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Abstract Obtaining reliable estimates of aerodynamic roughness is necessary to interpret and accurately
predict aeolian sediment transport dynamics. However, inherent uncertainties in ﬁeld measurements and
models of surface aerodynamic properties continue to undermine aeolian research, monitoring, and dust
modeling. A new relation between aerodynamic shelter and land surface shadow has been established at the
wind tunnel scale, enabling the potential for estimates of wind erosion and dust emission to be obtained
across scales from albedo data. Here, we compare estimates of wind friction velocity (u*) derived from
traditional methods (wind speed proﬁles) with those derived from the albedo model at two separate scales
using bare soil patch (via net radiometers) and landscape (via Moderate Resolution Imaging
Spectroradiometer [MODIS] 500 m) data sets. Results show that proﬁle‐derived estimates of u* are highly
variable in anisotropic surface roughness due to changes in wind direction and fetch. Wind speed proﬁles
poorly estimate soil surface (bed) wind friction velocities necessary for aeolian sediment transport research
and modeling. Albedo‐based estimates of u* at both scales have small variability because the estimate is
integrated over a deﬁned, ﬁxed area and resolves the partition of wind momentum between roughness
elements and the soil surface. We demonstrate that the wind tunnel‐based calibration of albedo for
predicting wind friction velocities at the soil surface (us*) is applicable across scales. The albedo‐based
approach enables consistent and reliable drag partition correction across scales for model and ﬁeld estimates
of us* necessary for wind erosion and dust emission modeling.

1. Introduction
Wind erosion and dust emission exhibit large spatiotemporal variability in response to land
surface‐atmosphere interactions within the planetary boundary layer (Bergametti & Gillette, 2010;
Sweeney et al., 2011). These interactions are controlled by soil properties, atmospheric turbulence, and drag
partitioning between roughness elements at different scales that affect the aerodynamic roughness length
(z0), total wind friction velocity (u*), and wind friction velocity at the soil surface or bed (us*) (Raupach
et al., 1993). Obtaining reliable estimates of z0 and us* is necessary to interpret and accurately predict sediment transport dynamics. However, inherent variability in single point‐based (i.e., wind speed proﬁle) ﬁeld
measurements of these aerodynamic properties is not captured in dust models and continues to impact the
accuracy of areal wind erosion and dust emission estimates (Dupont et al., 2018).
Field measurements of z0 and u* derived from wind speed proﬁles and sonic anemometry are inﬂuenced by
roughness at different scales responding to wind speed and direction with respect to upwind surface roughness across often undeﬁned heterogeneous fetch (Zobeck et al., 2003). Large variability in wind speed
proﬁle‐derived z0 has been documented previously (e.g., Chappell et al., 2010; Gillette et al., 2006; King
et al., 2006; Nield et al., 2013) and is informative of the inﬂuence of surface roughness on u* at the measurement location (André & Blondin, 1986; Dupont et al., 2018). However, variability in z0 and u* detected from a
single wind speed proﬁle incompletely samples, and therefore inaccurately estimates, the total variability in
the properties across an area of landscape. Measuring wind speed proﬁle‐derived z0 at multiple locations
within a land cover type (or experimental site) would produce different values of z0 and u* due to differences
in wind momentum reduction and sheltering by heterogeneous roughness. Anisotopic aerodynamic roughness inﬂuences the magnitude of z0 and its variability across land cover types (Gillies et al., 2007; King
et al., 2006). Inadequately estimating z0 and u* is a major source of uncertainty in dust models dependent
on these properties (Raupach & Lu, 2004). Adequately measuring the spatiotemporal variability of z0 to parameterize areal dust models would require multiple samples in space (Chappell et al., 2003; Sterk &
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Stein, 1997). Typically, measurements of z0 made frequently over time from a single meteorological tower
are used to represent temporal variability and effects of roughness in different directions. Consequently,
individual wind speed proﬁles have limited utility for understanding how u* inﬂuences aeolian transport
at scales other than a single location in space and particularly in parameterizing regional and global dust
models (e.g., Marticorena & Bergametti, 1995). Current dust models that rely on look‐up tables of z0 derived
from ﬁeld measurements or boundary layer models inadequately represent the often large spatial variability
in roughness (Raupach & Lu, 2004). This is because of the fundamental feedback between roughness and
wind speed represented by aerodynamic roughness: As wind speed increases, the relative inﬂuence of the
(vertical) roughness is reduced. Large spatial variability in surface aerodynamic properties and aeolian sediment transport necessitate more sophisticated measurement approaches that can support ﬁeld research and
improve the accuracy of areal wind erosion and dust emission models (Webb et al., 2019, 2020).
Further compounding the variability‐driven uncertainty in estimating areal z0 and u*, wind speed proﬁles do
not estimate the momentum partition between roughness elements and the soil surface (Raupach, 1992).
Estimates of u* from wind speed proﬁles above a canopy of roughness elements (vegetation or rocks) represent the total wind friction velocity (u*) and not the soil surface (bed) friction velocity (us*) required to understand and predict sediment transport. Drag partition schemes have enabled estimates of shear stress
partitioning and us* across spatial scales (e.g., plot, 100 m2, to landscape, 1,000‐m2 scales, Raupach et al., 1993;
Marticorena & Bergametti, 1995). However, areal applications of these schemes rely on estimates of z0 that
include unexplained variability (uncertainty) in ﬁeld measurements, or approximations based on the lateral
cover of roughness (λ) which underestimate surface sheltering (Chappell & Webb, 2016) and inadequately
represents spatial heterogeneity in the momentum partition (Chappell & Webb, 2016; Webb, Okin, &
Brown, 2014). Uncertainties in shear stress partitioning propagate through models and contribute to the
inaccuracy of current dust models (e.g., LeGrand et al., 2019; Shao et al., 2011; Webb et al., 2020).
Approaches that resolve the spatial distribution of us* have been shown to be more accurate than models
based on z0 and λ (Li et al., 2013; Okin, 2008). However, applications that rely on ﬁeld measurements of vegetation spatial distributions have so far been limited by data availability (e.g., Vest et al., 2013; Webb, Herrick,
& Duniway, 2014). The generality of drag partition schemes across spatial scales (e.g., 10 to 105 m2) and
scales of roughness (e.g., mm to tens of m) remains largely untested. Difﬁculties with parameterization
and insensitivity to roughness heterogeneity suggest that existing schemes do not scale linearly in space
(Raupach & Lu, 2004). Reducing both measurement and dust model uncertainties requires methods to estimate the areal shear stress partition and us* that are sensitive to roughness heterogeneity and are generalizable across spatial extents and scales of roughness (Chappell & Webb, 2016; Webb, Okin, & Brown, 2014).
Satellite remote sensing provides the ability to produce area‐weighted or integrated estimates of land surface
characteristics across pixels (e.g., 500 × 500 m). Approaches tested to resolve areal z0 and us* include radar
backscatter coefﬁcients (Greeley et al., 1991, 1997; Marticorena et al., 2004, 2006), surface shadowing
(Chappell et al., 2010; Chappell & Heritage, 2007; Cho et al., 2012), and sensor bidirectional reﬂectance distribution function (BRDF) parameters (Xing et al., 2018). Using data from wind tunnel experiments,
Chappell and Webb (2016) showed that aerodynamic sheltering can be approximated from land surface
albedo normalized to remove surface spectral effects. Using the BRDF, the Moderate Resolution Imaging
Spectroradiometer (MODIS) albedo data are integrated across viewing angles for a single illumination angle
(solar noon), producing an areal shadow estimate. Using wind speed at 10 m to approximate the freestream
wind speed (Uf), this albedo‐based approach can predict the partition of u* between roughness elements (ur*)
and us* integrated over an area deﬁned by the sensor (radiometer) ﬁeld‐of‐view or satellite sensor (e.g.,
MODIS) pixel size. Although established at the scale of the wind tunnel, the approach is similar to all other
wind tunnel aerodynamic extrapolations (cf. Raupach et al., 1993) and hypothesized to estimate
area‐integrated u* and us* across scales of roughness orders of magnitude (i.e., mm to tens of m) larger.
While these area‐integrated estimates of u* and us* are omnidirectional, they incorporate directional effects
of heterogenous roughness over a deﬁned area (sensor ﬁeld‐of‐view) and so could reduce the unexplained
variation (uncertainty) arising from using single point estimates of u* from wind speed proﬁles to understand
and model areal sediment transport.
The purpose of this study was to conduct the ﬁrst ﬁeld test of the albedo model against independent measurements of u* derived from wind speed proﬁles. Our objectives were to (1) derive areal estimates of u*
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and us* at different spatial scales using net radiometer and MODIS albedo data, (2) compare those areal estimates with estimates of u* derived from wind speed proﬁles from a single tower across land cover types, and
(3) compare independent measurements of u* and surface albedo across land cover types with measurements of u* and us* underpinning the albedo model for different conﬁgurations of small‐scale roughness elements obtained in the wind tunnel experiments of Marshall (1971). These comparisons enabled us to identify
that the albedo‐based model of Chappell and Webb (2016) produces direct estimates of u* and us* that are
robust across scales of roughness.

2. Methods
2.1. Site Description
We measured wind speed proﬁle data from two study sites at the U.S. Department of Agriculture‐
Agricultural Research Service (USDA‐ARS) Jornada Experimental Range (JER) in southern New Mexico
(Webb, Galloza, et al., 2016) and 10 National Wind Erosion Research Network (NWERN) sites (Webb,
Herrick, et al., 2016). The two JER sites included a playa site located on a Reagan sandy clay loam soil
(Bulloch & Neher, 1980) with moderately strong physical crusting (Site 3 in Webb, Galloza, et al., 2016),
and an open shrubland site on a Harrisburg sandy loam soil (Bulloch & Neher, 1980) with weak physical
crusting that is easily abraded under saltation bombardment (Site 4 in Webb, Galloza, et al., 2016). The playa
site is centered on a ~2‐ha playa with sparse dropseed (Sporobolus R. Br.) and creosote bush (Larrea tridentata). The open shrubland site (herein JER Harrisburg site) is dominated by honey mesquite (Prosopis glandulosa Torr.), soaptree yucca (Yucca elata), and purple threeawn (Aristida purpurea Nutt.). The 10 NWERN
sites include those at the Jornada (open shrubland), San Luis Valley, CO (open shrubland), Heart Rock
Ranch, ID (closed shrubland), Holloman Air Force Base, NM (grassland), Moab, UT (grassland), Central
Plains Experimental Range (CPER), CO (grassland), Big Spring, TX (conventional tillage cropland),
Pullman, WA (conventional tillage cropland), El Reno, OK (no tillage cropland), and Mandan, ND (no tillage cropland). Detailed biophysical characteristics for the network sites are provided in Webb, Herrick,
et al. (2016).
2.2. Instrumentation
All study sites were equipped with a meteorological tower measuring the vertical wind speed proﬁle. The
JER playa and Harrisburg open shrubland sites were both equipped with a central 5.0‐m meteorological
tower with RM Young 3101 cup anemometers at heights of 0.7, 1.4, and 2.4 m above ground level and one
RM Young 3002 anemometer and wind vane at 4.8‐m height (Figure 1). Temperature sensors (Model 107‐
L) were mounted at 2.0 and 4.0 m above ground level. A Sensit (Model H14‐LIN) saltation mass ﬂux sensor,
used to measure saltation particle counts and duration, was mounted with sensor surface 0.05 m above
ground level and approximately 3.0 m from the meteorological towers. Kipp and Zonen CNR1
four‐component net radiometers were mounted ~6 m west‐southwest of the meteorological towers (aligned
with the dominant wind direction), positioned 1.0 m above the ground, giving a measurement area of
314.16 m2 (Figure 2). The radiometers measured incoming and outgoing solar radiation used to estimate
albedo, the ratio of the incoming radiation (upper) to outgoing radiation (lower pyranometer) measurements, integrated across the range 305–2,800 nm.
The NWERN sites were equipped with 10‐m meteorological towers with ﬁve RM Young 3101 cup anemometers at heights of 0.5, 1.0, 1.5, 2.5, and 5 m above ground level, one RM Young 3002 anemometer and
wind vane mounted at 10 m, temperature sensors (Model 107‐L) mounted at 2.0 and 10 m, and a Rotronic
HygroClip2 HC2S3‐L air temperature/relative humidity probe mounted at 4.0 m. Sensit (Model H14‐LIN)
saltation mass ﬂux sensors were mounted with sensor surface 0.05 m above ground level and approximately
3 m from the meteorological towers. Meteorological measurements of the vertical wind speed proﬁle, wind
direction, and temperature at all sites were sampled at 1 s and logged at a 60‐s frequency on Campbell
Scientiﬁc CR1000 data loggers.
2.3. Proﬁle Estimates of Aerodynamic Roughness Length and Wind Friction Velocity
Wind speed proﬁle data were used to estimate the aerodynamic roughness length (z0) for each site following
the Prandtl‐von Kármán logarithmic velocity proﬁle law:
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(1)

where Uh is the wind speed (m s−1) at height h (m), u* is the wind friction velocity (m s−1), and k is von
Kármán's constant (0.4). In this study we used Uh (where h is the height of the highest anemometer) to
approximate Uf (freestream wind speed). Wind speed data were resampled to 15‐min averages and estimates of z0 and u* were obtained following the linear regression approach of Zobeck et al. (2003):
U h ¼ m · lnðhÞ þ c;

(2)

where u* = mk and z0 = e−c/m. To ensure the wind speed proﬁles closely approximated a logarithmic proﬁle,
we applied criteria to select data with wind speeds at all heights (Uh) > 2 m s−1, remove values if the ﬁt of the
vertical wind speed data to Equation 2 as deﬁned by the correlation coefﬁcient r2 < 0.97, and remove values
for which differences in temperature ΔT2m–4m > 0.5° at JER sites and ΔT2m–10m > 0.5° at NWERN sites, indicating atmospheric instability. Any time periods with >15 s saltation (as measured by a Sensit) were
removed to eliminate the inﬂuence of saltation‐induced changes to measured z0. A wind direction ﬁlter
was implemented to avoid obstruction effects on the wind velocity proﬁles; data within ±20° and ±10° of
the meteorological towers relative to the anemometers were removed at the JER and NWERN sites, respectively. The CPER NWERN site data were also ﬁltered within ±20° due to orientation of the anemometers on
that tower relative to other sensors. We did not estimate the zero plane displacement height, d, due to uncertainties in its estimation over sparse, patchy vegetation that does not behave as a single unit (Wiggs
et al., 1996). From the remaining data, daily mean z0 and u* were calculated from the 15‐min estimates
for comparison with radiometer and MODIS‐derived wind friction velocities. We note that these are not
complete daily means because they were calculated from the ﬁltered data. To remove the effect of wind
speed, the u* were normalized by Uh, where Uh approximates Uf, by the wind speed measured from the highest anemometer at each site (4.8 m at the JER sites and 10 m at the NWERN sites). Limited by the meteorological tower setup at the JER sites, the use of 4.8 m to approximate Uh likely underestimates the freestream
wind speed, Uf. Therefore, the Uh was likely still inﬂuenced by surface roughness. We also recognize that the
differences in anemometer heights in the normalization would affect direct comparison across the sites, so
we did not seek to make direct comparisons among the JER and NWERN sites. To investigate the variability
of z0 by wind direction, we calculated the standardized z0 anomalies by subtracting the annual mean z0 from
each daily value and then dividing by the standard deviation.
2.4. Radiometer‐Derived Estimates of Wind Friction Velocity
We measured net radiation of the bare (unvegetated) soil surface (bed) albedo to estimate u*/Uh and us*/Uh
adjacent to the meteorological towers following Chappell and Webb (2016):


u*
−ωns 1:326
¼ 0:0497 1 − exp
þ 0:038; and
Uh
0:0027


us*
−ωns 1:131
¼ 0:0311 exp
þ 0:007
Uh
0:016

(3)

(4)

where ωns is the rescaled, normalized albedo (Equation 6; explained below). The CNR1 net radiometers
have a 180° ﬁeld of view with a sensitivity that follows a cosine response, resulting in an unstable albedo
signal at large solar illumination angles (Kipp & Zonen, 2002). To account for this instability, we used
albedo measurements collected at the daily minimum solar zenith angle (ϴ < 36°) (following Michalsky
& Hodges, 2013; Weiser et al., 2017). The net radiometer measurements were inﬂuenced by the solar illumination zenith angle (ϴ), soil moisture, soil mineralogy, and shadow due to roughness which all inﬂuence the spectral reﬂectance of the surface. To remove soil spectral reﬂectance effects on albedo and
estimate the proportion of shadow, we followed Chappell et al. (2018) and calculated a normalized albedo
(ωn) by dividing the complement of the albedo at the daily minimum solar zenith angle (ωd.min) by the
surface reﬂectance (R) obtained for each site from 30‐m Landsat 8 surface reﬂectance (Vermote
et al., 2016):
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Figure 1. Illustration of measurement systems for wind speed proﬁles, CNR1 net radiometer and MODIS satellite‐based
land surface albedo over the Jornada Experimental Range (JER) study sites.

ωn ¼

1 − ωd:min
:
R

(5)

We then rescaled the normalized albedo (ωn) from the ﬁeld measurements to those of the wind tunnel range
a = 0.0001 to b = 0.1, producing ωns:
ωns ¼

ða − bÞðωn − ωn:max Þ
þ b;
ðωn:min − ωn:max Þ

(6)

where the minimum rescaling value of the normalized albedo, ωn.min = 0, and the maximum rescaling
value, ωn.max = 1,500. Using the albedo at the daily minimum solar zenith angle resulted in single daily
estimates of u*/Uh and us*/Uh. These were ﬁltered to remove days for which saltation was occurring (as
measured by a Sensit) at the time the daily minimum solar zenith was measured. Data were also ﬁltered
to remove any minute in which rain or cloud cover was recorded. For the remaining data we assumed
that, as roughness did not change (as rainfall and saltation were removed), measurements sufﬁciently
characterized the surface roughness in the radiometer ﬁeld of view over the course of a day. We estimated
u*/Uh and us*/Uh daily for the period 1 April to 31 September 2018.
2.5. MODIS‐Derived Estimates of Wind Friction Velocity
To obtain large area estimates of u*/Uh (Equation 3) and us*/Uh (Equation 4) incorporating surrounding
vegetation effects, we calculated daily mean values using the 500‐m MODIS albedo product (Collection 6,
MCD43A1) following Chappell and Webb (2016). Here, we estimated the surface shadowing (sheltering)
using the complement of the directional albedo 1‐ωdir(θ, v) normalized by the MODIS isotropic parameter
fiso:
ωn:modis ¼

1 − ωdir ðθ; vÞ 1 − ωdir ð0°Þ
;
¼
f iso ðvÞ
f iso

(7)

where ωdir(θ, v) is a function of solar zenith angle (θ), spectra‐dependent (v) direct‐beam albedo, taken as
the “black‐sky” albedo for MODIS band 1 (620–670 nm), and fiso is an isotropic weighting parameter from
the MODIS BRDF model that represents the spectral contribution of the surface. We extracted daily at
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Figure 2. Images of the Jornada Experimental Range (JER) playa and Harrisburg open shrubland sites with MODIS
500‐m pixels over the ﬁeld site boundaries (red boxes), close‐up images of the sites and CNR1 net radiometer ﬁelds
of view within the sites (blue boxes). At the playa site, surrounding vegetated sand ridges and grass patches
(dark gray) are visible in the overhead imagery.

nadir ωdir(0°) for the period 1 April to 31 September 2018 for the 500‐m pixel within the JER playa, JER
Harrisburg open shrubland, and 10 NWERN sites. We used Equation 6 to rescale the ωn.modis values to the
range a = 0.0001, b = 0.1, ωmin.modis = 0, and ωmax.modis = 35 and Equations 3 and 4 to estimate u*/Uh and
us*/Uh. The ωn.max for the radiometer and ωvalues were unique to the sensors due to different spectral
ranges over which albedo was calculated. The data were not ﬁltered for saltation because the MODIS
BRDF daily product is calculated from data collected over a 16‐day period and inverts multidate surface
reﬂectance observations (Schaaf et al., 2002).
To compare estimates of u*/Uh derived from the wind speed proﬁles, radiometers, and MODIS data, we
deﬁne the following nomenclature: u*proﬁle/Uh (wind speed proﬁle‐derived estimates), u*rad/Uh and us*rad/
Uh (radiometer‐derived estimates), and u*modis/Uh and us*modis/Uh (MODIS‐derived estimates). To quantify
the variability for each of the three estimates, we calculated their mean, median, standard deviation of the
mean, and the coefﬁcient of variance (CV; standard deviation of the mean divided by the mean) at each
of the JER sites. At the NWERN sites, we calculated the mean, median, standard deviation, and CV of u*/
Uh and us*/Uh obtained from the MODIS model and u*/Uh from the wind speed proﬁles. To assess the variability in aerodynamic roughness across the land cover types, we calculated the annual and seasonal mean,
median, variance and CV of z0 at each site. We also calculated the standardized z0 anomalies at each site.
Finally, we plotted the estimates of u*proﬁle/Uh against rescaled normalized albedo (ωns) from the NWERN
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Table 1
Summary of Wind Speed Proﬁle‐Based, Radiometer‐Based, and MODIS‐Based Shear Stress Statistics (CV = Coefﬁcient of
Variance) From the JER Playa and Harrisburg Sites
Site

IGBP land cover class

Friction velocity

Mean

Median

Standard deviation

CV (%)

JER playa

Playa

JER Harrisburg

Open shrubland

u*proﬁle/Uh
u*rad/Uh
u*modis/Uh
us*rad/Uh
us*modis/Uh
u*proﬁle/Uh
u*rad/Uh
u*modis/Uh
us*rad/Uh
us*modis/Uh

0.0399
0.0382
0.0596
0.0380
0.0312
0.0595
0.0382
0.0569
0.0380
0.0321

0.0392
0.0382
0.0586
0.0380
0.0316
0.0599
0.0382
0.0570
0.0380
0.0320

0.0056
−6
8.75 × 10
0.0023
−6
4.20 × 10
0.0008
0.0060
−5
1.10 × 10
0.0008
−6
5.17 × 10
0.0002

14.021
0.0229
3.9304
0.0111
2.4460
10.036
0.0287
1.3698
0.0136
0.7551

sites with Marshall's (1971) wind tunnel measurements of surface shear stress τ (N m−2), converted to u* =
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
τ=ρa where ρa is the air density, across different roughness conﬁgurations to test the generality of the
Chappell and Webb (2016) model across scales of roughness (Figures 1 and 2).

3. Results
3.1. Wind Speed Proﬁle, Radiometer, and MODIS Estimates of Wind Friction Velocity
We found large temporal variability in u*proﬁle/Uh for the JER playa and Harrisburg open shrubland sites
(Figure 4). Normalizing u*proﬁle by Uh removed the inﬂuence of wind speed variation and revealed the variability in surface aerodynamic roughness. As expected, u*proﬁle/Uh at the bare JER playa site was smaller than
u*proﬁle/Uh at the Harrisburg open shrubland site (Table 1). The temporal variability of u*proﬁle/Uh at both
sites did not coincide with the timing of seasonal vegetation changes. The large variability in z0 was due
to wind direction, as shown by standardized z0 anomalies (Figure 3), indicating that a different areal extent
of heterogeneous roughness was inﬂuencing u*proﬁle/Uh to a greater degree than seasonal changes in roughness (Table 2).
In contrast, variability in albedo‐derived estimates of u*/Uh was much smaller than those derived from wind
speed proﬁles (Table 1). Radiometer‐derived estimates of us*rad/Uh were similar to u*rad/Uh at both the JER
playa and Harrisburg open shrubland sites. The small variability in us*rad/Uh and u*rad/Uh represents the
deﬁned and ﬁxed area (314.16‐m2 ﬁelds of view) of the radiometer estimates, which encompassed bare soil
surfaces at both sites. Large roughness (e.g., vegetation) outside the ﬁelds of view had no effect on the estimates of us*rad/Uh or u*rad/Uh, and so produced no drag partition. The estimates integrated only the effects of
spatial variability in surface roughness within the ﬁelds of view of the radiometers.
Importantly, we found that estimates of u*/Uh and us*/Uh obtained from the albedo approach were consistent with those obtained from wind speed proﬁles (Figure 4), indicating that the albedo approach, established at the scale of the wind tunnel, can be applied at the ﬁeld scale. At the JER playa site, us*rad/Uh
and u*rad/Uh estimates were in the middle of the range of u*proﬁle/Uh (Figure 4, top panel). The us*modis/
Uh values were closer to u*proﬁle/Uh, while u*modis/Uh were larger than the u*proﬁle/Uh estimates at the JER
playa site (Table 1). At the JER Harrisburg open shrubland site, us*rad/Uh and u*rad/Uh were smaller than
u*proﬁle/Uh, while MODIS estimates of u*modis/Uh were in the middle of the range of u*proﬁle/Uh (Table 1).
The u*modis/Uh values were of similar magnitude at both sites. The results demonstrate that, at the JER playa
site, the inﬂuence of vegetation on the wind speed proﬁle measurements was small and u*proﬁle/Uh was
approximated by us*/Uh. This is because vegetation was very sparse or absent within approximately 100 m
of the tower and so the u*proﬁle/Uh described the bare playa surface. At the JER Harrisburg open shrubland
site, both u*modis/Uh and u*proﬁle/Uh were inﬂuenced by surrounding vegetation and produced similar values
on average, while us*modis/Uh was much smaller due to momentum partitioning. The u*modis/Uh at the JER
playa site described the broader 500‐m MODIS pixel, including the surrounding vegetation and dune ridges.
However, these features appear to have had minimal effect on the u*proﬁle/Uh measurements as evidenced by
the small values and small variability in z0 at that site (Table 2).
ZIEGLER ET AL.
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Figure 3. Standardized z0 anomalies plotted against wind direction for the JER and National Wind Erosion Network (NWERN) sites from April to September
2018. Data were ﬁltered to remove obstruction from the meteorological tower (350° to 10° from north for the NWERN sites and 340° to 20° from north
for the JER sites and the CPER site).

3.2. Friction Velocities Across Land Cover Types
Albedo‐derived estimates of u*modis/Uh were consistent with u*proﬁle/Uh (±0.003–0.023) across diverse land
cover types sampled by NWERN sites, plotting close to the 1:1 line (Figure 5). However, u*proﬁle/Uh values
were considerably larger than us*modis/Uh values (ranging from +0.009 to +0.083). Consistent with understanding of momentum partitioning over vegetated surfaces, these results show that estimates of z0 and
u*/Uh obtained from wind speed proﬁles described the total site roughness and u* but poorly described us*
that drives aeolian sediment transport. Estimates of us* at the sites would require a drag partition correction
to the estimate of u*. Across the broad range of land cover types sampled at the NWERN sites, z0 showed
large variability within and among sites (Table 2).
Variation in albedo‐derived u*modis/Uh and us*modis/Uh (vertical error bars, Figure 5) was smaller than for u*proﬁle/Uh (horizontal error bars, Figure 5) across the sites. Variability in the albedo‐derived estimates was
due mainly to temporal variations in aerodynamic roughness in response to seasonal vegetation growth,
senescence, and planting and harvesting at the grassland and cropland sites (Table 2, Figure 3). At the cropland sites, there is a general increase in the mean and median z0 from spring to autumn. The % CV was generally large for all sites, indicating large changes in roughness. For example, at the Pullman NWERN site, the
large % CV in summer indicates harvest, as the mean z0 decreases from 0.022 to 0.006. The grassland sites
maintained fairly consistent mean z0 values throughout the year, with the exception of the Central Plains
Experimental Station (shortgrass steppe), which showed an increase in z0 in the summer months. The trend
was similar for the median z0 values for the grassland sites. The seasonal change in mean and median z0 was
smallest at the shrubland sites, with some sites showing a slight increase from spring to autumn, consistent
with herbaceous vegetation growth. While we identiﬁed patterns in wind speed proﬁle‐derived z0 within
land cover types, we found no similarly consistent pattern among land cover types, suggesting that different
combinations of vegetation cover and structure (height and spacing) may produce overlapping, or different,
distributions of u*/Uh. As the variability in u*modis/Uh and us*modis/Uh was smaller than in u*proﬁle/Uh across
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Table 2
Summary of Aerodynamic Roughness Lengths (z0) Estimated From Wind Speed Proﬁles at the Jornada Experimental Range
(JER) and National Wind Erosion Research Network (NWERN) Sites (CV = Coefﬁcient of Variance)
IGBP land
cover class

Site name
JER NWERN site, NM

San Luis Valley, CO

JER Harrisburg site, NM

Heart Rock Ranch, ID

Holloman, NM

Moab, UT

Central Plains
Experimental Range, CO

El Reno, OK

Mandan, ND

Pullman, WA

Big Spring, TX

JER Playa site, NM

Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn
Annual
Spring
Summer
Autumn

z0 (m)
Latitude

Longitude

Mean

Median

Variance

Open
shrubland

32.63

−106.74

Open
shrubland

37.59

−105.69

Open
shrubland

32.61

106.73

Closed
shrubland

43.42

−114.35

Grassland

32.94

−106.11

Grassland

38.65

−109.87

Grassland

40.83

−104.69

Cropland

35.56

−98.04

Cropland

46.78

−100.95

Cropland

46.89

−118.29

Cropland

32.27

−101.49

Playa

32.58

−106.68

0.0660
0.0599
0.0701
0.0688
0.0392
0.0374
0.0403
0.0449
0.0085
0.0083
0.0084
0.0095
0.2137
0.2140
0.2171
0.2001
0.0519
0.0454
0.0524
0.0626
0.0208
0.0160
0.0242
0.0197
0.0566
0.0361
0.0856
0.0523
0.1010
0.0701
0.1537
0.0687
0.0516
0.0429
0.0407
0.0852
0.0154
0.0217
0.0063
0.0116
0.0087
0.0082
0.0066
0.0188
0.0011
0.0016
0.0008
0.0009

0.0622
0.0555
0.0663
0.0622
0.0358
0.0329
0.0375
0.0431
0.0066
0.0061
0.0069
0.0072
0.2085
0.2072
0.2120
0.1968
0.0479
0.0405
0.0484
0.0579
0.0183
0.0149
0.0213
0.0162
0.0501
0.0315
0.0798
0.0499
0.1256
0.0379
0.1518
0.0536
0.0454
0.0385
0.0335
0.0807
0.0111
0.0193
0.0039
0.0079
0.0065
0.0068
0.0057
0.0159
0.0002
0.0003
−5
9.67 × 10
−5
6.32 × 10

0.0007
0.0006
0.0006
0.0015
0.0002
0.0003
0.0002
0.0002
−5
6.48 × 10
−5
8.18 × 10
−5
5.70 × 10
5
6.68 × 10–
0.0014
0.0018
0.0011
0.0010
0.0004
0.0003
0.0004
0.0003
0.0001
−5
6.88 × 10
0.0001
0.0001
0.0010
0.0003
0.0010
0.0003
0.0041
0.0035
0.0007
0.0030
0.0011
0.0006
0.0009
0.0008
0.0002
0.0002
−5
4.57 × 10
0.0001
−5
6.31 × 10
−5
3.84 × 10
−5
2.39 × 10
0.0002
−6
9.89 × 10
−5
1.54 × 10
−6
6.01 × 10
−6
5.28 × 10

CV%
39
41
35
57
40
48
34
33
95
109
90
86
17
20
15
16
37
36
37
30
55
52
50
55
57
48
37
30
63
85
17
80
65
58
74
33
95
73
108
94
91
76
74
71
283
246
322
256

land use and land cover types, differences in areal u*/Uh and us*/Uh among sites are potentially more
detectable when derived from surface albedo than wind speed proﬁles at a single location.
3.3. Comparison of Friction Velocities Measured in the Field and Wind Tunnel
To provide a second, independent, test of the albedo model, we compared MODIS albedo for the NWERN
sites and coincident measurements of wind speed proﬁle‐derived friction velocities with Marshall's (1971)
ZIEGLER ET AL.
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Figure 4. At the Jornada Experimental Range playa site (top panel) and Harrisburg open shrubland site (bottom panel),
u*/Uh estimated using the traditional approach of the wind speed proﬁle (blue line), u*/Uh estimated using the new
albedo‐based approach from radiometer data (black line), us*/Uh estimated using the albedo‐based approach from
radiometer data (purple line), u*/Uh estimated using the albedo‐based approach from MODIS data (orange line), and us*/
Uh estimated using the albedo‐based approach from MODIS data (gray line). Note that u*rad/Uh and us*rad/Uh are
consistent (overlap) for both the playa and open shrubland sites.

wind tunnel measurements underpinning the albedo model. Using MODIS albedo, we retrieved the daily
ωns at each of the NWERN sites that characterized the roughness elements across scales from the bed
roughness, soil aggregates and clods, rock fragments, and vegetation (grasses, forbs, shrubs, and crop
varieties). The ωns was then plotted against the independently measured wind speed proﬁle‐derived
u*proﬁle/Uh (Figure 6). We plotted Marshall's (1971) estimates of u*/Uh in a laboratory wind tunnel against
MODIS ωns and then plotted the models ﬁtted to Marshall's (1971) u*/Uh and us*/Uh data. Consistency in
the distribution of Marshall's (1971) measurements, and the distribution of independently measured
u*proﬁle/Uh and ωns from the ﬁeld sites, provides conﬁrmation that surface shadowing obtained from
albedo can predict u* and us* across scales of roughness (i.e., from the wind tunnel with small scales of
roughness to different land cover types in the ﬁeld with a range of roughness scales). The measured
u*proﬁle/Uh data all plot close to u*/Uh indicating that the wind speed proﬁle is strongly inﬂuenced by
surface roughness and that, consistent with theory, a drag partition correction is necessary to estimate us*/
Uh for calculating sediment transport. The remaining discrepancy between the NWERN u*proﬁle/Uh and
Marshall's data was expected given the difference in estimation methods (i.e., single location estimates
from the wind speed proﬁles and areal estimates from the model). These results suggest that by
normalizing the u* and us* at a site by Uh, this metric of the surface aerodynamic roughness, and the
momentum partition, can be expressed as a function of surface shadowing irrespective of the size of
roughness elements populating the surface.
The distribution of the u*proﬁle/Uh data between the NWERN sites and their error bars is instructive. This
variability is inherent in proﬁle‐based measurements, consistent with Figure 4, and can be interpreted as
changing roughness at a given site, for example, following crop planting and harvesting, in addition to its
spatial heterogeneity. Sites with more roughness, and thus more surface shadowing, fall toward the right
of the plot, where u*proﬁle/Uh is closer to the total shear stress, u*, and momentum partitioning is large
(Figure 6). Open shrubland and conventional tillage cropland sites with large spaces between roughness elements and/or fallow soils produced less shadow (aerodynamic sheltering) consistent with measured u*proﬁle/
Uh having large variability between u* and us*. In these situations, u*proﬁle/Uh represented u*/Uh or us*/Uh
over bare soil patches depending on wind direction and time of year, so its variability was large and spanned
the albedo model response following Marshall's (1971) measurements.
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4. Discussion
Using measurements of wind speed and land surface albedo, we performed the ﬁrst ﬁeld test of an albedo approach to estimating areal
u*/Uh and us*/Uh using two independent data sets: (1) estimates of
wind friction velocity from ﬁeld sites at the JER and across diverse
land cover types sampled by the NWERN (Figures 4 and 5) and (2)
MODIS land surface albedo and wind speed proﬁle‐derived u*/Uh at
NWERN sites compared with Marshall's (1971) wind tunnel measurements underpinning the albedo model (Figure 6). We showed
that ﬁeld and satellite measurements of surface albedo can be used
to obtain values of u*/Uh and us*/Uh across roughness scales that
are consistent with those produced in the wind tunnel.
We quantiﬁed the variability in surface aerodynamic roughness (z0)
across land cover types and evaluated how surface albedo can be used
to estimate the areal partition of wind momentum and surface wind
friction velocities. Our results showed large variability in estimates of
Figure 5. MODIS albedo‐based u*/Uh and us*/Uh plotted against wind speed
surface z0 and u*proﬁle within and among different land cover types.
proﬁle‐based u*/Uh for the JER sites and the National Wind Erosion Network
This variability was due to heterogeneity in the distribution of roughsites April through September 2018. Uncertainty (standard deviation) in
ness elements relative to wind direction (Figure 3). Additional
MODIS estimates is shown in the vertical error bars. Uncertainty (standard
deviation) in wind speed proﬁle‐based estimates is shown in the horizontal error
sources of z0, and u* variability may be introduced during data analybars. The 1:1 line shows the relation between MODIS albedo‐based and wind
sis because the law of the wall is only valid under certain conditions:
speed proﬁle‐based estimates, revealing that the latter most closely estimates the
(1) Winds are unidirectional within a stable boundary layer, (2) wind
u*/Uh at the sites.
speed is averaged over a sufﬁciently long time period to capture variability in turbulence, and (3) roughness height, z0, is calculated during
nonsaltation periods so that saltation does not inﬂuence roughness height (Martin & Kok, 2018). Bauer
et al. (1992) identiﬁed measurement errors due to inaccuracy and imprecision of equipment and postprocessing statistical errors during regression to contribute further to variability. Together, these sources of variability produce uncertainty in z0 estimates for land cover types that may be propagated through models. The
albedo approach enables direct areal estimates that reduce the uncertainty in u*/Uh and us*/Uh in support of
spatial wind erosion and dust emission modeling. A recognized caveat of the albedo approach is that it does
not represent effects of roughness on u* and us* in particular wind directions. Resolving directional roughness effects over land surface areas remains a long‐standing challenge for the wind erosion and dust modeling community.
We found that, consistent with theory (e.g., Raupach, 1992), u*proﬁle/Uh over aerodynamically rough land
surfaces describes the total wind friction velocity (u*) and requires correcting using a drag partition to estimate us* that drives aeolian sediment transport. The large spatial and temporal variability in z0 and u*proﬁle/
Uh, and need to apply a drag partition, limit the utility of the variables for understanding and modeling areal
aeolian transport over aerodynamically rough surfaces. While u*proﬁle/Uh describes the wind response to
roughness from different directions, the model of Chappell and Webb (2016) enables areal estimates of
us*/Uh directly using land surface albedo, without the need for a separate drag partition because it is inherent
in the original calibration (Figure 5). These estimates integrate roughness heterogeneity across sensor ﬁelds
of view and viewing angles, thereby enabling areal estimates that can be used to improve model parameterization. We found the albedo model estimates of u*/Uh and us*/Uh were consistent with ﬁeld measurements
across land cover types (Figure 4) and that independently measured albedo and u*/Uh were consistent with
wind tunnel measurements of the drag partition.
The spatial distribution of wind shear stress over the land surface, and its partitioning between roughness
elements and the bed, is typically highly variable (Brown et al., 2008; Gillies et al., 2007; King et al., 2006;
Webb, Okin, & Brown, 2014). Heterogeneity in surface roughness and changing wind direction mean that,
for aerodynamically smooth sites (e.g., the JER playa site), u*proﬁle/Uh represents us*/Uh. However, for aerodynamically rough locations, u*proﬁle/Uh predominantly represents u*/Uh. Our results show that estimating
area‐integrated u*/Uh and us*/Uh directly from surface shadowing obtained from albedo (i.e., Equations 3
and 4) provides an alternative approach to obtaining the aerodynamic properties for a land surface area.
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Figure 6. Proﬁle‐based u*/Uh plotted against normalized shadow, ωns for the
National Wind Erosion Network sites April through September 2018.
Uncertainty (standard deviation) in proﬁle estimates of u*/Uh is shown in the
vertical error bars. Uncertainty (standard deviation) in ωns is shown in the
horizontal error bars. The u*/Uh (solid line) and us*/Uh (dashed line) represent
an idealized curve of the equations from the albedo model. The data Chappell
and Webb (2016) used to calibrate the albedo model, from Marshall (1971) is also
plotted. With a drag partition applied, Marshall's shear stress data shows a
strong relationship between measured shear stresses (scaled by Uh) and ωns and
trends with the albedo model.
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Because albedo is measured over an area, derived estimates of surface
shadowing (Chappell & Webb, 2016) inherently integrate the effects
of roughness heterogeneity within sensor ﬁelds of view, for example,
ﬁeld radiometer to satellite sensor. When measured over relatively
smooth bare soil surfaces using a net radiometer, we found that
albedo‐derived u*/Uh and us*/Uh were approximately the same,
consistent with the absence of momentum partitioning. This is
also because the anisotropic inﬂuence of aerodynamic roughness
is removed in the albedo‐based estimates. When measured over
aerodynamically rough land surfaces by MODIS, we found that
albedo‐derived u*/Uh and us*/Uh were different due to momentum
partitioning and u*modis/Uh was consistent with the mean values of u*proﬁle/Uh that were more variable due to the inﬂuence of roughness
heterogeneity and wind direction. These results demonstrate the
need for and beneﬁt of using albedo to estimate total and soil surface
wind friction velocities. In contrast, u*proﬁle/Uh measured at single
tower locations requires drag partitioning corrections but those available are inherently unreliable particularly over large areas and across
scales or invoke crude approximations which make aeolian sediment
transport models highly uncertain.

Importantly, we found single‐point estimates of u*proﬁle/Uh across
diverse land cover types were consistent with the magnitude of u*
measured by Marshall (1971) for their respective surface shadowing obtained independently from albedo
(Figure 6). This consistency demonstrates that the albedo model is partitioning momentum correctly across
different scales of roughness (e.g., from vertical scales of mm in the wind tunnel to tens of m within landscapes). We found that proportional surface shadowing (sheltering) produced by open shrubland sites could
be similar to some grassland and cropland sites depending on their roughness structures. The implication of
this ﬁnding is that surface albedo may be used to directly estimate u*/Uh and us*/Uh over the entire range of
surface roughness occurring in natural environments or from laboratory to ﬁeld.

Finally, comparing u*proﬁle/Uh with Marshall's (1971) u*/Uh wind tunnel data revealed that there are unexplained second‐order differences between the wind tunnel data and the ﬁeld data. Some of the ﬁeld estimates
of u*/Uh fall in line with the model, while others do not (e.g., two of the cropland sites and the closed shrubland site). The differences between u*proﬁle/Uh and Marshall's data could be explained by (a) the wind speed
proﬁle measurements from a single location at each site did not provide a robust sample of u*proﬁle/Uh over
an area and were inﬂuenced by wind direction, (b) the ﬁeld sites had multiple scales of roughness (vegetation, rocks, and soil) that were not included in Marshall's wind tunnel measurements, and/or (c) Marshall's
data and therefore the albedo model do not capture the full range of drag partition responses produced in the
ﬁeld. The ﬁrst is probable, since estimation of u*proﬁle/Uh from a single sample location is unlikely to represent variability across an entire site due to changes in wind direction over heterogeneous roughness. This
would imply that there is even larger variability in u*proﬁle/Uh than we have measured and that a larger sample size would be required to adequately characterize z0 and u* for a given area of each respective land cover
type. It is also possible that different roughness conditions in the ﬁeld can produce different drag partition
responses that were not described by Marshall's data and therefore in the albedo model. This raises the
hypothesis that observed differences between wind speed proﬁle‐derived u*/Uh from a single point in a landscape to areal estimates of u*/Uh produced by the albedo model would be expected given that the area
described by each approach is different. These results suggest the importance of further validating the
Chappell and Webb (2016) model against areal measurements of shear stress in the ﬁeld, including environments with different roughness element sizes, conﬁgurations, and densities. Such measurements could follow approaches established by Gillies et al. (2006), King et al. (2006), and Gillies et al. (2007) to sample the
spatial distribution of surface shear stress for comparison with in situ (e.g., tower‐mounted net radiometer)
and satellite (e.g., MODIS) retrievals of surface albedo and shadowing. Relating the spatial distribution of
surface shear stress and albedo to aeolian sediment transport rates could test the predictive capability of
the Chappell and Webb (2016) model to include effects on sediment transport and dust emission and
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address existing large uncertainties arising from model assumptions of spatially and temporally constant
aerodynamic roughness across land cover types.
The results of this study provide evidence that the albedo approach can be used to obtain areal estimates of u*
and us* that are consistent with ﬁeld and wind tunnel measurements. This study conﬁrms that single‐point
estimates of u*/Uh from wind speed proﬁles provide information on the sensitivity of u* to roughness heterogeneity from an undeﬁned area in a given wind direction and provide information needed to understand the
processes governing sediment transport at a single point in a landscape. This approach cannot, however,
directly estimate wind friction velocity at the soil surface, us*, which is critical for understanding and predicting aeolian sediment transport over an area. Additionally, the traditional approach is limited for understanding large areas (e.g., >1 ha) because the estimates of u* represent a changing and unknown upwind fetch. In
contrast, the albedo approach produces estimates of u*/Uh and us*/Uh over an area that is ﬂexible depending
on sensor ﬁeld of view (e.g., ﬁeld radiometer to satellite). The approach enables integration of heterogeneous
roughness effects over space, reducing the variability inherent in proﬁle‐derived estimates of u*. Further
quantitative evidence is required to assess the sensitivity of the albedo model to different conﬁgurations
and heterogeneous scales of roughness across land cover types.

5. Conclusions
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Existing dust emission and wind erosion models use estimates of z0 either from ﬁeld measurements, which
are not representative of an area, or select values from look‐up tables that are generalized and often static
across land cover types. This approach is ﬂawed by the inherent feedback of z0: as wind speed increases
the inﬂuence of (vertical) roughness decreases. Field measurements of z0 and u* at single locations are highly
variable, inﬂuenced by an unspeciﬁed roughness area and wind direction, and require a drag partition correction to obtain us*. Consequently, crude estimates of us* produce large uncertainty and inaccurate estimates of aeolian sediment transport over land surface areas. In this study, we examined measurements of
wind speed and land surface albedo from a wide range of land cover types. Applying the Prandtl‐von
Kármán logarithmic velocity proﬁle law (Equation 1) to wind speed proﬁles produced large variability in
estimates of z0 and u* in response to anisotropic heterogeneity in roughness due to changing wind direction
and fetch. Using shadow (the complement of albedo), we derived areal estimates of u*/Uh and us*/Uh which
integrated the effects of roughness over an area and were therefore less variable than the wind speed proﬁles.
Consistent with theory, we found that wind speed proﬁles provide accurate but imprecise estimates of us*
over smooth surfaces (e.g., the JER playa site) but provide inaccurate and imprecise estimates of u* over aerodynamically rough surfaces. We tested the ability of the albedo model to cut across scales by comparing independent measurements of surface albedo obtained in the ﬁeld and u*/Uh with the wind tunnel
measurements of Marshall (1971). Our results reveal the applicability of the albedo model at the ﬁeld scale
and suggest that it can be applied across scales of roughness. Further ﬁeld experiments will evaluate the
albedo model against spatial measurements of surface shear stress across different scales of heterogeneous
roughness.

Data Availability Statement
Data from the National Wind Erosion Network can be accessed at the network data portal (winderosionnetwork.org/data‐portal/public‐data). To access the Jornada NWERN data, scroll to the “Jornada Experimental
Range NM (LTAR)” data set and click on “2018”. The data from the JER sites can be accessed via Zenodo at
DOI (10.5281/zenodo.3542293).
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