian systems (Owen, 1964).
The roughness length for the Charnock model is determined by:
z0 ¼ α

u2
g

(2)

z’0 ¼

Au2
2g

1r
z r0

(3)

where A is an empirical constant that varies with surface conditions. Raupach (1991) suggested a value of 0.22 for A. We used
a value of 0.20 m s-1 for u*t based on our empirical data
obtained during this study, discussed in detail in the following
section ‘Saltation activity’. The relationships proposed by
Charnock (1955) and Raupach (1991) consider only the grain
scale roughness and do not explicitly include the contribution
of z0 from microtopography.
Sherman (1992) proposed an alternative Charnock-type
model to describe the increase in roughness associated with
the development of a saltation layer. The relationship proposed
by Sherman (1992) has been suggested to be more physically
correct for sandy surfaces because the Charnock model
predicts roughness lengths smaller than the grain-induced
roughness for small values of u* less than u*t. The Sherman
(1992) relationship can be expressed in the following form:
z’0 

Results
Saltation activity

where α is an empirical constant that varies widely depending
on local surface characteristics, u* is the shear velocity, and g
is gravitational acceleration. Sherman (1992) suggested a value
of 0.0091 for the Charnock constant α.
The relationship proposed by Raupach (1991) is a modified form of the Charnock model that accounts for both
the saltation-induced roughness (z0 0) and the roughness
length of the underlying surface (z0) using the dimensionless
ratio r = u*t/u*, where u*t is the threshold shear velocity. The
Raupach (1991) relationship takes the following form:


to z0 can be estimated by subtracting z0,topo from measured values
of z0 at a given instant in time.

2D 50
ðu  ut Þ2
¼α
30
g

In situations where sediment availability is not limited, as was
the case for this study, the number of saltating particles
should increase proportionally as a function of shear velocity.
Total particle count, representing the total number of particles
from all four size classes, exhibited good correlation with u*
(R2 = 0.76) and followed a power law relationship as expected
(Figure 2(a)). This correlation only applies to u* values that are
greater than the excess shear velocity at the ripple field, which
was estimated to be approximately 0.20 m s-1. The number of
coarse particles larger than 0.25 mm also exhibited good
correlation with shear velocity, although R2 values decreased
considerably as particle size increased (Figure 2(b)). We
observed trends similar to the expected outcome for all particle
size classes except the finest fraction (0.125 to 0.25 mm). The
total number of particle counts for this size fraction increased
as u* increased up to approximately 0.55 m s-1. At greater
values of u*, the total number of saltating particles in the
smallest size fraction either decreased or remained constant,
suggesting the formation of an armor layer of coarse grains at
the surface of the bed limiting the supply of fine particles.

(4)

where D50 is the mean grain diameter and is assumed to be the
primary control on roughness when u* is less than u*t. Sherman
(1992) suggested a value of 0.0252 for the proportionality constant based on his analysis of 106 wind profiles.
One of the most challenging aspects of predicting z0 is the fact
that it depends on both topography and saltation intensity. In a ripple field, this challenge is especially great, as the topography itself
is highly dynamic, with generally taller and more widely spaced
ripples developing at higher shear velocities (Sharp, 1963; Seppälä
and Lindé, 1978). A key goal of our work is to separately quantify
the contributions of topography and saltation to z0 so that we may
develop a predictive model that explicitly includes both. To estimate the topographic contribution to z0, we used the method developed and tested at ten playa locations across the western US by
Pelletier and Field (2016). A Discrete Fourier Transform is applied
to each transect of the topography parallel to the wind to obtain
Fourier coefficients fn. The roughness is then given by:
N

z 0;topo ¼ z 0g þ ∑ z 0n
n¼1

where z 0n ¼

3jf n j
2

1 þ ð0:4=j4πkf n jÞ

(5)

where k is the wavenumber associated with each Fourier
coefficient as z0,topo and z0g is the grain-scale roughness equal
to 1/30th of the mean grain diameter. The contribution of saltation
© 2018 John Wiley & Sons, Ltd.

Figure 2. Number of saltating particles at 0.185 m above the surface
per 1-min sampling interval as a function of shear velocity. (a) Particle
count for the total number of saltating particles and for saltating particles with diameters ranging from 0.125 to 0.25 mm. (b) Particle count
for saltating particles with diameters ranging from 0.25 to 0.375 mm,
0.375 to 0.5 mm, and 0.5 to 0.75 mm. [Colour figure can be viewed
at wileyonlinelibrary.com]
Earth Surf. Process. Landforms, Vol. 43, 2616–2626 (2018)
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Shear velocities were calculated from wind profiles measured at the ripple field and ranged from about 0.09 to
0.72 m s-1 during the monitoring period. Mean shear velocity
was 0.43 m s-1 during periods with saltation. The threshold
shear velocity (u*t) for the ripple field was estimated to be
approximately 0.20 m s-1 based on the number of saltating
particles observed in the smallest size fraction (Figure 2(a)).
For intermediate sized particles with diameters ranging from
0.25 to 0.375 mm, u*t was estimated to be approximately
0.22 m s-1. As expected, u*t increased as the size of the saltating
grains increased. Threshold shear velocity increased to
approximately 0.27 m s-1 and 0.30 m s-1 for coarser particles
ranging in size from 0.375 to 0.5 mm and from 0.5 to
0.75 mm, respectively. Saltation activity was greatest in the
ripple field when u* exceeded approximately 0.6 m s-1. The
second monitoring period on 21–22 May accounted for more
than 90% of the total time that u* exceeded this value.

Flux density
Flux density was calculated by multiplying the number of
saltating particles per unit time passing through the crosssectional detection area of the disdrometer by the median particle volume and the average particle density. Flux density was
measured at 0.185 m above the bed and represents the total
mass of saltating particles from all four size classes. Flux density
at the measurement height of 0.185 m increased linearly as a
function of u*. However, the relationship between flux density
and shear velocity varied considerably based on the size of
the saltating particles (Figure 3). The flux density of saltating
particles at 0.185 m in the smallest size class (0.125 to
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0.25 mm) exhibited a unique relationship with u* such that as
values of u* increased above 0.55 m s-1, the flux density of particles in this size class decreased (Figure 3(a)). At the measurement height of 0.185 m, the flux density of particles ranging in
size from 0.25 to 0.375 mm had the strongest correlation with
shear velocity among the four particle size classes observed.
The flux density of saltating particles for the coarsest size fraction (0.5 to 0.75 mm) increased rapidly as values of u*
exceeded approximately 0.5 m s-1 (Figure 3(d)).
Our null hypothesis is that the flux of all particle sizes would
increase as shear velocity increases, with coarser particles
representing a larger fraction of the total with increasing u*.
Our results support this and show that the coarse fraction flux
does increase with u*, partly because higher u* entrained larger
fluxes but also because the fine particle flux actually decreased
with increasing u*. Flux density at 0.185 m above the bed was
dominated by intermediate sized particles with diameters ranging from 0.25 to 0.5 mm. Particles within this size range
accounted for 84.2% of the flux density. The flux density for particles ranging in size from 0.125 to 0.25 mm was approximately
an order of magnitude less than the flux density of the other
three particle size classes at the measurement height (Figure 3
). Flux density at 0.185 m reached maximum values of approximately 40 g m-1 s-1 when values of u* exceeded 0.6 m s-1.

Aerodynamic roughness length
The aerodynamic roughness length (z0) of the ripple field increased considerably due to the presence of saltating particles
and had a mean value of 0.47 ±0.29 mm during periods with
saltation activity. The presence of saltating grains resulted in a

Figure 3. Flux density at 0.185 m above the surface as a function of shear velocity for particles with diameters ranging from (a) 0.125 to 0.25 mm, (b)
0.25 to 0.375 mm, (c) 0.375 to 0.5 mm, and (d) 0.5 to 0.75 mm. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2018 John Wiley & Sons, Ltd.
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three-fold increase on average in the effective roughness length
compared to periods when no saltation activity was observed
(z0 = 0.16 ±0.10 mm). Roughness length was less variable during periods with no saltation and seldom exceeded the mean
roughness length observed when saltating particles were present (Figure 4). The effective roughness length increased as the
number of saltating particles increased for conditions of low
(< 10 000 per min), medium (10 000 to 20 000 per min), and
high (> 20 000 per min) saltation activity. Mean roughness
length was only 0.31 mm during periods with minimal saltation
activity (< 5000 particles per min), yet this was still approximately twice the mean z0 observed during periods with no saltation activity. The mean value of z0 reported here for periods
with no saltation may be a combination of the static surface
roughness in addition to a small contribution from saltating
grains that could be moving across the surface at heights less
than 0.185 m.
Our empirical measurements of z0 determined from wind
profiles obtained at the ripple field support the relationships
proposed by Charnock (1955), Raupach (1991), and Sherman
(1992) and show that z0 increases as a power law with shear
velocity. Based on our empirical data, we used a value of
0.023 for the Charnock constant α. This value is similar in magnitude to values suggested by others (e.g. α = 0.01; Rasmussen,
1989). For the Raupach relationship, we used a value of 0.41
for A, which compares better to the value suggested by
Gillette et al. (1998; A = 0.38) than the value proposed by
Raupach (1991; A = 0.22). For the Sherman relationship, we
used a value of 0.063 for the proportionality constant, α. Our
analysis using empirical data from the ripple field suggests that
the Charnock model tends to overestimate z0 when u* < u*t and
tends to underestimate z0 when u* > 0.6 m s-1 (Figure 5; u*t =
0.20 m s-1). Both the Sherman and Raupach relationships tend
to underestimate z0 when values of u* were small. The Sherman
and Raupach relationships closely resembled our empirical fit
for the observed data when u* was greater than about 0.4 m s-1
(Figure 5).

Relative contribution of saltation and evolving
topography to z0
Measurements of surface topography using repeat terrestrial
laser scanning show that ripple formation and evolution

Figure 4. Normalized histogram of z0 values observed for conditions
without saltation and for conditions with high (> 20 000 particles per
min), medium (10 000 to 20 000 particles per min), and low (< 10
000 particles per min) saltation. [Colour figure can be viewed at
wileyonlinelibrary.com]
© 2018 John Wiley & Sons, Ltd.

Figure 5. Measured values of z0 as a function of shear velocity. The
red line represents the best empirical fit for the observed data. The
green, blue, and black lines represent model predictions based on the
Raupach (1991), Sherman (1992), and Charnock (1955) relationships
(details on the parameters used are provided in the section ‘Empirical
formulae for estimating z0’). [Colour figure can be viewed at
wileyonlinelibrary.com]

was highly dynamic during the study period (Figure 6). The
migrating sand ripples had heights ranging from 1.2 to
2.9 cm and wavelengths ranging from 0.16 to 0.48 m
(Table I). As expected, the height and wavelength of the
ripples increased with increasing shear velocity (Sharp,
1963). Our observations indicate that at low shear velocity
ripples can maintain a fairly constant height and spacing
while migrating downwind without further growth or
development. We measured both saltation intensity and
changes in the height and spacing of the ripples simultaneously to isolate the relative contribution of each component to z0. The topographic contribution to z0 was
estimated using Equation (4) and LiDAR data obtained from
50 repeat scans of the migrating bed. The average topographic contribution to z0, accounting for both the grain
roughness and surface roughness, was estimated to be approximately 0.025 mm, with values ranging from 0.007 to
0.063 mm (Figure 7). The average contribution of saltation intensity to z0 was estimated to be approximately 0.423 mm,
with values ranging from 0.006 to 2.24 mm. The results indicate that the relative contribution of saltation intensity and
evolving topography to z0 is highly dynamic over time scales
relevant to predicting sediment transport.
The topographic contribution to z0 accounted for on average approximately 5.6% of the total, making saltation the
dominant component of z0, accounting for the remaining
94.4% of the enhanced roughness observed during the monitoring period. The relative contribution of saltation and
evolving topography to z0 was highly dynamic and varied
as a function of shear velocity (Figure 7). Our estimates indicate that the contribution of saltation to z0 is roughly one to
two orders of magnitude greater than the topographic component, except at low shear velocities when neither component
dominates. When values of u* were near the threshold shear
velocity (u*t = 0.20 m s-1), the topographic contribution to z0
accounted for approximately 20 to 30% of the total. However, when saltation intensity was high and values of u*
exceeded approximately 0.55 m s-1, the topographic contribution to z0 accounted for only about 2% of the total. The results show that the saltation contribution to z0 quickly
dominates over the topographic component with increasing
shear velocity.
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Figure 6. Illustration of the data and power spectral analysis used to estimate the microtopographic contribution to z0 (Equation (4)). (A)–(C)
Shaded-relief images of the microtopography of the ripple field at three instants in time (early, middle, and late during the wind event of 21 May) corresponding to relatively fast (A and B) and relatively slow winds (C). (D) Plots of the contribution of each Fourier mode to the predicted effective roughness length, z0n, as a function of k for eight time periods during the wind event. Time increases from the top plot to the bottom plot. The
microtopography has power at a range of wavenumbers, but the dominant wavenumber increases with time at first as the wind increases and larger
ripples form, then decreases towards the end of the wind event (the arrows show this shift in dominant wavenumber with time).

Table I. Average height and wavelengths of sand ripples observed during the monitoring period based on 50 repeat terrestrial laser scans obtained at
approximately 30-minute intervals
Scan time
May 14 3:32 PM
May 14 4:02 PM
May 14 4:30 PM
May 14 5:00 PM
May 14 5:34 PM
May 14 6:00 PM
May 14 6:33 PM
May 14 7:02 PM
May 14 7:32 PM
May 14 8:00 PM
May 14 8:30 PM
May 14 9:00 PM
May 14 9:37 PM
May 14 10:06 PM
May 14 10:39 PM
May 14 11:00 PM
May 14 11:30 PM
May 15 12:01 AM
May 15 12:35 AM
May 15 1:02 AM
May 15 1:31 AM
May 21 5:00 PM
May 21 5:30 PM
May 21 6:04 PM
May 21 6:25 PM

Height (m)

Spacing (m)

z0,topo (mm)

0.0134
0.0121
0.0130
0.0119
0.0120
0.0119
0.0129
0.0124
0.0120
0.0121
0.0117
0.0123
0.0164
0.0137
0.0139
0.0138
0.0137
0.0122
0.0122
0.0128
0.0124
0.0200
0.0200
0.0208
0.0240

0.32
0.32
0.32
0.32
0.32
0.32
0.36
0.34
0.17
0.17
0.17
0.16
0.16
0.16
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.29
0.29
0.3
0.34

0.0162
0.0068
0.0112
0.0076
0.0115
0.0074
0.0209
0.0120
0.0072
0.0072
0.0072
0.0095
0.0085
0.0078
0.0083
0.0081
0.0079
0.0081
0.0081
0.0083
0.0081
0.0603
0.0631
0.0525
0.0617

© 2018 John Wiley & Sons, Ltd.

Scan time
May 21 7:00 PM
May 21 8:02 PM
May 21 8:26 PM
May 21 9:08 PM
May 21 9:26 PM
May 21 10:01 PM
May 21 10:40 PM
May 21 11:00 PM
May 21 11:32 PM
May 22 12:02 AM
May 22 3:30 PM
May 22 4:00 PM
May 22 4:32 PM
May 22 5:06 PM
May 22 5:30 PM
May 22 5:56 PM
May 22 6:44 PM
May 22 7:02 PM
May 22 7:30 PM
May 22 8:03 PM
May 22 8:26 PM
May 22 9:01 PM
May 22 9:26 PM
May 22 10:00 PM
May 22 10:29 PM

Height (m)

Spacing (m)

z0,topo (mm)

0.0222
0.0194
0.0184
0.0176
0.0186
0.0182
0.0189
0.0189
0.0223
0.0192
0.0240
0.0234
0.0243
0.0266
0.0236
0.0287
0.0248
0.0229
0.0209
0.0216
0.0199
0.0205
0.0199
0.0213
0.0209

0.39
0.39
0.39
0.41
0.41
0.43
0.43
0.45
0.47
0.43
0.36
0.35
0.41
0.42
0.44
0.44
0.44
0.44
0.46
0.48
0.48
0.48
0.48
0.48
0.48

0.0631
0.0331
0.0282
0.0309
0.0288
0.0251
0.0209
0.0186
0.0204
0.0170
0.0468
0.0331
0.0324
0.0380
0.0457
0.0575
0.0269
0.0219
0.0166
0.0155
0.0155
0.0191
0.0214
0.0234
0.0191
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Figure 7. Estimates of the topographic (z0,topo) and saltation–induced
(z0 0) contributions to z0. [Colour figure can be viewed at
wileyonlinelibrary.com]

Discussion and Conclusions
Understanding the magnitude and temporal changes in
aerodynamic roughness length during periods of saltation and
ripple formation is fundamental for advancing our knowledge
of aeolian sediment transport and for improving model predictions. Sediment transport models developed for predicting mass
transport using wind profiles are very sensitive to changes in the
aerodynamic roughness length and the saltation threshold
(Rasmussen and Sørensen, 1999). However, there are only a
limited number of studies to date that have been used to develop and test most existing physics-based sediment transport
models (Williams, 1964; White and Schulz, 1977; Willetts and
Rice, 1986; Farrell et al., 2012; Mayaud et al., 2017). A recently
developed ‘dynamic mass balance’ (DMB) model proposed by
Mayaud et al. (2017) has been shown to improve sediment
transport predictions over a wide range of measurement
resolutions and averaging intervals by accounting for the
turbulence-scale lag between wind flow and sediment flux.
One of the objectives of this study is to provide high-resolution
measurements of changes in roughness lengths as a function of
saltation intensity and evolving topography to improve our understanding of aeolian transport processes and to aid in the development and testing of sediment transport models and
numerical simulations. Physics-based modeling of aeolian
transport processes requires direct observations of both the
wind profiles during transport events and the flux of saltating
particles for different grain-size populations (Farrell et al., 2012).
We measured saltation activity in a ripple field at 1-min intervals using an optical disdrometer to obtain high-resolution
measurements of the number of saltating particles in different
size classes and their associated velocities. Our results suggest
that there is potential for using optical disdrometers to measure
saltation intensity and particle velocities over a wide range of
wind speeds. Our measurements of saltation intensity are comparable with other estimates that have been reported during
strong wind events using more traditional approaches for measuring saltation (e.g. acoustic technology, impact sensors). For
example, Stout and Zobeck (1997) measured saltation intensity
during a wind event in the Southern High Plains of Texas and
reported Sensit counts as high as 90 particle impacts per second (> 5000 particles per min) for a sandy loam with 80%
sand, 4% silt, and 16% clay. Our measurements of saltation intensity were higher on average (about 15 000 particles per min)
than those reported by Stout and Zobeck (1997), likely because
the surface composition of the ripple fields had a larger sand
© 2018 John Wiley & Sons, Ltd.

fraction. Van Donk and others (2003) measured saltation intensity in the Mojave Desert in southern California over a sandy
surface (> 90% sand) – more similar in texture to the ripple
field in this study – and reported average Sensit counts of approximately 23 000 and 28 000 particles per min for the two
sites where measurements were obtained. These results are
similar in magnitude to the average number of particles (about
25 000 per min) observed in this study when wind speeds were
sustained above the saltation threshold for several consecutive
minutes.
The flux density of saltating particles at 0.185 m above the
bed increased with increasing values of u* as expected in all
cases except for the smallest size fraction at large shear velocities. At values of u* > 0.55 m s-1, the flux density of particles
ranging in size from 0.125 to 0.25 mm remained fairly constant
or decreased slightly at the measurement height of 0.185 m.
These trends were only observed for the smallest size fraction
when shear velocities were large. The limited number of fine
particles detected at high shear velocities indicates the possible
occurrence of an armor layer of coarse particles at the surface
of the ripple field limiting the availability and transport of fine
particles < 0.25 mm in diameter. Other studies have suggested
that changes in surface roughness and saltation threshold can
lead to the development of armor layers at the surface in the
presence of saltating particles (Rasmussen and Sørensen,
1999; Gao et al., 2016). Armor layers are abundant in many desert landscapes and have been shown to be effective in reducing sediment transport and availability (Manukyan and
Prigozhin, 2009; Gao et al., 2016). McKenna Neuman and
Bédard (2017) investigated particle segregation, ripple formation, and surface armoring in a wind tunnel with sand beds of
systematically varied particle size distribution and reported
declining rates of mass transport and particle segregation as
the bed surface armored. However, the mechanistic effects of
armor layers on sediment transport and availability is not well
understood because of the complexities that wide grain-size
distribution introduces in the sediment transport process (Dong
et al., 2008; Frey and Church, 2009; Gao et al., 2016;
McKenna Neuman and Bédard, 2017). The development of
armor layers can influence the size distribution of saltating
particles and the formation and evolution of aeolian ripples,
both of which can influence effective roughness.
The presence of saltating particles during transport events
increased the effective aerodynamic roughness length in the
ripple field by a factor of three (z0 = 0.47 mm with saltation
vs z0 = 0.16 mm with no saltation). As saltation activity increased, effective roughness lengths approached the maximum
observed values, ranging from 1.5 to 1.7 mm, but only during
periods of intense saltation when counts exceeded approximately 30 000 particles per min. Other field studies and wind
tunnel investigations have reported comparable increases in
effective roughness length due to the presence of saltating
particles (Anderson and Haff, 1988; Gillette et al., 1998; Bauer
et al., 2004; Schönfeldt, 2006; Sherman and Farrell, 2008).
We measured saltation intensity and evolving topography simultaneously to isolate the relative contribution of each component to z0. Our results show that the relative contribution
of saltation and evolving topography to z0 was highly dynamic
and varied as a function of shear velocity. The results also show
that as shear velocity increases the saltation component quickly
dominates over the topographic component. When shear velocity exceeds the threshold shear velocity, saltation-induced
roughness is roughly one to two orders of magnitude greater
than the topographic component. Measurements of the
evolving topography using repeat laser scanning indicate the
presence of fully developed migrating ripples and an increase
in the height and spacing of ripples with increasing shear
Earth Surf. Process. Landforms, Vol. 43, 2616–2626 (2018)

ROUGHNESS LENGTH AND THE GRAIN-SIZE DEPENDENCE OF SEDIMENT TRANSPORT

velocity and grain size, similar to the findings of others (Seppälä
and Lindé, 1978; Andreotti et al., 2006; Lorenz and Valdez,
2011). The results are also supportive of some of the more recently developed numerical models and theoretical studies that
predict steady-state conditions for fully developed ripples as
they migrate downwind (Yizhaq et al., 2004; Andreotti et al.,
2006; Pelletier, 2009).
In summary, our field-based measurements of aerodynamic
roughness length during saltation and ripple formation provide
a basis for advancing our knowledge of aeolian sediment transport processes and grain-scale interactions in natural flow systems. This study is among the first to quantify the comparative
effects of saltation activity and ripple formation on changes in
aerodynamic roughness length and displacement height in natural flow systems. Our results provide an empirical foundation
for improving our understanding of the controls on the effective
aerodynamic roughness length and may contribute to the
development and testing of sediment transport models, particularly those that account for saltation activity and aeolian ripples.
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