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ABSTRACT: A quality-controlled data set comprising measurements of aeolian sand transport rates obtained at three disparate field
sites is used to evaluate six commonly employed transport rate models (those of Bagnold, Kawamura, Zingg, Owen, Hsu, and Lettau
and Lettau) and to recalibrate the empirical constants in those models. Shear velocity estimates were obtained using the von Kármán
constant and an apparent von Kármán parameter. Models were recalibrated using non-linear regression and non-linear regression
with least-squares lines forced through axes origins. Recalibration using the apparent von Kármán parameter and forced regression
reduced the empirical constants for all models. The disparity between the predictions from the different models is reduced from
about an order of magnitude to about a quarter of an order of magnitude. The recalibrated Lettau and Lettau model provided the
greatest statistical agreement between observed and predicted transport rates, with a coefficient of determination of 0�77. Evaluation
of the results suggests that our estimations of threshold shear velocity may be too slow, causing errors in predicted transport rates.
Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

All aeolian sand transport models include one or more
empirical calibration coefficients based on wind-tunnel
measurements or field measurements from a specific environ-
ment, or both, to obtain correspondence between measured
and observed transport rates. When such models are evalu-
ated using field-based data, it is common for the models to
substantially over-predict transport rates compared to those mea-
sured. Many reasons have been offered to explain the disparity,
including the impacts of a suite of environmental controls not
considered in the models, such as sediment moisture content,
surface slope, or vegetation. We posit that at least some of the
error is attributable to the values attributed to the empirical con-
stants in those models. Some constants have been derived from
wind tunnel experiments that do not use naturally graded sands
and/or rely on only a few data points, or are from experiments
in specific field environments, typically with few data points.
Our position is based upon previous research that has dem-
onstrated the distinct scaling constraints on wind tunnel
boundary-layer conditions so that the laboratory studies cannot
replicate, for example, the effects of larger-scale turbulent struc-
tures (Sherman and Farrell, 2008). Using uniform grain sizes
rather than natural sands must also introduce some degree of
bias. Other effects stem from the use of environment specific
calibrations where complicating factors might be present, but
not explicitly described (e.g., surface slope or moisture content).
The purpose of this project was to recalibrate six transport
equations using quality-controlled data obtained from three
disparate field experiments. The purpose of this paper is to
discuss the development of the empirical coefficients in the
original models, to describe the three field experiments and
the data obtained, and then to use those data to obtain new
calibration coefficients for the transport rate models of Bagnold
(1937), Kawamura (1951), Zingg (1953), Owen (1964), Hsu
(1971), and Lettau and Lettau (1978). The new calibration
coefficients are compared to the originals, and both are used
in a comparison of predicted and observed transport rates.
We also present comparisons of those model results using the
original and recalibrated coefficients and the von Kármán
constant (equal to 0�4) with predictions using an adjustable,
apparent von Kármán parameter (dependent on transport rate)
and the recalibrated coefficients.

Background

The general inability of existing models to accurately predict
wind-blown sand transport rates has been widely recognized
and lamented (Horikawa et al., 1986; Sherman et al., 1998;
Dong et al., 2003; Liu et al., 2006; Sherman and Li, 2011).
Several reasons for the disparity between model predictions
and prototype observations have been offered. First, most of
the models have been developed to predict transport rates for
clean and dry sand grains of uniform size and composition.
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This is especially the case for models calibrated in carefully
controlled wind tunnel experiments. Models calibrated using
field data may not be broadly representative of typical transport
conditions in other environments, unless careful accounting
of local complicating conditions has been included in the
models. This has not been the case for the models we consider,
where such complications can only have been accounted for in
the derivation of the empirical constants that correct their
predictions to match measurements. One result is that, even
though the general physics of the models are approximately
the same, the models produce greatly different predictions of
transport rates for identical environmental conditions. As an
example, in Figure 1, we depict the relationships between
shear velocity and predicted sand transport rates for each of
the models we consider in this paper, assuming a dry, uniform
sand grain size of 0�25mm. The results vary substantially across
the range of transport rates predicted by the different models. At
a shear velocity of 0�50m s–1, the degree of variability
approaches an order of magnitude, for example.
Many specific reasons have been offered to account for the

relatively poor agreement between transport rates predicted
by various models and those observed in the prototype. As
noted earlier, the most frequently invoked explanations
concern the use of idealized models to predict transport rates
for complicated field settings (e.g. Gares, 1988; Sherman and
Hotta, 1990; Bauer et al., 2009; Sherman and Li, 2011).
Complications arise when there is a departure from ‘ideal’
conditions, such as the presence of moisture (Belly, 1964;
McKenna Neuman and Nickling, 1989; Namikas and
Sherman, 1995; Corneilis and Gabriels, 2003), surface crusting
(Leys and Eldridge, 1991; Rice and McEwan, 2001; Langston
and McKenna Neuman, 2005), various fetch lengths
(Nordstrom and Jackson, 1992; Jackson and Cooper, 1999;
Bauer and Davidson-Arnott, 2003; Dong et al., 2003;
Delgado-Fernandez, 2010), local slope effects (Iversen and
Rasmussen, 1999; White and Tsaor, 1998; Hesp et al., 2005),
unsteadiness in the wind field (Stout and Zobeck, 1997;
Schonfeldt, 2004; Wiggs et al., 2004; Davidson-Arnott and
Bauer, 2009), variability in the saltation system (Bauer et al.,
1996; Gares et al., 1996; Davidson-Arnott et al., 1997; Baas
and Sherman, 2005; Jackson et al., 2006; Ellis et al., 2012) or
modification of the transport system caused by the presence
of vegetation (Hesp, 1981; Niedoroda et al., 1991; Lancaster
and Baas, 1998; Arens et al., 2001; Kuriyama et al., 2005),
among other factors (cf. review by Nickling and McKenna
Neuman, 2009; or Ellis and Sherman, in press). Alternatively,
errors in prediction can arise from improper field or analytical
methodologies (e.g. Bauer et al., 1992; or Ellis et al., 2009) or
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Figure 1. Comparison of transport rate predictions for the six models
recalibrated herein, assuming 0�25mm diameter sand.

Copyright © 2012 John Wiley & Sons, Ltd.
the difficulty in obtaining accurate estimates of quantities, such
as shear velocity, that must be derived from other measure-
ments (e.g. Bauer et al., 1992; Wiggs, 1993; Dong et al.,
2003; Namikas et al., 2003). If it is reasonable to assume that
at least part of the error associated with the predictions of
transport models is attributable to some or all of the complica-
tions that we recognize, then it is also reasonable to assume
that measurements made under near-ideal conditions should
produce close matches between observations and predictions
of sand transport rates. It is also reasonable to expect that the
empirical constants developed for the several transport rate
models and tuned to relatively small data sets might not be
appropriate for general application.

It has been common practice to estimate shear velocity, u*,
using measured velocity profiles and the law of the wall, so that
u* =km, where k is the von Kármán constant (k=0�4) and m is
the slope of the near-surface velocity profile. It has been
recently demonstrated (Li et al., 2010) that as aeolian sand
transport rates, q, increase, the von Kármán constant
appears to decrease. The variable k has been redefined as
the apparent von Kármán parameter, ka (Wright and Parker,
2004). Based on field experiments, Li et al. (2010) found
the relationship ka = –3�03q+0�40 (where units of q are in
kgm–1 s–1). In this study we will recalibrate transport rate
models using estimates of shear velocity found using k and ka.

It is from these latter perspectives that we review the
development of several of the most common, shear-velocity
based, aeolian sand transport models, describe a series of field
experiments, use data from those experiments to recalibrate the
models, and then assess the results of the exercise. In order to
approximate ideal transport conditions, the data sets were
obtained from long fetch, minimal slope, unvegetated, dry
(or nearly dry) surfaces. The results were screened to eliminate
cases when the transport rates were quite small or when there
was significant sediment moisture present. Details of the
criteria used are discussed later.
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Six aeolian transport models

Most aeolian transport models are developed from a physics/
mechanical perspective using either wind velocity or wind
shear velocity. Wind velocity models (O’Brien and Rindlaub,
1937; Dong et al., 2003; Leenders et al., 2011) offer several
advantages over shear velocity models. It is easier to measure
wind speed than to obtain and analyze wind profiles or
Reynolds stress data to estimate shear velocity. There are,
however, issues associated with wind speed models. Because
wind speed is not constant with elevation near the sand
surface, results from such analyses are comparable only when
elevations can be standardized. Further, an elevation-specific
drag coefficient should also be specified. Drag coefficients vary
with fluid velocity (e.g. McEwan and Willetts, 1993), so these
can only be approximations for elevation or speed. Further,
drag coefficients will also vary with surface roughness charac-
teristics (Vugts and Cannemeijer, 1981), so it is possible to
have similar shear velocities with dissimilar wind speeds, or
dissimilar shear velocities with similar wind speeds. These
effects are typically constrained by the empirical constants in
wind speed models. Shear velocity models, however, suffer
from neither of these issues. There are, however, issues of
appropriate averaging intervals for shear velocity estimation
(Namikas et al., 2003), and there has been debate concerning
the appropriate exponent to be used in shear velocity-based
models (e.g. Ungar and Haff, 1987; Sarre, 1988; Davidson-
Arnott and Bauer, 2009, Ho et al., 2011; Sherman and Li,
2011). Despite these issues, most applications use one or more
Earth Surf. Process. Landforms, Vol. 38, 169–178 (2013)
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of the shear velocity cubed models that we describe later, in
chronological order.

Bagnold (1937)
Bagnold first presented his model in 1937:

q ¼ CB
r
g

� �
u3
�

d
D

� �1
2=

(1)

where r is fluid density, g is acceleration due to gravity, d is
median grain size, u* is shear velocity (he used V

0
@ instead

of u*), D is reference grain diameter, and CB is Bagnold’s
empirical coefficient (subscripts are used to distinguish the
different values of C used by the various models); the latter
two parameters are discussed later. While Bagnold introduced
Equation 1 in his 1937 paper, critical details outlining the
calibration and experiments are discussed in his 1936
paper. The experiments were conducted in a 0�3m wide by
0�3m high� 10m long wind tunnel. The tunnel had the capabil-
ity to receive sand through its mouth by a stream of sand, but the
details of this system, such as the flow rate, are not presented.
Wind was measured with a pitot tube and sand transport was
determined using 10 balances equally distributed throughout
the tunnel. Bagnold approximated that total transport comprises
one-quarter surface creep and the remaining saltation. Conse-
quently, he assumed that 75%of sandmovement exits the tunnel.
Bagnold (1936) presented six runs with shear velocities that
ranged from u*=0�19–0�88ms–1. Sand, ranging in size from
0�18mm to 0�30mm, was spread evenly on the tunnel surface.
Transport rates ranged 0�042–0�122 kgm–1 s–1. Bagnold’s 1937
paper reports the empirical coefficient value of CB as 1�5 for
uniform sand and 2�8 for sands with a wide range of sizes.
Bagnold (1941) also reports CB equivalent to 1�8 for naturally
graded sand, typically found on dunes. Additionally, his 1937
paper reports D, the mean standard sand diameter as 0�24mm.
In Bagnold (1941) it is reported as D=0�25mm, which is the
value typically used in modern literature (e.g. Dong et al., 2003;
Nickling and McKenna Neuman, 2009; Ellis and Sherman, in
press) and for the rest of this paper.

Kawamura (1951)
Kawamura (1951) relates mass transport to shear velocity using:

q ¼ CK
r
g

� �
u� � u�tð Þ u� þ u�tð Þ2 (2)

where u*t is threshold shear velocity and CK = 2�78. Kawamura
conducted both laboratory- and field-based experiments,
however, it is unclear, perhaps because we are using a translation
of the manuscript from its original form in Japanese, whether
Equation 2 was formulated using both data sets or exclusively
the former. However, the parameterization of CK=2�78 is based
only upon laboratory experiments: therefore, this discussion will
focus only on the details of the wind tunnel experiments
presented by Kawamura (1951). In the 1951 study he used a
tunnel measuring 0�05m wide by 0�80m high and 1�5m long
to determine q. Thewind tunnel sandwas collected from a beach
with a mean grain size of 0�248mm; all experiments used the
same sands. Sand transport was determined by measuring
the weight of sand deposited in cylinders installed flush with
the surface that measured 4�0mm (inside diameter) and placed
0�25m apart. The author discussed that erosion occurred in the
upwind portion of the tunnel, which exposed the cylinders
and disrupted flow. Wind was measured in the tunnel at
0�30m above the surface and shear velocity was calculated by
multiplying the single point wind speed by 0�0488. Thirteen
Copyright © 2012 John Wiley & Sons, Ltd.
coincident measurements of q and wind speed (converted to u*)
are presented in his figure 11 with values ranging up to approxi-
mately 0�425kgm–1 s–1 and from approximately 2�5–10�5ms–1,
respectively. He also estimated u*t equivalent to 2�34ms–1 when
wind velocity equals 4�8ms–1 at 0�30m above the bed in the
wind tunnel.

Zingg (1953)
Zingg employed a portable wind tunnel 17�1m long by 0�91m2

(c.f. Zingg and Chepil, 1950) to support the formulation of his
transport model. The wind tunnel comprised multiple 0�46m
wide trays located on center, and on the bed of the tunnel, with
scales beneath. Five sizes of quartz sand were considered:
0�20, 0�275, 0�36, 0�505, and 0�715mm. Wind velocity profiles
were measured at four locations along the spanwise distance of
the tunnel to determine that the growth of the boundary layer is
proportional to the four-fifth power of the wind tunnel length. In
the paper that introduced the wind tunnel, Zingg and Chepil
(1950) noted that the first third spanwise length should not be
used for measurement. Shear stress (t0) was measured directly
using a ‘shear tray’ (Zingg, 1953). Transport was also measured
using ’dust samplers’ (Zingg, 1953), which were adapted from
commercial vacuum cleaners and co-located with impact tubes
that recorded pressure to determine the rate of the fluid flow.
Zingg (1953) considered 43 tests, each having a 120 second
duration, using the five different sand sizes and winds sampled
at multiple elevations (cf. Zingg, 1953, table 3). His model:

q ¼ CZ
d
D

� �3=4 r
g

t0
r

� �3=2
(3)

is derived from multiple regression analysis using a power
function with a correlation coefficient of 0�977 when CZ is 0�83.

Zingg (1953) mentions that the size and shape of the wind
tunnel and the turbulent boundary layer depth affects the
tunnel-measured q values.

Owen (1964)
Owen (1964) formulated his model:

q ¼ 0:25þ ws

3u�

� �
1� u2

�t
u2�

� �
ru3

�
g

� �
(4)

where ws is fall velocity, by considering the following two
hypotheses related to saltation: (1) saltation creates aerodynamic
roughness and that roughness is proportional to the saltation layer
thickness; and (2) shear stress governs the concentration of
saltation. This model is only applicable when ws/u* is small:
however, the author does not quantitatively define this limitation
other than noting that fine grains have large fractional values.
Owen (1964) employed data from Bagnold (1941) and Zingg
(1953) for grain sizes of 0�20, 0�275, 0�505, 0�715mm to deter-

mine that the relationship between the ordinate of qg
ru3�

1� u2�t
u2�

� �
and ws /u*, which fall according to the line qg

ru3�
1� u2

�t
u2�

� �
¼

0:25þ 1
3ws=u� . Chen and Fryrear (2001) parameterize ws using

different-sized spheres:

ws ¼ �0:775352þ 4:52645d
1

2= (5)

wherews is in m s–1 and d is in millimeters. This relationship was
derived from their table 1 (Chen and Fryrear, 2001, p. 368) and
was used here to solve Equation 4. The relationship described
by Equation 5 is good only for sand-sized particles.
Earth Surf. Process. Landforms, Vol. 38, 169–178 (2013)
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igure 2. (A) Experimental array at Inch Spit, Ireland, with five
nemometer arrays perpendicular to the shoreline. (B) Experimental
rray at Esposende, Portugal, with anemometer array, one set of hose
aps, and one Leatherman-Rosen type trap. (C) Field site at Jericoacoara,
razil, illustrating general experimental environment. Arrows indicate
ind direction during sampling.
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Hsu (1971)
Hsu formulated his transport model based on a ‘special Froude
number’ (Hsu, 1971, 1973):

q ¼ CH
u�

gDð Þ1=2
 !3

(6)

Hsu (1971) amalgamated data from seven previously published
laboratory- and field-based data sets [Bagnold, 1936; O’Brien
and Rindlaub, 1937; Zingg, 1941 (sic, as referenced in Hsu,
1971, 1973); Kawamura, 1951; Horikawa and Shen, 1960;
Belly, 1962; Kadib, 1963, 1964] to determine his dimensional
transport coefficient, CH, which has the same units as q. Hsu
indicates that the seven datasets are all from Kadib (1965); how-
ever, a review of Kadib (1965) reveals potential inconsistencies.
Kadib (1965) reports data from Bagnold, O’Brien and Rindlaub,
Kawamura, Zingg (1953 – not 1941), and his own studies. Hsu
determined the best-fit line relatingmean grain size and the trans-
port coefficient has a correlation coefficient of 0�88 and is:

ln CH�104
� � ¼ �0:47þ 4:97d (7)

where d is in millimeters and CH is in g cm–1 s–1. Mean grain
size for the set of seven studies ranges from approximately
0�15 to 1�0mm and CH ranges from approximately –0�7 to
175�10–4 g cm–1 s–1 [values extracted from Hsu (1971,
Figure 3)]. Hsu concludes his 1971 paper by indicating that
the correlation coefficient could be improved with additional
field-based transport data. Hsu’s (1973) protocol for using
Equation 6 is to deploy an anemometer at one elevation above
the bed to obtain wind velocity to use in the law of the wall
equation to estimate u*:

uz
u�

¼ 1
k
ln

z
z0

� �
(8)

where uz is velocity at elevation z above the bed, k is von
Kármán’s constant and z0 is roughness length. Hsu suggests
deploying an anemometer 2m above the bed so researchers
can estimate u* using his Figure 2, rather than Equation 7.

Lettau and Lettau (1978)
Lettau and Lettau (1978) extended the work of Kawamura
(1951), as they also included threshold shear velocity to
estimate transport rate:

q ¼ C
00 r

g

� �
u2
� u� � u�tð Þ (9)

where C00 depends on sand size and structure, and is deter-
mined using the following:

C
00 ¼ CL

d
D

� �n

(10)

where CL (noted in their paper as C 00) is a universal coefficient for
sands, equivalent to 6�7, and n is 0�5 (from Bagnold and used by
Lettau and Lettau, 1978). The Lettau and Lettau model may be
presented as the following, which combines Equations 9 and 10:

q ¼ CL
d
D

� �1=2 r
g

� �
u2
� u� � u�tð Þ (11)

The goal of the Lettau and Lettau book chapter, where this
model was presented, was to provide a comprehensive study
Copyright © 2012 John Wiley & Sons, Ltd.
F
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on barchan dunes, mainly to determine if barchan dune
migration rates could be used to approximate historical wind
velocities. The authors did not discuss the derivation of their
transport model in detail. A comparison between their model
and those from Bagnold and Kawamura, using Belly’s (1962)
laboratory-based data was presented. There was greatest agree-
ment between Equation 9 and the Belly data when C00 = 6�5
and u*t= 2�5m s–1. A field experiment conducted on the crest
of a barchan dune using one anemometer placed 0�63m
above the bed was used to estimate u*t. Lettau and Lettau
(1978) qualitatively observed sand transport as ‘nil,’ ‘light,’ or
‘strong.’ They compared these visual descriptions to the
30 second averages of the anemometer readings to estimate
u*t as 2�2m s–1 and C00 = 5�5; when C00 = 5�5, CL = 6�7 (using
Equation 10). Lettau and Lettau (1978) also used erosion pins
(wooden rulers) to measure transport on the slipfaces of
five barchans dunes with d= 0�17mm to determine CL

values. Their experiments yielded C00 values ranging from 3�9
to 8�2 (CL ranging from 4�7 to 9�9), with an average of 5�4
(average CL = 6�5). However, from these data, the authors
conclude a universal coefficient of sand transport (i.e. CL)
equivalent to 6�7.
Earth Surf. Process. Landforms, Vol. 38, 169–178 (2013)
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Study Site and Methods

Data for this project were obtained from field experiments
conducted at three sites, and the data used herein are summa-
rized in Table I. Chronologically, the experiments were at Inch
Spit, Ireland (described in Sherman et al., 1998), Esposende,
Portugal (described in Li et al., 2009), and Jericoacoara, Brazil
(described in Li et al., 2010). The original Inch data were
obtained along the beach and back beach profile seaward of
the foredune in April 1994. The Inch site is part of amorphodyna-
mically dissipative system in Dingle Bay, on the south-western
coast of Ireland (Figure 2A). Fetch distances perpendicular to
the shoreline varied from 100 to almost 250m, depending on
the tide and wave conditions. The profile was surveyed daily
when transport datawere being obtained, and the slope averaged
less than 0�05. Wind conditions were measured using five arrays
of four Gill-type 3-cup anemometers installed at elevations of
0�25, 0�50, 0�75, and 1�00m above the sand surface. The spacing
of the arrays varied from 10 to 15m, depending on the width of
the dry back beach. Wind speeds were recorded at 1Hz for data
runs lasting about 1025 seconds. The heights of the anemometers
were re-measured at the end of each run. Blowing sand was
captured using Leatherman/Rosen type cylindrical traps with
openings 40mm wide and 450mm high, and the bottom of the
opening flush with the sand surface. The traps were co-located
with anemometer arrays. Moisture samples were obtained by
collecting the top 5mm of sand by careful scraping. Samples
were sealed in plastic bags. Samples for size analysis were taken
from the trapped sands.
Table I. Summary of data used in this research, from the field
experiments at Inch Spit, Ireland (I), Esposende, Portugal (E), and
Jericoacoara, Brazil (J)

Run T (seconds) u* (m s–1) m z0 (mm) ĸa d (mm) q (gm–1 s–1)

I1 1020 0�4 0�99 0�27 0�38 0�17 6�83
I2 1020 0�45 1�12 1�728 0�39 0�17 1�88
I3 1020 0�36 0�9 0�276 0�39 0�17 1�93
I4 1020 0�31 0�76 0�052 0�39 0�17 1�37
I5 1020 0�45 1�12 1�241 0�38 0�17 4�83
E1 600 0�49 1�23 0�96 0�37 0�31 8�72
E2 600 0�49 1�23 0�96 0�38 0�31 7�32
E3 900 0�41 1�03 0�45 0�39 0�31 1�61
E4 900 0�41 1�03 0�45 0�39 0�3 1�69
E5 360 0�51 1�28 1�05 0�37 0�32 8�64
E6 360 0�51 1�28 1�05 0�37 0�32 9�34
E7 900 0�41 1�03 0�36 0�35 0�35 14�4
E8 600 0�35 0�88 0�14 0�38 0�34 6�21
E9 600 0�38 0�95 0�22 0�39 0�33 3�32
E10 600 0�39 0�98 0�4 0�39 0�33 2�56
E11 900 0�32 0�8 0�25 0�4 0�28 0�32
E12 600 0�38 0�95 0�41 0�39 0�27 2�38
J1 120 0�68 1�69 3�4 0�32 0�3 31�49
J2 180 0�66 1�66 3�8 0�296 0�22 24�04
J3 180 0�71 1�78 4�19 0�264 0�22 31�45
J4 213 0�68 1�69 4�55 0�315 0�23 21�83
J5 170 0�66 1�65 2�81 0�296 0�3 26�11
J6 240 0�58 1�46 2�06 0�342 0�29 20�43
J7 240 0�56 1�41 1�81 0�353 0�28 18�03
J8 240 0�55 1�38 1�46 0�341 0�28 15�55
J9 240 0�5 1�26 1�05 0�359 0�3 15�01
J10 240 0�53 1�34 1�17 0�38 0�3 18�05
J11 240 0�54 1�35 2�02 0�357 0�25 26�31
J12 300 0�54 1�35 2�77 0�306 0�27 20�31
J13 240 0�56 1�4 0�84 0�354 0�33 22�68
J14 299 0�57 1�43 0�96 0�348 0�43 16�35
J15 240 0�57 1�44 0�9 0�341 0�44 27�31
Note: T is the duration of a sample run.

Copyright © 2012 John Wiley & Sons, Ltd.
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The field site at Esponsende, along the northern coast of
Portugal, was near the downwind end of a parabolic dune
trough (Figure 2B). Experiments were conducted in May and
June, 2006. The upwind surface was flat and unobstructed,
with slopes less than 0�03 in the vicinity of the traps. During
the experiments the sand surface was dry and winds blew
parallel to the trough with a fetch of approximately 80m.
Wind conditions were measured with one vertical array of four
Gill-type, 3-cup anemometers installed at elevations of 0�25,
0�50, 0�75, and 1�00m above the sand surface. Wind speeds
were recorded at 2Hz for periods of time ranging from 600
and 1800 seconds. Blowing sand was trapped using vertical
arrays of hose-type traps. Samples for grain size analyses were
obtained from sand caught in the traps.

Located on the north-eastern coast of Brazil, the Jericoacoara
site was also near the downwind end of a parabolic dune
trough, but at a location approximately 500m from the
shoreline (Figure 2C). The upwind surface was flat and
unobstructed, with a fetch of approximately 100m, and surface
slopes less than about 0�03 in the vicinity of the traps. During
the experiments, the wind blew parallel to the trough and the
surface sediments were dry. Wind conditions were measured
with one vertical array of four Gill-type, 3-cup anemometers
installed at elevations of 0�25, 0�50, 0�75, and 1�00m above
the sand surface, or with an R.M. Young ultrasonic anemometer
centered at 1m. Both types of anemometers were sampled at
32Hz, with record lengths that varied from 120 to 644 seconds.
Sand transport rates were measured with vertical hose trap
arrays (the same style used in the Esponsende study) and grain
size samples were obtained from the trapped sands.

For each of the sets of experiments described, the following
methods were used to obtain our results. In order to estimate
shear velocity using the cup anemometer data, wind speeds were
averaged over time intervals coincident with those for sand trap
data. Regression analysis was used to obtain log-linear best fit
lines, the slopes, m, of which were used to solve u* =km. Data
obtained from the ultrasonic anemometer were processed using
the protocol described inWalker (2005). Shear velocity estimates
were obtained from Reynolds stress estimates. Sand samples
were processed in three fashions, when appropriate. Samples
from the sand traps were dried and weighed to provide data for
transport rate observations. Samples for grain size analysis were
washed, dried, and sieved at ¼’ intervals, and the resulting data
were analyzed using the method of moments. Samples for
moisture content analysis were weighed, dried, and then
reweighed. Weight differences were used to estimate percent
water content by weight. These procedures resulted in 51
useable data sets from Inch, 13 from Esposende, and 15
from Jericoacoara.
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Quality control

We reduced the number of data sets that we would use for this
project by applying three important quality-control criteria.
First, we selected only those wind profiles with a best-fit line
r2 exceeding 98%. This corresponds approximately to a
maximum error in shear velocity of less than 10%, thus
assuring a degree of confidence in using these estimates to
predict sand transport rates. Second, we selected only those
data for which the sand moisture content was less than 2%.
Even though moisture content of this magnitude may still
influence transport rates, that influence should be relatively
small: 2 g water in 100 g sand produces an only slightly damp
admixture. Finally, we deleted data sets where the sand
transport rate, extrapolated from our measurements, was less
than 0�28 gm–1 s–1. Transport rates less than this (equivalent to
Earth Surf. Process. Landforms, Vol. 38, 169–178 (2013)
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1�0 kgm–1 h–1) require that the average shear velocity exceed
the threshold shear velocity only slightly, and would thus not
likely represent equilibrium saltation conditions (e.g. Stout
and Zobeck, 1997). As a result of these quality control steps,
the number of data sets from Inch was reduced to only five,
mainly because of the generally damp conditions at that field
site. We retained 12 data sets from Esposende, where very slow
transport rates eliminated some data. There are 15 data sets
from Jericoacoara, where some data sets were eliminated with
the r2 threshold. Table I summarizes the characteristics of the
32 data sets used to recalibrate the models described earlier.
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Recalibration procedures

The Bagnold (1937), Kawamura (1951), Zingg (1953), Owen
(1964), Hsu (1971), and Lettau and Lettau (1978) models have
empirical constants that scale their predictions of transport
rates. We used these models with their original calibrations to
predict transport rates with the data from the different field sites,
and compared those predictions with our measured values
using regression analysis (Table II). For all analyses using an
estimate for threshold shear velocity, u*t, that value was
obtained from Bagnold’s (1937) equation:

u�t ¼ A
rs � r

r
gd

� �1=2

(12)

Bagnold established two values for A. When the initiation of
motion is driven by fluid force alone, A=0�1. However, during
active saltation, when momentum is carried to the sand surface
by impacting grains, A=0�085. We used values for A that
ranged from a maximum of 0�10 when the sand transport rate
was about 0�3 gm–1 s–1 to a minimum of 0�085 when the
transport rate was ≥ 3�0 gm–1 s–1. Our reasoning is that at our
minimum transport rate the movement of grains will be
entirely a result of fluid force. As the transport rate increases
toward 3�0 gm–1 s–1 the proportion of grain-borne stress will
increase and the value of A will decrease to its minimum.
In this case we used an exponentially decreasing A with
increasing transport rate from about 0�3 to 3�0 gm–1 s–1.
The statistical correspondence between observed and

predicted transport rates was quite strong (Table II). All of the
models produced values of r2 between 0�75 (Zingg) and 0�80
(Kawamura and Owen). In each case P<0�0001. The root
mean square error (RMSE) for the models ranged between
0�005 for the Zingg and Owen models, up to 0�027 for the
Table II. Results of regression analysis of the models with original
empirical constants and using k=0�4

qbagnold qkawamura qzingg qowen qhsu qlettau

y= a +bx
a 0�008 0�011 0�004 0�006 0�006 0�007
b 1�87 3�45 0�87 0�92 1�53 5�24
r2 0�78 0�80 0�75 0�80 0�79 0�79
RMSE 0�010 0�017 0�005 0�005 0�015 0�027
y=bx
b 2�28 4�00 1�07 1�20 1�84 5�56
r2 0�72 0�77 0�69 0�68 0�74 0�79
RMSE 0�011 0�018 0�006 0�006 0�015 0�027
Results for y = a + bx are for normal regression analysis where a is the
y-axis intercept and b is the slope of the least-squares line. RMSE is root
mean square error. All results have a P≤0�0001� Results for y=bx are
for the least-squares line forced through the origins of the axes.

Copyright © 2012 John Wiley & Sons, Ltd.
Lettau and Lettau model. The differences in performance
between the models are not statistically significant. These
results validate the utility of our quality control protocol and
the suitability of these data for recalibrating the constants in
these models.

We repeated the regression analysis with each model but
omitted the constants for all but the Owen and Hsu models.
The least-squares line for observed and predicted transport
rates was forced through zero, and the resulting slope was the
correction factor that we used to derive the new empirical
constants by dividing the original constants by the correction
factors. Because the Owen and Hsu models each have two
constants the process was more complicated. For the
Owen model, the original constants were each divided by the
correction factor obtained from the regression analysis. A
similar process was used for Hsu’s model, except we used an
average value for CH as the original value and then repeated
the other steps as described earlier. New regression statistics were
obtained for each model after this phase of the recalibration.

Both phases of the recalibration were repeated with estimates
of an apparent von Kármán parameter substituted for the von
Kármán constant. This process requires iteration to obtain
solutions for the transport models because if q / u3

� , u*/ ka,
and ka/ q, then q will appear on both sides of the equations.
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Results

After the first evaluation of model performance described ear-
lier (Table II), we performed regression with the least-squares
lines forced through zero of both axes. The statistical results
of this recalibration exercise are summarized in Table II (note
that values for probability are less than 0�0001 for all regression
results reported herein, except that probability cannot be calcu-
lated for forced regression). When we force the least-squares
line through zero, all of the models other than Lettau and Lettau
show some degree of decrease in statistical agreement between
observations and predictions. The Lettau and Lettau model
performance remains at r2 = 0�79. The greatest decrease in r2

occurred with the Owen model (from 0�80 to 0�68). The slopes
of the regression lines all depart from the ideal of 1�00,
although the Owen model is different by only about 8% and
the Zingg model varies by about 13%. These latter models
are the only among this set that under predict the observed
transport rates (i.e. slopes are less than 1�00). The Kawamura
and Lettau and Lettau models produce three-fold and five-fold
over predictions, respectively. The RMSE values remain almost
the same as those for the unforced regression.

Recalibrating the six models with k=0�4 produces values of
r2 identical to the originals, but resets all of the best-fit slopes
to 1�00 for the forced regression. Results of this analysis are
summarized in Table III, wherein the values of b are the coeffi-
cient correction factors described earlier. The recalibrated
empirical constants are presented in Table IV. In all cases the
new empirical constants are less than those reported in the
original papers. The smallest relative change occurs with the
Zingg constant that decreases from 0�83 to 0�77. The largest
absolute and relative decrease both occur with the constant
in the Lettau and Lettau model that changed from 6�70 to
1�20. RMSE values decreased in all cases except for the Zingg
model, with the degree of decrease paralleling the decrease
in the empirical constant.

We then tested the models with their original constants using
a transport-dependent, apparent von Kármán parameter (ka), as
estimated using the relationship of Li et al. (2010). This method
produced the best statistical results as indicated by r2, for all of
the models, although the ranking of their performances relative
Earth Surf. Process. Landforms, Vol. 38, 169–178 (2013)
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Table IV. Summary of empirical constants for the transport rate
models

Bagnold Kawamura Zingg Owen Hsu
Lettau
and Lettau

C 1�8 2�78 0�83 0�25 0�33 2�57 6�7
C0

k 0�79 0�70 0�77 0�21 0�28 1�28 1�20
C0

ka 1�41 1�27 1�38 0�34 0�45 2�42 2�47
Note: C represents the original value for each model. C 0

ĸ represents the
recalibrated empirical constants using k=0�4. C 0

ĸa represents the reca-
librated empirical constants using a variable ka.

Table III. Results of regression analysis of the models with
recalibrated empirical constants and using k=0�4

qbagnold qkawamura qzingg qowen qhsu qlettau

y= a +bx
a 0�004 0�003 0�004 0�005 0�003 0�001
b 0�82 0�86 0�81 0�77 0�83 0�94
r2 0�78 0�80 0�75 0�80 0�79 0�79
RMSE 0�004 0�004 0�003 0�003 0�005 0�005
y=bx
b 1�00 1�00 1�00 1�00 1�00 1�00
r2 0�72 0�77 0�69 0�68 0�74 0�79
RMSE 0�005 0�005 0�005 0�005 0�007 0�005
Results for y= a+ bx are for normal regression analysis where a is the y-
axis intercept and b is the slope of the least-squares line. RMSE is root
mean square error. All results have a P≤0�0001. Results for y=bx are
for the least-squares line forced through the origins of the axes.
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to one another does not change (Table V). The Lettau and
Lettau model is the best predictor with this approach, with
r2 = 0�83, and the Zingg model still has the poorest correspon-
dence with observations, r2 = 0�77. The overall range of values
for r2 remains relatively small, statistically. The values for RMSE
are the same or smaller than those for the recalibrated results
for predictions made using the von Kármán constant, with a
maximum error term of only 0�005 for the Hsu and Lettau and
Lettau models. However, forcing these regression lines through
zero results in very large decreases in r2. The value for the
Kawamura model changes from 0�82 to 0�34, while the Lettau
and Lettau value drops to 0�47. The Zingg model (r2 = 0�53)
now produces the greatest correspondence between observa-
tions and predictions of blown-sand transport rates. Similarly,
values for RMSE all increased with the forced regression.
Table V. Results of regression analysis of the models with original
empirical constants and using a variable ka

qbagnold qkawamura qzingg qowen qhsu qlettau

y= a +bx
a 0�009 0�012 0�005 0�006 0�007 0�011
b 0�73 0�95 0�49 0�54 0�66 1�07
r2 0�80 0�82 0�77 0�81 0�82 0�83
RMSE 0�004 0�004 0�003 0�003 0�005 0�005
y=bx
b 1�16 1�53 0�71 0�81 1�02 1�63
r2 0�36 0�34 0�53 0�50 0�44 0�47
RMSE 0�006 0�008 0�004 0�004 0�007 0�008
Results for y = a + bx are for normal regression analysis where a is the
y-axis intercept and b is the slope of the least-squares line. RMSE is root
mean square error. All results have a P≤0�0001. Results for y=bx are
for the least-squares line forced through the origins of the axes.

Copyright © 2012 John Wiley & Sons, Ltd.
Finally, we recalibrated the models using the apparent von
Kármán parameter and then did the unforced and forced
regression analysis (Table VI). In this case, Hsu’s model, with
r2 = 0�63, under performs relative to the other models which
produce r2 values ranging from 0�77 (Zingg) to 0�83 (Kawamura
and Lettau and Lettau models). There is a slight improvement in
RMSE, with three of the models (Bagnold, Kawamura, and
Lettau and Lettau) having error terms of only 0�003. As before,
the predictive powers of all models are reduced when the least-
squares regression lines are forced through the origins, and all
values of RMSE increased. The Lettau and Lettau model had
the best statistical explanatory power with r2 = 0�71, and the
Hsu model was least satisfactory with r2 = 0�36. One of the
consequences of using the von Kármán parameter to estimate
shear velocity is that the resulting values are less than those
obtained using k=0�4. Therefore all of the recalibrated
constants using this approach are greater than those obtained
using k (Table IV).
Discussion

Many scholars have found large disparities between observed
aeolian sand transport rates and those predicted by any of a
number of the commonly usedmodels. Such observations are of-
ten accompanied by theoretical, empirical, or methodological
explanations of the errors. By careful consideration of exper-
imental conditions and the use of quality control criteria for
resulting data, we are able to compile a data set that closely
approaches the ideal conditions of equilibrium saltation caused
by a uniform wind field blowing across a flat, dry, unobstructed
surface of unconsolidated sand grains. By this approach, we
obtain the opportunity to test the performance of a set of the most
commonly used transport models for wind-blown sand. Because
the physics represented in the models are quite similar, they all
show, in their original configurations, about the same predictive
power as indicated by their values for the coefficient of determi-
nation. And from this perspective, the models were able to
predict most of the variability in observed transport rates.
However the values predicted for absolute transport rates varied
substantially (Figure 1). This is largely a result of the large range
of the empirical constants. Most of the models substantially
over-predict transport rates.

Much of the over-prediction can be attributed to using the
von Kármán constant (0�4) in the derivation of shear velocity
estimates instead of using a transport-rate dependent, apparent
von Kármán parameter. Figure 3 depicts the relationship
between observed and predicted transport rates using the
able VI. Results of regression analysis of the models with
calibrated empirical constants and using a variable ka

qbagnold qkawamura qzingg qowen qhsu qlettau

= a+ bx
0�0071 0�0061 0�0072 0�0072 0�0070 0�0048
0�6520 0�7000 0�6470 0�6449 0�6566 0�7631
0�80 0�83 0�77 0�81 0�63 0�83

MSE 0�003 0�003 0�004 0�003 0�005 0�003
= bx

1�00 1�00 1�00 1�00 1�00 1�00
0�45 0�59 0�41 0�43 0�36 0�71

MSE 0�005 0�005 0�006 0�005 0�007 0�004
esults for y = a + bx are for normal regression analysis where a is the
-axis intercept and b is the slope of the least-squares line RMSE is root
ean square error. All results have a P≤0�0001. Results for y=bx are
r the least-squares line forced through the origins of the axes.
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Figure 3. Comparison of the performance of the Lettau and Lettau
(1978) model using its original configuration with the von Kármán
constant, k (open symbols) and after recalibration with the apparent
von Kármán parameter, ka (closed symbols), with quality-controlled
data from the three field sites: Inch Spit – diamonds; Esposende –
squares; Jericoacoara – circles.
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s-and-con
Lettau and Lettau (1978) model. The open symbols indicate
data representing the original model and using the von Kármán
constant. The closed symbols indicate data representing
the recalibrated model and using the apparent von Kármán
parameter. Both regression lines are forced through the origins
of the axes. The overall improvement in model performance
is apparent.
For every regression result when the least-squares line is not

forced through the origins, there is a positive offset (i.e. A>0).
This corresponds with the over-prediction of transport rates by
all of the models when q is small. It is why coefficients of
determination decrease and RMSE values increase with the
forced regression. Figure 4 depicts the scatter of observed and
predicted transport rates for each model for observed transport
rates less than 5 gm–1 s–1. Note that all of the predicted
transport rates exceed measured rates by a factor of about two
or more. We attribute this disparity to errors in specifying values
for the threshold shear velocity because we can think of no
other physically plausible explanation. At transport rates less
than about 5 gm–1 s–1, the impact of errors in u*t are much
greater than they would be with faster rates. For example,
consider a case when u* is 0�30m s–1, d=0�25mm sands, and
we are using A=0�1 (just for this example). The sand transport
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Figure 4. Comparison of observed and predicted transport rates when
q≤5 gm–1 s–1. All of the predictions exceed observations, as indicated
by the 1:1 relationship depicted by the sold line.

Copyright © 2012 John Wiley & Sons, Ltd.
rate, with a recalibrated Lettau and Lettau (1978) model would
be about 1�95 gm–1 s–1. If Awere 0�11, as explored by Ellis and
Sherman (in press), for example, then that 10% difference in u*t
results in predicted transport of about 1�40 gm–1 s–1, or a
reduction of about 40%. This correction alone would make
the predictions much closer to observations. Further, it is likely
that the small moisture content in sands from some of the study
sites raised threshold shear velocities at least slightly, as would
be expected. In either circumstance, it is apparent that a better
specification of A, or an alternative threshold model, would be
useful. We did not explore alternative threshold equations
(such as those of Iversen et al., 1976; or Corneilis and Gabriels,
2004) because they were not used in the original models.

One result of the recalibration exercise is that the range of
predictions generated by the models for standardized
conditions is reduced substantially. Figure 5 is a reproduction
of Figure 1 using the recalibrated models. The variability in
predicted transport rates for a shear velocity of 0�50m s–1 now
spans less than a quarter of an order of magnitude rather than
the near-order of magnitude of the original predictions. This
implies that the selection of which transport model to use is
much less important after recalibration.
Conclusions

In this paper we review the manner in which the empirical
constants in six aeolian sand transport rate models were
derived. We use quality-controlled data from field experiments
in three diverse environments to test the efficacy of the original
models and then to recalibrate those models to fit the field
measurements. The recalibrationwas done in fourways: (1) using
the von Kármán constant and an apparent von Kármán parameter
to estimate shear velocity from wind speed profiles; and (2) using
non-linear regression analysis and forced non-linear regression
analysis to obtain the slopes of least-squares lines that were used
as the bases for adjusting empirical constants. From this analysis,
we can derive three conclusions:

1. All of the original transport rate models perform well for
statistical prediction of transport rates when environmental
conditions are close to the ideal. For the quality-controlled
data set used herein, comparison of observed and predicted
transport rates produced high coefficients of determination
for all of the models. However RMSE values are substantial
for most of the models because of the relatively steep slopes
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of their least-squares lines. These results also support
the concept that transport rates are proportional to shear
velocity cubed.

2. After recalibration using the apparent von Kármán parameter
and forcing the least-squares line through the origins of the
axes, our analysis indicates that the Lettau and Lettau (1978)
model best replicates the observed transport rates. All of the
other models produce results that are significantly inferior,
with the Hsu (1971) and Zingg (1953) models having the
smallest r2 and the largest RMSE.

3. There remains a need to better quantify threshold shear
velocity. At transport rates less than about 3�0gm–1 s–1, all
of the models predict transport rates much greater than those
observed. This is reflected in the positive offsets for results
from unforced regression analysis and decreased coefficients
of determination and increased RMSE for forced regression.

Our analysis indicates that performance of each of the aeolian
transport rate models that we considered is improved when the
models are recalibrated. These results, however, do not argue
necessarily for uncritical application of any of these models.
The field sites where our data were gathered were selected for
the simplicity of their transport environments. Our data sets were
quality controlled for moisture content and non-equilibrium
transport conditions. For environments with any of the many
confounding factors that we commonly encounter, there will
likely still be substantial differences between measured and
predicted aeolian sand transport rates. More work is necessary.
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