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Horizontal (saltation) mass flux is a key driver of aeolian dust emission. Estimates of the horizontal mass
flux underpin assessments of the global dust budget and influence our understanding of the dust cycle
and its interactions. Current equations for predicting horizontal mass flux are based on limited field data
and are constrained to representing transport-limited equilibrium saltation, driven by the wind momen-
tum flux in excess of an entrainment threshold. This can result in large overestimation of the sediment
mass flux. Here we compare measurements of the soil entrainment threshold, horizontal mass flux,
and their temporal variability for five undisturbed dryland soils to explore the role of threshold in con-
trolling the magnitude of mass flux. Average and median entrainment threshold showed relatively small
variability among sites and relatively small variability between seasons, despite significant differences in
soil surface conditions. Physical and biological soil crusts had little effect on the threshold value, and
threshold appeared to play a minor role in determining the magnitude of sediment transport. Our results
suggest that horizontal mass flux was controlled more by the supply limitation and abrasion efficiency of
saltators present as loose erodible material or originating from neighboring soil sources. The omission of
sediment supply and explicit representation of saltation bombardment from horizontal flux equations is
inconsistent with the process representation in dust emission schemes and contributes to uncertainty in
model predictions. This uncertainty can be reduced by developing greater process fidelity in models to
predict horizontal mass flux under both supply- and transport-limited conditions.

Published by Elsevier B.V.
1. Introduction

A fundamental challenge in aeolian research is to accurately
predict the horizontal (saltation) mass flux for varying soils and
surface conditions. In most dust emission models the horizontal
mass flux (Q) is calculated independently of the vertical (dust) flux,
following physically based equations that are parameterized to
represent measurements of sand transport rates (e.g., Bagnold,
1937; Kawamura, 1951; Owen, 1964; Lettau and Lettau, 1978;
Shao et al., 1993). In general, these equations predict that Q scales
with the third power of the wind shear velocity (u�, m s�1) and the
proportion of shear velocity that is in excess of an entrainment
shear velocity threshold (u�t ). For example (after Owen, 1964): !
Q ¼ C
qa

g
u3
� 1� u2

�t
u2
�

ðu� P u�t Þ ¼ 0 ðu� < u�t Þ; ð1Þ
where Q has the units of kg m�1 s�1, qa is the air density (kg m�3)
and g is the acceleration of gravity (m s�2). C is a dimensionless fit-
ting parameter.

The equations typically follow Owen’s hypotheses that (1) the
saltation layer behaves as an aerodynamic roughness whose height
is proportional to the thickness of the layer, and (2) the concentra-
tion of particles within the saltation layer exists in a steady state
and is thus in equilibrium with the wind momentum flux incident
on the bed (Owen, 1964). It has been shown that feedback between
the saltation layer and aerodynamic roughness produces a conver-
gence of velocity profiles around a focal point whose height is
determined by the flux density, grain trajectories and their vertical
distribution (Bagnold, 1941; Sherman, 1992; Duran et al., 2011;
Jenkins and Valance, 2014). However, the assumption of equilib-
rium transport scaling with u3

� and driven solely by u� > u�t is often
not consistent with measurements under field conditions
(Namikas and Sherman, 1995; Sherman and Farrell, 2008;
Sherman and Li, 2012; Sherman et al., 2013; Rotnicka, 2013). This
is a recognized source of uncertainty in transport predictions.
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Recently progress has been made to numerically resolve salta-
tion mechanics (e.g., Werner, 1990; Creyssels et al., 2009; Kok
and Renno, 2009). This work has provided insights into the feed-
backs between the saltation layer and wind velocity profile over
erodible and rigid beds (Duran et al., 2012; Charru et al., 2013;
Jenkins and Valance, 2014). It has also been shown that the scaling
of Q with u� varies with bed hardness (Ho et al., 2011; Jenkins and
Valance, 2014) and moisture content (Rotnicka, 2013), and that
these surface conditions also moderate the occurrence of equilib-
rium or non-equilibrium saltation (McKenna Neuman and Scott,
1998; Wiggs et al., 2004). Observations suggest that saltator avail-
ability, bed hardness and saltation bombardment may have a
greater effect on horizontal mass flux than u�t in supply-limited
systems (Gillette and Chen, 2001; Gillies et al., 2014). This appears
to be consistent across the major global dust source areas (e.g.,
Chappell et al., 2008), but the physical mechanisms have not been
fully resolved with experimental data.

Representing the effects of sediment supply limitation, bed
hardness, and saltation bombardment on horizontal mass flux
remains an ongoing challenge (Shao, 2008). One approach,
described by Bagnold (1941) in formulating the transport equation,
is to account for bed characteristics and sediment supply by mod-
ifying C in Eq. (1) (e.g., Gillette and Chen, 2001). Modifying the flux
equation exponent and proportionality factor may also provide a
solution for representing effects of bed hardness (Ho et al., 2011;
Jenkins and Valance, 2014). However, a generalizable approach
for accurately predicting Q across soil types and surface conditions
has so far been elusive. While saltation bombardment and surface
cohesion are explicitly represented in some dust emission schemes
(e.g., Shao et al., 2011; Kok et al., 2014), approaches do not yet
determine Q as a function of these processes and for supply-
limited systems where the ratio u�t=u� (Eq. (1)) may not be a reli-
able predictor of sediment transport.

Accurately determining the soil entrainment threshold remains
key to establishing the controls on timing and magnitude of hori-
zontal mass flux in both transport- and supply-limited systems.
Considerable attention has been given to determining the entrain-
ment threshold for different soils (e.g., Gillette et al., 1980) and the
effects of soil disturbance (e.g., Belnap et al., 2007). The majority of
this work has been conducted using laboratory and field wind tun-
nel experimentation, as reviewed by Webb and Strong (2011). This
work has provided insights into the potential variability in the
entrainment threshold through its response to changing environ-
mental conditions. Nonetheless, our understanding as formalized
in sediment flux equations derives almost exclusively from studies
that consider the role of threshold under transport-limiting condi-
tions (e.g., Bagnold, 1937; Kawamura, 1951; Owen, 1964; Lettau
and Lettau, 1978; Shao et al., 1993).

Challenges arise when translating the findings of wind tunnel
studies of threshold to understand sediment flux dynamics in
supply-limited settings. These include (1) unless repeated, the
studies often provide snapshots of the entrainment threshold at a
specific point in time, perhaps relating only to the condition of
the soil surface during experimental measurements (typically last-
ing < 30 min) (e.g., Gillette et al., 1980), and (2) both results and
interpretation are strongly influenced by the measurement scale
of wind tunnels, which do not capture spatial variability in sedi-
ment supply or produce large turbulence structures that can drive
sediment transport (Sherman and Farrell, 2008). The implications
are that little remains known about threshold dynamics that influ-
ence the timing and magnitude of sediment transport (Barchyn
and Hugenholtz, 2012). Measurements from wind tunnels, that
have formed the basis of our understanding, may not always be
representative of the processes driving Q in supply-limited
landscapes where sparse available saltators on the soil surface or
originating from neighboring surfaces (e.g., source bordering
dunes) may be responsible for driving the sediment transport pro-
cess (Macpherson et al., 2008). Understanding threshold dynamics
at the field scale is needed as a basis for evaluating controls on hor-
izontal mass flux and developing greater process fidelity in aeolian
sediment transport models.

This paper evaluates threshold wind velocity dynamics in
undisturbed supply-limited dryland landscapes. The scope of
the paper is to explore, based on field measurements and our
understanding of process, possible factors driving variability in
Q not explained by variability in entrainment threshold. The
paper objectives are to (1) evaluate the magnitude of horizontal
mass flux for five undisturbed dryland soils, (2) quantify temporal
variability in the threshold wind speed (Ut) at which mass flux is
initiated, and (3) describe the characteristics of threshold dynam-
ics relative to other factors that may influence sediment trans-
port. The research aims are addressed using data from the
Chihuahuan Desert of southern New Mexico, USA. We compare
and contrast soil entrainment thresholds and their temporal vari-
ability among sites to examine, within the limits of the data, the
significance of threshold dynamics and the implications for wind
erosion modeling.
2. Methods

2.1. Site description

Five field sites were established at the Jornada Experimental
Range in southern New Mexico, USA, in April 2013 (Fig. 1). The
sites were selected to represent the range of soil textures and sur-
face conditions that frequently emit dust in the region (Floyd and
Gill, 2011). They are located across five vegetation/soil complexes
that are typical of the northern Chihuahuan Desert, as studied by
Bergametti and Gillette (2010). Plant community composition in
the study area varies with soils, elevation and landscape position.
The historic plant communities at the sites are C4 grasslands or
mixed communities of warm-season grasses, shrubs and half-
shrubs (McClaran and Van Devender, 1997).

Site 1 is located on sandy clay loam soil (US Department of
Agriculture classification) within a crusted playa surrounded
by tobosa grass (Pleuraphis mutica Buckley) and burrograss
(Scleropogon brevifolius Phil.). The location has an exposed bare
fetch �100 m in length and �40 m wide extending to the south-
west from the site. Site 2 is located on a loam soil within a broad
(�5 ha) open playa with mixed physical and biological
(cyanobacteria, lichen) soil crusts. The site is surrounded by
sparse patches of burrograss �50 m from the instrumentation.
Site 3 is centered in a smaller (�2 ha), predominantly bare, playa
with sandy clay loam soil surrounded by a sand ridge �2 m high
covered with dropseed (Sporobolus R. Br.) and creosote (Larrea tri-
dentata DC). Site 4 is located on a sandy loam soil with sparse
mixed cover dominated by honey mesquite (Prosopis glandulosa
Torr.) and purple threeawn (Aristida purpurea Nutt.). Site 5 is also
located on a sandy loam soil, supporting a diverse community
including honey mesquite, black grama (Bouteloua eriopoda Torr.)
and dropseed.

The mean annual precipitation (1915–2014) for the study area
is 250 mm (coefficient of variation 35%), with 60% falling in the
summer months from June through September. The mean annual
maximum and minimum temperatures range from 25 �C to 5 �C
(Wainright, 2006). Land surrounding the study sites is periodically
grazed by cattle.



Fig. 1. Study area map showing the location of the Jornada Experimental Range (JER) in New Mexico, USA, and the five study site locations within the JER. Dominant
vegetation types are shown for the study area as context for those in the Chihuahuan Desert, which extends toward the southeast into Mexico.

N.P. Webb et al. / Aeolian Research 20 (2016) 45–58 47
2.2. Instrumentation

The five study sites were instrumented to measure horizontal
sediment mass flux, wind speed profiles and threshold wind
speeds for soil entrainment (Fig. 2). A 5.0 m meteorological tower
was centrally located at each site, on which were mounted RM
Young 3101 cup anemometers at heights of 0.7 m, 1.4 m and
2.4 m above ground level, and one RM Young 3002 anemometer
and wind vane at 4.8 m height. A tipping bucket rain gauge (model
TE-525) was located adjacent to each tower at 1.5 m above ground
level.

A Wenglor optical gate sensor (model YH03PCT08, 30 mm fork
width), used to measure saltation particle counts, was mounted on
a wind vane at 0.05 m above ground level to the southwest of each
tower. The instrument movement was restricted such that salta-
tion counts were sampled between 180� and 270�, corresponding
with the dominant erosive wind direction (Gillette et al., 2006).
We assume that measures of the entrainment threshold from the
Wenglors provide a good approximation of threshold for the sites,
noting that these estimates may be lower than those made by Sen-
sit saltation impact sensors (Massey, 2013). Each Wenglor was
cleaned one to two times per week to remove dust that can block
the sensor (Barchyn et al., 2014). Data from all instruments were
sampled at 1 Hz and averages, maximums and totals were logged
every 1 min on a Campbell Scientific CR1000 data logger. Data
for this study were collected from 18 May, 2013 to 15 May, 2014.

The horizontal sediment mass flux was measured using Modi-
fied Wilson and Cooke (MWAC) samplers with inlet 0.4715 cm2

(after Goossens et al., 2000). Two masts, each equipped with four
MWAC samplers (0.1 m, 0.25 m, 0.5 m and 0.85 m above ground
level) and able to rotate 360� to orient into the wind were located
to the northwest and southwest of the meteorological tower. Each
study site was enclosed with a 20 � 20 m wire fence to exclude
livestock.

2.3. Field data collection and laboratory analysis

The fractional ground cover (including vegetation, litter, rock,
physical and cyanobacterial crusts and loose erodible material)
and vegetation canopy height were calculated from data collected
along three 100 m transects at each site at the time of site estab-
lishment. Soil crust hardness to point of rupture was measured



Fig. 2. Photographs of the five study sites showing meteorological towers, two MWAC sediment samplers and close-up view of a Wenglor optical gate sensor mounted on a
wind vane. Stakes either side of the wind vane restrict the Wenglor rotation so that it samples within the range 180�–270�. Photographs were taken from the south, facing
north.
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using a handheld penetrometer (Zobeck et al., 2003; QA Supplies,
model FT011) with a flat 10 mm diameter foot applied at 45� to
the surface. Line-point intercept sampling with a point spacing
of 1.0 m was used for data collection (Herrick et al., 2005). Tran-
sects were placed in a spoke pattern, intersecting at the center of
each site and spaced at 60� intervals. After sampling, all plots
were cleared of vegetation to the surface and were maintained
in a bare condition for the duration of the study. This treatment
ensured that the soil threshold wind speeds and horizontal mass
fluxes could be evaluated without the complicating effects of veg-
etation (Webb et al., 2014). Surface crusts were disturbed during
vegetation clearing but were observed to recover with the next
rainfall event. After site establishment clearing was only con-
ducted during the summer monsoon period (July–August), so
we expect the disturbance had only a short-term effect on the
site erodibility.
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Vegetation cover was stable at Sites 1, 2 and 3 for which vege-
tation was sparse and naturally absent within the study plots. At
Sites 4 and 5 the vegetation cover outside the cleared study sites
was observed to increase over summer as the grasses and decidu-
ous mesquite shrubs responded rainfall, resulting in some increase
in the aerodynamic roughness (z0; Section 2.4). Repeat measure-
ments were not made of the soil properties as this would have dis-
turbed the soil surface. Repeat photography of the sites was
therefore used to help interpret the soil erodibility changes over
time.

At each site, 10 soil samples (250 g each) were collected of the
uppermost 0.01 m from random locations for analysis of the parti-
cle size distribution, organic carbon (C), nitrogen (N), and carbon-
ate (CaCO3) contents. High-resolution particle size analyses (PSAs)
of the soils were conducted using a Beckman Coulter LS 13
320 MW laser diffraction particle size analyzer. Soils were then
grouped into USDA textural classes for comparison (Soil Survey
Division Staff, 1993). Five composited sub-samples from each site
were analyzed in both dry (minimally dispersed at atmospheric
pressure) and wet (chemically dispersed with sodium hexam-
etaphosphate) conditions following the methods of Zobeck
(2004). PSAs were run for each of the dry and dispersed sub-
samples and the data were then averaged to provide an estimate
of the minimally and fully dispersed PSD over 255 size classes
for each site.

Samples were analyzed for organic C and N contents using an
Elementar Vario Max C–N analyzer (Elementar Americas Inc., Mt
Laurel, New Jersey) following Zobeck et al. (2013). Analyses of
the soil CaCO3 contents were conducted following the volumetric
inorganic carbon determination method of Wagner et al. (1998).
Five sub-samples were analyzed for each site and the average
and standard deviation (SD) of the C, N and CaCO3 contents were
then calculated for each site.

Sediment was collected from the MWAC samplers at each field
site at a monthly frequency. Sample masses were determined after
rinsing with distilled water and drying at 65 �C overnight. Some
samples from Sites 4 and 5 were contaminated over summer
2013 due to insects building mud nests in the MWAC inlet tubes.
These data were removed from the analysis.

2.4. Data analysis

Wind speed data for each site (2.4 m above ground level) were
summarized to evaluate the number of hours and probabilities of
potentially erosive winds (P5 m s�1) within each sediment sam-
pling period. Total rainfall (mm) was calculated for the correspond-
ing sampling periods. Wind speed profile data were then used to
estimate the aerodynamic roughness height (z0) for each site fol-
lowing the Prandtl-von Kármán logarithmic velocity profile law:

Uz

u�
¼ 1

k
ln

z
z0

� �
; ð2Þ

where Uz is the wind speed (m s�1) at height z (m), u� is the wind
shear velocity (m s�1) and k is von Kármán’s constant (0.4). In the
absence of air temperature profiles that could be used to establish
atmospheric stability, the 1 min wind speed data were resampled
to 15 min averages. Values of z0 were then established for periods
without sediment transport through extrapolations to the y-axis
intercept of the plot of wind speed against the logarithm of the
anemometer heights above ground level, enabling regression anal-
ysis of the form:

y ¼ mxþ c; ð3Þ
where u� ¼ km and z0 = exp(�c/m), following Wiggs et al. (1996)
and Zobeck et al. (2003). Correlation coefficients of the regression
were analyzed and data with R2 < 0.97, wind speed 6 2 m s�1

(0.7 m height) and values of z0 < 1 � 10�5 and z0 > 0.1 m were
removed (Marticorena et al., 2006). Data were also filtered for the
directional range 180� < U < 270�, consistent with the Wenglor
sensing range. The data selection ensured that the wind speed pro-
files were not adversely affected by atmospheric instability and
were above the minimum sensitivity of the anemometers
(0.5 m s�1). Two anemometers at Site 4 reported spurious values
for much of the study period. We therefore do not report z0 values
for that site. We expect, given the soil and vegetation conditions at
the site, that z0 for Site 4 would be similar to that for Site 5. How-
ever, despite data filtering for quality assurance, we were unable
to establish significant differences in z0 among the sites due to
the large uncertainty in the estimates. For this reason we did not
standardize the data for the aerodynamic roughness by calculating
u�t , and report wind speed thresholds (Ut) instead (e.g., Stout and
Arimoto, 2010; Barchyn and Hugenholtz, 2011).

Threshold wind speeds (Ut) were established following the
instantaneous threshold method (Barchyn and Hugenholtz,
2011). Here Ut is the wind speed (2.4 m above ground level) at
which soil entrainment is initiated, producing a Wenglor pulse
count of 10 grains per minute. Summary statistics (minimum,
maximum, mean, median and quantiles) for Ut were calculated
for each site and for the data categorized within each site by
season.

Kernel density estimates of Ut were developed to visualize vari-
ability in the wind speed threshold among sites and between sea-
sons (Barchyn and Hugenholtz, 2012). Briefly, each value of Ut in
the measured range (xi, i = 1,. . .n) was assigned a normal distribu-
tion, centered on the value of Ut and having a standard deviation
designated h (0.03–0.06 m s�1). The normal distributions were
then summed for each site and for each season to provide the ker-
nel density estimates given by:

bf ðx;hÞ ¼ 1
nh

Xn
i¼1

/
x� xi
h

� �
; ð4Þ

where bf ðx;hÞ is the height of the curve at x, and / is the standard
normal density (Thomson, 2006). The analysis was conducted using
Microsoft Excel with an Analytical Methods Committee (AMC) Soft-
ware add-in (Thomson, 2006).

Horizontal sediment mass flux was calculated from sediment
masses collected with the MWAC samplers. Exponential functions
were fitted using nonlinear least squares regression to data, nor-
malized by the MWAC inlet area (0.4715 cm2), from each MWAC
mast where sediment profiles were available from all four
samplers:

qðzÞ ¼ ceðaz
2þbzÞ; ð5Þ

where a, b and c are coefficients of the fitted function and z is the
height above the surface (in cm). The fit provided an average R2 of
0.99 across all of the profiles for the sites. Total (integrated) hori-
zontal sediment mass fluxes (Q) were calculated by integrating
the exponential functions from the surface (0 cm) to 100 cm height
and dividing by the sampling period:

Q ¼
Z 100

0
qðzÞdz; ð6Þ

where Q was expressed with units of g cm�1 month�1. The magni-
tude and variability in the measured Q and Ut were then interpreted
in the context of the site soil characteristics and seasonal patterns of
wind erosivity and rainfall.
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3. Results and discussion

3.1. Soil characteristics

The five study sites had a range of soil texture, varying from
sandy loamwith 11% clay (Site 5), to sandy clay loamwith 25% clay
(Site 3) (Table 1). Differences in soil texture among sites con-
tributed to the observed differences in surface characteristics.
The finer-textured Sites 1, 2 and 3 had complete cover of physical
soil crusts, with some cyanobacterial crusts at Site 2, and a small
fraction (<6%) of the bare soil surfaces covered with loose erodible
material. Sites 4 and 5 have coarser soils (sandy loam) and during
site establishment had large cover (>40%) of loose erodible sedi-
ment overlying patchy cyanobacterial soil crusts.

Site 2 had the hardest soil surface (3.38 kg cm�2 to rupture)
while Sites 1 (1.69 kg cm�2) and 3 (1.87 kg cm�2) had similar
crust hardness and Sites 4 and 5 had the weakest surface crusts
(�0.5 kg cm�2) (Table 1). At Sites 4 and 5, 90% of the penetrom-
eter measurements were below the measurable range
(<0.5 kg cm�2), while at Sites 2 and 3, 39% and 36% of measure-
ments were above the measurable hardness range (>5 kg cm�2).
Soil surface hardness is dynamic (Rice and McEwan, 2001) and
we expect that, like vegetation cover, this characteristic
responded to rainfall events.

Comparison of the minimally and fully dispersed soil PSDs
demonstrates considerable aggregation in all five soils (Fig. 3 and
Table 1). We interpret the minimally dispersed PSDs for Sites 4
and 5 as providing a good approximation of the soils in situ. In this
field condition the soil PSDs are dominated by grains in the sand
fraction (>100 lm) that may be available as saltators in the loose
erodible material. The silt and clay fraction in the soils increased
dramatically in the fully dispersed PSDs, suggesting that despite
Table 1
Soil properties and surface characteristics at the five Chihuahuan Desert study sites, measur
(%) unless otherwise noted. Mean and standard deviation (SD) values are reported for
characteristics are reported as percentage cover of the soil surface.

Site 1 Site 2

Soil properties (0–1 cm)
Texture – Minimally dispersed
Clay 16.25 19.08
Silt 37.41 44.66
Sand 46.34 36.26

Texture – Fully dispersed
Clay 22.07 21.33
Silt 25.29 32.28
Sand 52.63 46.39

USDA texture class Sandy clay loam Loam

Soil map unit componenta Stellar Reagan

CaCO3 (SD) 0.13 (0.10) 9.09 (0
Organic carbon (SD) 0.97 (0.12) 0.78 (0
Nitrogen (SD) 0.04 (0.01) 0.037 (

Soil surface characteristics
Physical crust 71.67 54.00
Cyanobacteria crust – 28.67
Physical clay curls – 11.00
Rock 1.00 –
Loose erodible material 4.00 2.00
Penetrometer resistance, kg cm�2 (SD) 1.69 (0.81) 3.38 (1

Vegetation
Canopy cover (%) 29.67 9.33
Mean canopy height (m) 0.13 0.07

Slope (%) <1 <1

a Soil Map Unit Components represent individual soils that occur within delineated
Natural Resources Conservation Service.
having a sandy surface texture these soils have potential to be dust
emitters. The minimally dispersed PSDs for Sites 1, 2 and 3 do not
represent well the condition of the soil observed in the field. The
fine texture of the soils lends to the extensive physical soil crusting
at these sites (Table 1).

Soil organic C and N contents were small at all sites (<1% C;
<0.05% N). However, large variability was measured in the soil
CaCO3 contents (Table 1), which is attributable to pedogenic car-
bonate accumulation in the Jornada Basin soils. Variability in
CaCO3 contents of the surface soil among the sites has arisen as a
consequence of bioturbation (Site 4) and differences in depth of
wetting during petrocalcic horizon formation and subsequent ero-
sion and deposition (Sites 2 and 3) (Monger, 2006). The presence of
soil CaCO3 at the sites was expected to influence the soil cohesive-
ness, potentially reducing Ut (Chepil, 1954).

3.2. Wind erosivity, aerodynamic roughness and rainfall

The frequency of potentially erosive winds was strongly sea-
sonal, while the number hours with high wind speeds varied
among the sites (Fig. 4a). Early summer 2013 (June and July) and
spring 2014 (April and May) experienced the most erosive winds,
with >100 h of wind speed P5 m s�1 (2.4 m above ground level)
at Sites 1, 2, 3 and 5. Lower wind speeds were measured at Sites
4 and 5 in all months of the study period. Site locality with respect
to the Doña Ana Mountains and Summerford Mountain, which
obstruct the dominant south-westerly winds, likely influenced
wind erosivity among sites. Vegetation cover in close proximity
to the sites potentially also increased Ut and reduced sediment
transport at Sites 4 and 5, relative to Sites 1, 2 and 3. Our entrain-
ment threshold estimates must therefore be interpreted under-
standing that larger differences in Ut may exist between the
ed at the time of site establishment in April, 2013. Values are reported as a percentage
the soil CaCO3, organic carbon and nitrogen contents. Values for the soil surface

Site 3 Site 4 Site 5

5.09 1.84 0.27
14.87 7.02 3.28
81.04 91.13 95.55

24.94 16.27 10.99
21.46 22.29 21.91
53.60 61.44 67.10

Sandy clay loam Sandy loam Sandy loam

Reagan Harrisburg Bucklebar

.65) 18.27 (2.35) 4.02 (3.13) 0.01 (0.03)

.15) 0.44 (0.06) 0.42 (0.39) 0.26 (0.05)
0.01) 0.019 (0.00) 0.05 (0.03) 0.03 (0.01)

92.67 – –
– 34.67 23.67
– – –
1.00 2.67 –
6.00 46.33 42.67

.23) 1.87 (0.99) 0.54 (0.02) 0.50 (0.01)

2.67 14.00 30.00
0.41 0.19 0.41

<1 <1 <1

Soil Map Unit polygons, as mapped by the U.S. Department of Agriculture (USDA)



Fig. 3. Particle size distributions and cumulative particle size distributions for the five study soils, determined using a Coulter LS 13 320 particle size analyzer. Soils were
analyzed in minimally and fully (chemically) dispersed conditions (see Section 2 for details).

Fig. 4. (a) Mean monthly occurrence of wind speed P5 m s�1 (measured at 2.4 m
above ground level), and (b) total monthly precipitation for the five study sites.
Note, months displayed correspond with the sediment sampling periods. Sampling
was initiated on 18 May, 2013.
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study soils if the roughness conditions were exactly the same for
all sites. As the meteorological tower and optical gate sensor (for
measuring Ut) were located at the center of the study sites, the
measurements would not have been affected by sheltering due to
vegetation but would have been affected by roughness in the fetch
(100s of meters) upwind of the sites. Consistent with Bergametti
and Gillette (2010), the seasonal wind speed pattern suggests that
the study sites may experience strongly seasonal sediment mass
flux, with a peak during spring and low during the summer and
autumn.

The mean monthly aerodynamic roughness heights (z0) were
of a similar magnitude (Table 2) for Sites 1, 2 and 3, consistent
with the soil surface conditions (Table 1). At all sites the coeffi-
cient of variation in z0 was large, and up to two times the
monthly mean value. At Sites 1, 2, and 3, z0 was of the order
1 cm, with a seasonal pattern with maximum (�1.5 cm) during
the winter months (December–February) and minimum through
summer 2013. Values of mean z0 were larger for Site 5, in the
range 3–5 cm (Table 2). The larger z0 values at this site were
likely a function of the taller vegetation in the fetch surrounding
the cleared exclosure (Table 1) and topography at the soil sur-
face. Vegetation growth in response to summer rainfall is
responsible for the peak in z0 during autumn 2013. The rough-
ness of the soil crusts at Sites 1, 2 and 3 was not observed to
change significantly over the study period and likely had little
effect on the changes in z0 relative to the surrounding vegeta-
tion. While we observed soil crust cover change at Sites 4 and
5, these changes were also small relative to the soil topography
and vegetation.

Rainfall during the study period was more strongly seasonal
than wind speed (Fig. 4b). Between 110 mm (Site 5) and 220 mm
(Site 2) rainfall was recorded across the sites for the study period.
On average 93% of the rainfall at the sites occurred in the summer
months (July, August and September).



Table 2
Summary of mean aerodynamic roughness height (z0) and standard deviations (SD) for each sampling period. Sampling started on 18 May 2013 and data are based on 1 min
average wind speed measurements resampled to 15 min averages. Note: data for Site 4 are not provided due to equipment failure (Section 2.4).

Sampling period end Site 1 Site 2 Site 3 Site 5

Mean z0 (cm) SD Mean z0 (cm) SD Mean z0 (cm) SD Mean z0 (cm) SD

06/18/2013 0.80 1.76 0.51 1.47 0.49 1.35 2.94 2.13
07/17/2013 0.67 1.62 0.51 1.44 0.39 1.24 2.13 2.05
08/16/2013 0.84 1.80 0.60 1.57 0.51 1.47 2.56 2.26
09/18/2013 1.32 2.32 0.97 2.08 0.81 1.80 4.04 2.78
10/18/2013 0.89 1.85 0.68 1.73 0.53 1.53 5.24 2.21
11/15/2013 0.73 1.55 0.62 1.62 0.61 1.59 4.94 2.51
12/18/2013 1.13 1.98 0.85 1.87 0.54 1.49 3.47 2.19
01/17/2014 1.26 1.97 0.81 1.80 0.61 1.63 3.09 2.11
02/21/2014 1.06 1.76 0.60 1.47 0.64 1.60 3.09 2.13
03/20/2014 0.99 1.81 0.64 1.56 0.46 1.32 2.92 2.05
04/15/2014 0.94 1.84 0.47 1.45 0.49 1.44 2.73 1.93

Table 3
Monthly average vertically integrated horizontal sediment mass flux
(g cm�1 month�1) to 1 m height above the soil surface for the five study sites.
Sampling commenced on 18 May 2013. Values marked with * represent integrated
flux from a single measured profile, while all other values represent an average
horizontal sediment mass flux from the two MWAC mast profiles. Values marked
with ‘‘-” indicate that insufficient samples were obtained from both MWAC profiles to
calculate the integrated mass flux.

Sampling period end Vertically integrated horizontal sediment mass flux
(g�1 cm�1 month�1)

Site 1 Site 2 Site 3 Site 4 Site 5

06/18/2013 8.41 4.10* 19.96 108.61 29.72
07/17/2013 13.94 14.07 94.10 102.60 43.41
08/16/2013 28.34 36.38 287.05 56.79* 53.80
09/18/2013 12.42* 15.68 125.47 - -
10/18/2013 19.18* 8.08 133.12 - -
11/15/2013 10.13 5.23 - 64.38 -
12/18/2013 2.21* 3.24 41.26 43.87 -
01/17/2014 1.22 1.11 5.20 2.79 -
02/21/2014 - 1.99* 8.91 36.47 -
03/20/2014 9.70 4.59 53.75 65.50 3.43*
04/15/2014 4.98 5.63 47.57 57.86 3.69
05/15/2014 7.52 8.22 44.41 185.81 15.46

Fig. 5. Horizontal sediment mass flux (g cm�2) for each MWAC sample collection
period between 18 May, 2013 and 15 May, 2014. Sample collection dates are shown
on the x-axis. Sample weights normalized by the MWAC sampler inlet area
(0.4715 cm2) are shown on the y-axis. Bars within each column represent sediment
collected at four heights (0.1, 0.25, 0.5 and 0.85 m) above ground level. Stars
indicate months when data were collected from only one MWAC mast due to
blocking of the sampler inlet tubes by insects.
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3.3. Horizontal sediment mass flux

Horizontal sediment mass flux varied by up to two orders of
magnitude among sites and between sampling periods (Table 3).
The largest sediment fluxes were recorded at Sites 3
(287.05 g cm�1 month�1) and 4 (185.81 g cm�1 month�1), while
the smallest sediment fluxes were recorded at Sites 1
(1.11 g cm�1 month�1) and 2 (1.12 g cm�1 month�1). Intermediate
sediment fluxes were recorded at Site 5, but of a similar magnitude
to Sites 1 and 2. Larger sediment mass flux may have been
recorded at Sites 4 and 5 if the vegetation cover and distribution
in the fetch leading to the sites were more like that at Sites 1, 2
and 3; perhaps enabling the saltation cascade to develop closer
toward equilibrium than could be achieved within the cleared
20 � 20 m study exclosures. As expected, the sediment mass flux
close to the soil surface (0.1 m) was significantly larger than that
sampled at the top of the sampling mast (0.85 m) (Fig. 5). This find-
ing was confirmed by the good fit (average R2 0.99) of the exponen-
tial functions to the data for calculation of the vertically integrated
sediment mass fluxes (Table S1).

The largest horizontal mass flux occurred during the summer
months between July and September 2013 at Sites 1, 2, 3 and 5
(Fig. 5). Measurements during this period may have been affected
to some degree by rain splash contributing sediment to the lower
samplers. Horizontal mass fluxes increased in spring 2014 above
that recorded during the winter months. With the exception of Site
4, horizontal mass flux did not follow the same seasonal cycle as



Table 4
Summary of threshold wind speed measurements (m s�1) for all sites and seasonal
measurements for individual sites over the period 18 May 2013 to 15 May 2014.
Records marked with ‘‘-” indicate fewer than five transport events occurred for which
threshold could be measured.

Location n Threshold wind speed, Ut (m s�1) at 2.4 m above
ground level

Min Quantiles Mean Max

25% Median 75%

Site 1 478 3.41 5.35 6.31 7.49 6.56 14.04
Site 2 486 3.44 5.61 7.21 8.77 7.47 16.44
Site 3 441 3.28 7.15 9.65 11.24 9.23 14.80
Site 4 559 2.31 7.08 7.85 8.56 7.69 10.64
Site 5 664 2.85 5.29 6.57 8.20 7.07 13.94

Site 1
Spring 2013 - - - - - - -
Summer 2013 18 4.48 5.65 6.32 8.04 6.67 9.34
Autumn 2013 283 3.41 5.04 5.80 6.81 6.06 12.04
Winter 2013 137 3.49 6.16 6.98 8.05 7.07 11.27
Spring 2014 38 5.04 6.89 8.00 9.80 8.33 14.04

Site 2
Spring 2013 - - - - - - -
Summer 2013 26 3.44 5.25 6.99 8.02 6.99 11.51
Autumn 2013 296 3.48 6.58 7.79 9.18 7.95 15.24
Winter 2013 128 3.53 4.94 5.78 7.47 6.44 13.00
Spring 2014 31 4.78 5.54 6.36 7.80 7.42 16.44

Site 3
Spring 2013 36 4.69 6.39 7.28 8.61 7.41 10.57
Summer 2013 42 3.29 4.80 5.36 5.88 5.54 9.19
Autumn 2013 82 4.46 6.64 8.70 10.71 8.64 12.90
Winter 2013 83 3.96 7.25 8.40 10.34 8.77 12.86
Spring 2014 198 4.74 9.86 11.02 12.00 10.77 14.80

Site 4
Spring 2013 130 2.31 6.55 7.15 7.51 6.96 9.10
Summer 2013 41 3.80 5.41 6.44 7.23 6.37 8.67
Autumn 2013 63 3.64 7.75 8.22 8.80 8.12 10.46
Winter 2013 88 5.33 7.42 8.15 8.61 7.99 9.54
Spring 2014 237 2.76 7.46 8.21 8.89 8.09 10.64

Site 5
Spring 2013 51 4.23 6.13 7.54 8.49 7.48 10.25
Summer 2013 54 2.85 6.94 7.79 8.49 7.47 10.00
Autumn 2013 452 3.34 4.95 5.93 6.83 6.07 13.83
Winter 2013 - - - - - - -
Spring 2014 103 3.46 10.12 11.07 12.06 10.88 13.94
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the wind (Fig. 4a). Erosive winds driving mass flux at the study
sites were generated more often by short-lived convective storm
activity and associated cool air outflows during the summer
(Warner, 2009), as found by Bergametti and Gillette (2010).
3.4. Threshold dynamics

Significant variability was recorded in Ut at study sites, covering
the range �5–16 m s�1 (Table 4). While the variability in Ut was
large, the range was similar for each of the sites and the magni-
tudes of both the mean and median Ut among sites were similar
(Table 4). On the basis of the large differences in their soil surface
conditions, we expected to have found more pronounced differ-
ences in the mean and median wind speed threshold for the differ-
ent soils. Both the annual mean and median Ut for all sites were
within the range 6.31–9.65 m s�1 (2.4 m above ground level). Cal-
culated from the minimum and maximum monthly mean z0 for
each site, this translates to approximate mean threshold shear
velocity (u�t ) values of 0.52–0.56 m s�1 for Site 1, 0.48–0.54 m s�1

for Site 2, 0.57–0.65 m s�1 for Site 3, and 0.59–0.74 m s�1 for Site
5. Sites 1, 2, 3 and 5 had multi-modal distributions of Ut for the
study period, while Site 4 had a tightly constrained unimodal Ut

distribution (Fig. 6). The largest maximum Ut was recorded at Site
2 (16.44 m s�1), while the smallest maximum Ut was recorded at
Site 4 (10.64 m s�1). Sites 1, 2 and 5 had a similar annual range
and similar probability distributions of Ut, while Site 3 had strong
multimodality with Ut modes at 7.25 and 10.96 m s�1 (Fig. 6).

No consistent seasonal pattern in Ut was evident in the data.
Seasonal differences in Ut among the study sites were pronounced
at Sites 3 and 5, but at Sites 1, 2 and 4 seasonal variations in the
wind speed threshold were more tightly constrained (Fig. 6). We
found that the wind speed threshold in summer 2013 extended
to a range of Ut that was smaller than measured in the other sea-
sons, while Ut in spring 2014 was larger than in other seasons at
Sites 1, 3 and 5 (Table 4). The occurrence of smaller Ut during sum-
mer 2013 may have facilitated the larger measured horizontal
mass fluxes at Site 3 at that time, but does not appear to explain
the large summertime horizontal mass flux at the other sites
(Fig. 5). Similar patterns are evident for the other sites, for which
reductions in Ut and increases in wind speed did not always result
in increased sediment transport.

The significance of the variability in Ut among sites and
between seasons can be evaluated qualitatively in the context of
probability distributions of wind speed at the sites. Such analysis
must recognize the non-linear mass flux response to Ut (Barchyn
and Hugenholtz, 2011), and that the magnitude of mass flux can
vary significantly (often by an order of magnitude) even for homo-
geneous surfaces. This analysis must also recognize the potential
effects of differences in the aerodynamic roughness of the fetch
outside the cleared study exclosures (Section 3.2). Table 5 reports
the probability of wind speed measured at 2.4 m height exceeding
a specific value in the range 5–11 m s�1, coincident with the range
of most frequently measured Ut. The probabilities of exceeding
each wind speed vary among the sites, suggesting that a change
in Ut may have slightly different significance for sediment flux
depending on location. The consistent pattern of decreasing prob-
abilities for increasing wind speed indicates that the general nature
of the sediment flux response to changing Ut may be consistent
among sites. However, the large variability in the measured hori-
zontal mass fluxes (Table 3) appears inconsistent with the rela-
tively small differences among sites in both the occurrence of
erosive winds (Table 5), and in Ut (Table 3). Similar mass fluxes
would have been expected if the erosion process at the sites was
only transport limited. Given the large differences in mass flux
among the sites, we interpret our results as suggesting that wind
energy and the wind speed threshold were not dominant controls
on the variability in horizontal mass flux.
4. Discussion and conclusions

The difference between wind shear velocity and the entrain-
ment shear velocity threshold is represented as the dominant con-
trol on horizontal mass flux in aeolian sediment transport models
(Darmenova et al., 2009; Kok et al., 2014). The significance of the
entrainment threshold as a control on the magnitude of the mass
flux reflects theory derived for the ideal case of equilibrium salta-
tion, in which the entrainment threshold represents the main land
surface control on sediment transport (Bagnold, 1941; Owen,
1964; Creyssels et al., 2009; Kok and Renno, 2009). Field and wind
tunnel measurements in a range of agricultural and dryland set-
tings have been evaluated in this context (e.g., Gillette et al.,
1980; Gillette, 1988). However, interpretation of the role of the
entrainment threshold, and of threshold dynamics, is both
location-specific and dependent on how threshold is defined
(Webb and Strong, 2011). Our results suggest that for undisturbed
dryland soils the entrainment threshold may not always play a
dominant role in determining the magnitude of horizontal mass
flux.



Fig. 6. Kernel density estimates of threshold wind speed (m s�1) for the five study sites. Threshold estimates were obtained using the instantaneous threshold method with a
minimum number of particle counts for threshold identification set to 10 counts per minute. Measurement interval: 1 min; sampling interval: 1 Hz; transport measurements:
Wenglor YH03PCT08, 0.05 m height; wind measurement: RM Young 3101, 2.4 m height.

Table 5
Probabilities of exceeding measured wind speeds (U) for the range of threshold wind speeds (Ut) at each study site.

Location Wind speed (U) probabilities (measured at 2.4 m a.g.l)

5 m s�1 6 m s�1 7 m s�1 8 m s�1 9 m s�1 10 m s�1 11 m s�1

Site 1 0.086 0.058 0.037 0.022 0.011 0.005 0.002
Site 2 0.074 0.056 0.040 0.027 0.017 0.009 0.005
Site 3 0.069 0.049 0.034 0.021 0.012 0.006 0.003
Site 4 0.053 0.033 0.017 0.007 0.003 0.001 0.001
Site 5 0.057 0.038 0.025 0.015 0.008 0.003 0.001
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Differences in the entrainment threshold of soils can be
explained by the factors that control soil mobilization by wind
(Shao, 2008). At the scale of the soil grain or aggregate, Ut is a func-
tion of the grain size, grain density, the strength of cohesive bonds
between grains, soil roughness, and atmospheric conditions that
influence the air density and inter-particle bonding (Shao and Lu,
2000; Ravi et al., 2006). Changes in the soil moisture content in
response to precipitation (rainfall or snowfall) can significantly
modify the threshold (Fécan et al., 1999; Sankey et al., 2009;
Barchyn and Hugenholtz, 2012). Similarly, the presence of physical
and biological soil crusts is often considered to increase the
strength of inter-particle bonds, and therefore increase the
entrainment threshold (Nickling and Ecclestone, 1981; Nickling,
1984; Belnap and Gillette, 1997; O’Brien and McKenna Neuman,
2012).

On the basis of the highly variable soil surface conditions among
our study sites (Table 1), this summary of the controls on the
entrainment threshold suggests that we should have found large
differences in Ut among the sites, and potentially large differences
in Ut between seasons. Large variability in the entrainment thresh-
old have been reported from field and wind tunnel studies of both
cropland and rangeland soils (e.g., Gillette et al., 1980; Gillette,
1988; Stout and Arimoto, 2010; Barchyn and Hugenholtz, 2012).
However, the small variability in the mean and median Ut among
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our sites for the study period indicates that the presence, character-
istics (type, strength) and changes in soil crustingmay not have had
a large effect on the wind speed threshold. Soil crusting appears to
have influenced the sediment supply and the soil capacity to release
additional sediment into the saltation loadwhen subject to saltation
bombardment (Rice et al., 1999; Macpherson et al., 2008).

While the rainfall at our study sites was strongly seasonal, we
suspect that high air temperatures (mean maximum > 30 �C from
May to September) and evaporative demand (mean pan evapora-
tion 260 mmmonth�1) significantly reduced soil moisture and
humidity effects on Ut in the study area (Wainright, 2006). We
interpret the measured seasonal variations in wind speed thresh-
old as being influenced more by changes in the amount and size
distribution of loose erodible material at the soil surface in
response to the rainfall events and sediment transport by wind,
with changes in grain sizes directly affecting the energy required
for mobilization by wind (Zobeck and Popham, 1992; Gillette and
Chen, 2001). This could explain why Ut did not exhibit a consistent
pattern of seasonal variability among the sites, as would be
expected if climatic influences had induced significant seasonal
changes in the soil cohesion.

If Ut is controlled by the amount and size distribution of loose
erodible material on the soil surface, then what other factors con-
tributed to the large variability in horizontal mass flux? A number
of factors are known to influence horizontal mass flux. These
include atmospheric conditions (Martin et al., 2013), properties
of the soil surface (e.g., roughness, moisture content), and feed-
backs resulting from interactions between the saltation load, wind
velocity profile and the bed that moderate fluid and particle
dynamics (Sherman and Farrell, 2008; Creyssels et al., 2009;
Charru et al., 2013). Our field data are insufficient to resolve many
of these processes, but highlight the need to consider further two
additional factors controlling horizontal mass flux. These are (1)
the supply of loose erodible material at the sites which could be
mobilized as initial saltators (Gillette and Chen, 2001), and (2) dif-
ferences in the efficiency of saltators to entrain sediment (abrasion
efficiency), as determined by saltator impact energy and soil sur-
face hardness and resistance (cohesion) (Rice and McEwan,
2001). While these factors have for a long time been recognized
as important controls (Bagnold, 1941), little remains known about
their importance, relative to the entrainment threshold, in control-
ling mass flux.

For example, Sites 1 and 2 produced the smallest horizontal
mass fluxes (Table 3). These sites had moderately hard physical
crusts and fine textured soils, with smaller sand content and a lar-
ger portion of clay aggregates than the other sites (Table 1). These
sites also initially had small (<4%) cover of loose erodible material
on the soil surface. The combination of the few available saltators
and hard surface crusts likely resulted in the small horizontal mass
flux for these sites. While having similar Ut to Sites 1 and 2, Sites 4
and 5 had weak surface crusts, initially large (>40%) cover of avail-
able quartz saltators (Table 1), and produced larger horizontal
mass fluxes (Table 3). The slightly finer soil texture, larger soil
CaCO3 content (promoting lower soil cohesion) (Chepil, 1954)
and lower amount and height of surrounding vegetation outside
the cleared study exclosure at Site 4 were likely responsible for
the larger horizontal mass flux at that site relative to Site 5.

Although Site 3 had a relatively hard surface crust and small
fraction of in situ saltators (Table 1), this site produced the largest
horizontal mass fluxes. These results suggest that saltator supply
and abrasion efficiency played an important role in determining
the magnitude of the mass flux (Rice et al., 1999), which exceeded
that of the coarser textured soils with weak crusts and large in situ
supply of loose erodible material (Sites 4 and 5). The saltators at
Site 3 may be more efficient at releasing crusted surface material
into the saltation load than those at Sites 1 and 2, which had a sim-
ilar surface cover of loose erodible material but generated smaller
sediment fluxes (Table 3). The large CaCO3 content of the Site 3 soil
(Table 1) may also have made the surface more susceptible to abra-
sion than the other sites (Chepil, 1954). This is an interesting con-
trast to the soils at Sites 4 and 5, which would typically be regarded
as being the most erodible, and despite our results also showing
the wind speed thresholds for these sites were often similar
(Table 4). We note that under some conditions hard soil surfaces
may promote saltation by increasing saltator rebound energies
and particle velocities (e.g., McKenna Neuman and Scott, 1998;
Ho et al., 2011; Nield and Wiggs, 2011; Rotnicka, 2013). However,
our data do not provide direct evidence for separating this factor as
a major control on sediment mass flux at the study sites.

Observations at Site 3 suggest that the availability of saltators
that can abrade the crusted surface was supplemented by sand
grains transported onto the site from adjacent sand ridges during
high precipitation and wind events in summer 2013. This off-site
contribution of saltators appears to be very important for aeolian
sediment transport to occur at this site. Similar processes have
been documented in other dust source regions (Bullard and
McTainsh, 2003) and the finding illustrates the need to consider
landscape setting as a factor influencing the sediment mass flux
(Gillette, 1999). A change in the amount and size distribution of
saltators for transport at Site 3 with the addition of this material
may have resulted in the decline in Ut during summer 2013
(Fig. 6), and contributed to the significantly larger horizontal mass
fluxes measured at that time. Further research is needed to quan-
titatively test these hypotheses in the context of saltation mechan-
ics. This will inevitably require high spatial and temporal
resolution measurements in order to parse the mechanics as influ-
enced by the various controls.

Fig. 7 summarizes the factors controlling soil erodibility dynam-
ics, as represented by the sediment emission potential. The
entrainment threshold (represented by u�t or Ut) is one of three
main controls on the horizontal mass flux, and generally responsi-
ble for determining the initiation of transport, rather than the
transport magnitude. In many landscapes the entrainment thresh-
old can be important for the magnitude of the horizontal sediment
mass flux (Leys and Raupach, 1991). However, this importance will
vary for different systems. At locations where soil crusting is weak
or absent and seasonal climate variability has a strong effect on the
soil cohesion, e.g., through the soil moisture content, the entrain-
ment threshold can counter the wind transport potential and thus
control the frequency and magnitude of sediment flux (e.g.,
Cornelis and Gabriels, 2003). In sediment supply-limited systems
where the soil moisture content is frequently low the entrainment
threshold may play a secondary role, relative to saltator supply and
abrasion efficiency, in determining the magnitude of the sediment
mass flux (O’Brien and McKenna Neuman, 2012). The disturbance
of physical and biological soil crusts, for example by livestock
trampling or tillage, can increase the erodible sediment supply
(Baddock et al., 2011), but may also influence the entrainment
threshold by modifying the size distribution of soil grains at the
surface (Belnap et al., 2007).

Our results suggest that determining the entrainment threshold
as a function of the amount and particle size distribution of loose
erodible material at the soil surface may improve estimates of
the shear velocity threshold. This approach may also reduce the
gap between model estimates and field measurements of Ut and
u�t , which generally do not discriminate particle size (Barchyn
and Hugenholtz, 2011). As all of our study sites had some fraction
of material that was entrained at approximately similar threshold
wind speeds, the application of current equations that predict u�t
as a product of the soil particle size distribution (e.g., Shao and



Fig. 7. Conceptual summary of the controls on soil erodibility, defined here as the
sediment emission potential for a soil. For simplicity we keep separate the effects of
non-erodible roughness elements (e.g., vegetation), which may be considered to
affect the landscape erodibility (Webb and Strong, 2011). Acronyms are defined as:
particle size distribution (PSD) and loose erodible material (LEM), the erodible
fraction (<0.85 mm) of soil grains or aggregates sitting on the soil surface
(characterized by the dry aggregate size distribution; DASD). Here, atmospheric
conditions include air temperature and humidity (Ravi et al., 2006). The LEM type
includes morphology (grain or aggregate), mineralogy and density. The soil
chemistry includes the soil salt, organic carbon and CaCO3 contents, while soil
biology refers to the presence of crust-forming biota such as cyanobacteria, lichens
and fungi (Belnap, 2003). Together these determine the potential impact energy of
the saltators and the energy required to release sediment from the surface (surface
resistance) (Rice et al., 1999). Landscape setting determines the nature of spatial
and temporal variations in soil properties and geomorphic processes that may
influence sediment supply and the entrainment threshold. Weather, climate and
disturbance are expected to interact with landscape setting to influence all of the
land surface conditions at different spatial and temporal scales (Webb and Strong,
2011).
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Lu, 2000) may well continue to provide a reliable first approxima-
tion of the entrainment threshold.

Reliably estimating sediment supply and bed resistance to abra-
sion, and representing their effects on the saltation load, are possi-
bly the greatest challenges that need to be addressed for the
development of a generalizable horizontal mass flux scheme.
Cropland wind erosion models, such as the Revised Wind Erosion
Equation (Fryrear et al., 1998) and Wind Erosion Prediction System
(Hagen, 1991), represent the effects of soil crusting and loose
erodible material (through the aggregate size distribution) on
sediment mass flux. However, very few studies have attempted
to relate environmental and surface conditions to the amount of
crusting and loose erodible material (Zobeck and Popham, 1992).
While applying these models for regional and global applications
is non-trivial, they provide insights to how horizontal mass flux
can be represented when Owen’s second hypothesis does not hold
(Owen, 1964). Exploring further the intensity and duration of salta-
tion with respect to the entrainment threshold and wind speed
may provide further insights to the processes that will facilitate
scheme development. Conducting this research for a range of
dryland and agricultural settings may also provide generality in
our process understanding that has arguably not been included
in existing horizontal mass flux equations. Proximal remote sens-
ing approaches have potential to provide additional information
on changes in soil surface conditions that moderate the sediment
mass flux (Chappell et al., 2006). Evaluating quantitatively these
relationships and the interactive effects of static and dynamic soil
properties is the subject of ongoing research at the study sites.

Finally, our research has highlighted again the need for a new
horizontal mass flux scheme that enables estimation of the sedi-
ment mass flux under both transport-limited and supply-limited
conditions. Such a scheme would represent the initiation of
horizontal mass flux at the entrainment threshold and then esti-
mate the sediment flux as a function of wind shear velocity, the
mass of available saltators at the soil surface and the release of sed-
iment into the saltation load due to saltation bombardment and
abrasion. In a broader context, models would also ideally account
for landscape setting and connectivity (Okin et al., 2009), which
influence the availability of upwind saltator material. While our
study was not designed to quantitatively address these sources
of variability, our observations suggest that they have significant
explanatory power, particularly in heterogeneous landscapes. The
geomorphic patterns in the Jornada Basin are typical of those in
many dryland regions where aeolian and fluvial processes create
mosaics of fine- and coarse-texture land surfaces at multiple spa-
tial scales. As a start, capturing supply limitation and saltation
bombardment processes would provide greater continuity in the
representation of horizontal and vertical mass fluxes, and may help
to reduce the large uncertainty in aeolian sediment transport
predictions.
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