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Key Points:
e Our estimates covered surfaces with a wide range of roughness configurations.
e We found extended evidence for scale invariance of albedo-based friction velocity.

e Albedo-based sediment transport accounted for the wind-roughness interaction.
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Abstract

The soil surface wind friction velocity (us,) is an essential parameter for predicting sediment
transport on rough surfaces. However, this parameter is difficult and time-consuming to
obtain over large areas due to its spatiotemporal heterogeneity. The albedo-based approach
calibrates laboratory measurements of aerodynamic properties with normalized shadow
retrieved from any source of albedo data. This enables direct and cross-scale ug, retrieval, but
hasn’t been evaluated against field measurements for different cover types. We evaluated the
approach’s performance using field friction velocity (u,) measurements from ultrasonic
anemometers. We retrieved coincident field pyranometer and satellite albedo across a wide
range of land cover types including grassland, artificial shrubland, open shrubland and gobi
cover types across the Inner Mongolia Plateau. For all cover types, u, estimated from
ultrasonic anemometers was close to the albedo-based results approach. Our results confirm
and extend the findings that the approach works across scales from lab to field measurements,
and permits large-area assessments using satellite albedo. We compared the seasonal sediment
transport across the region calculated from albedo-based ug, with results from an exemplar
traditional transport model driven by u, with aerodynamic roughness length varying with land
cover type and fixed over time. The traditional model couldn’t account for spatiotemporal
variation in roughness elements and considerably over-estimated sediment transport,
particularly in partially vegetated and gravel-covered central and western parts of the Inner
Mongolia Plateau. The albedo-based sediment transport estimates will enable dynamic
monitoring of the interaction between wind and surface roughness to support Earth System

models.
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Plain Language Summary

Reliable estimates of wind friction velocities at the soil surface are essential for accurately
predicting sediment transport. We evaluated albedo-based wind friction velocity using
ultrasonic anemometer and pyranometer field measurements on the Inner Mongolia Plateau.
Measurements were made at 48 sites across a wide range of roughness from a variety of plant
species with different densities, sizes and configurations and bare surfaces with differing
amounts of gravel at the soil surface. Across the different land cover types, total wind friction
velocity estimates from ultrasonic anemometers were almost the same, with very small bias,
compared to the albedo-based approach. By conducting field measurements at multiple
investigation sites, our findings demonstrate the performance of albedo models across
different land surfaces and scales. The findings provide support for the parameterization of

sediment transport and dust emission models.

Keywords: Wind friction velocity; aerodynamic sheltering; seasonal variation; sediment

transport; albedo
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1 Introduction

Soil erosion by wind has led to severe land degradation in arid and semi-arid areas,
threatening the sustainable development of agriculture (Lal, 2003). The fine particle fraction
at the soil surface, which typically contains the nutrient-rich and water-holding fraction that is
important for soil health, is removed during sediment transport (Sterk et al., 1996). This fine
fraction provides the main source of tropospheric aerosols (Pi and Sharratt, 2017) and
transport of these materials reduces air quality and influences radiative forcing in the
atmosphere, which affects global climate change (Darmenova et al., 2009; Kok et al., 2023).
Wind is a critical factor for sediment transport and dust emission (Bergametti et al., 2020). In
landscapes across Earth prone to sediment transport, the land surfaces are covered with a
“canopy” of roughness elements such as vegetation and gravel, which reduce the wind speed
acting on the soil surface and thus influence the intensity and spatial distribution of wind
erosion (Zou et al., 2022). To best describe the wind erosion process, most aeolian transport
models include the wind friction velocity (u,) as an important parameter (Bagnold, 1941;
Marticorena and Bergametti, 1995; Shao et al., 1996). In these models, sand movement occurs
when u, exceeds a threshold (Shao and Lu, 2000). The u, is estimated above the roughness
“canopy” which includes all roughness elements on the land surface from vegetation to the
soil surface (Webb et al., 2020; Ziegler et al., 2020). Field measurements of u, are typically
estimated indirectly from the wind velocity profile (Marticorena et al., 2006; Ziegler et al.,
2020), or directly using the eddy covariance method (Dupont et al., 2018). More recently,
ultrasonic anemometers have provided the ability to directly measure u, at a given height
(Zhang et al., 2022). Measured in these ways, u, depends on roughness conditions in the
direction of wind movement and may not represent the whole landscape (Chappell et al.,

2010; Ziegler et al., 2020). Setting up instruments at multiple locations to accurately estimate
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the variability of u, across a landscape is labor-intensive and expensive, and is therefore
difficult to achieve. The u, used in traditional sediment transport and dust emission models at
regional scales is usually determined based on the law of the wall using the aerodynamic
roughness length (z) that is obtained from the roughness density (Darmenova et al., 2009; Xi
and Sokolik, 2015; Foroutan et al., 2017). The performance of the model is sensitive to the

estimation of u» throughout a region (Pi et al., 2014).

The u, must be partitioned between that extracted by the roughness elements necessary for
modelling sediment transport and dust emission (Raupach et al., 1993). It is the momentum
which reaches the soil surface (ug,) which drives sediment transport (Webb et al., 2020).
Traditional estimates of ug, typically rely on existing drag partition R, with parameters that do
not adequately represent momentum distribution when applied to regions (Webb et al., 2020).
The accurate values R(z,,Zz,s) are unknown for every pixel and every time step that
contributes to sediment transport. The z, and z,; values required for these drag partition
schemes are not available for all locations, so they are typically set as static values over time
and fixed in space to represent the condition of bare soil surfaces. These weaknesses lead to
the over-estimation of sediment transport in exemplar traditional models (Chappell et al.,
2023b). Chappell and Webb (2016) developed a method for estimating directly u, /U, and
U,./Up over area by using normalised shadow (1-albedo) to represent aerodynamic sheltering.
Albedo-based u, /Uy, and ug, /U, are integrated estimates of landscape surface characteristics
and are omni-directional. Combined with wind velocity from meteorological stations at a
height of 10 m (Uy), this albedo-based approach partitions shear stress to estimate u, and ug,
at each pixel, enabling the spatio-temporal variation in aerodynamic roughness on a regional
or global scale (Chappell et al., 2023a). Ziegler et al. (2020) demonstrated the scale invariance

of this approach at the field (plot) scale. This scale invariance has been assumed to hold over
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large areas when the albedo-based approach has been applied to dust emission studies in
North America (Hennen et al., 2022; 2023) and globally (Chappell et al., 2023a). Considering
the existence of multiple, very different, roughness element types, such as plants and gravel,
and different spatial combinations (density variation, non-homogeneous spatial distribution)
in arid and semi-arid landscapes, it is necessary to further evaluate the applicability of this

new approach based on albedo across a representative range of cover types.

Our overall aim was to evaluate albedo-based wind friction velocity from satellite remote
sensing and ground-based measurements. Field sites were established along an 1800-km
transect across a range of cover types in the Inner Mongolia Autonomous Region of China, an
area that is well-known for sediment transport and dust emission. Our specific objectives
were to: (1) compare ultrasonic anemometer measurements of u, and wind speed
measurements at a given height (U, ) with albedo-based estimates of u, /Uy ; (2) use field
measurements of wide-angle albedo and narrow-angle reflectance to calculate u, /U, and
compare this value with satellite albedo estimates of u, /U, using the albedo-based approach;
and (3) quantify the spatial patterns of u,, ug, and sediment transport on the Inner Mongolia

Plateau.

2 Materials and methods
2.1 Study area

The study area is located in the Inner Mongolia Autonomous Region (37°24'N to 53°23'N,
97°12'E to 126°04'E) of the wind erosion prone region of northern China (Fig. 1). The region
covers an area of approximately 1.18x10° km” on the Mongolia Plateau. The landform of the
region is dominated by plateaus, with a mosaic of plains and hills, most of which are at

elevations above 1000 m above sea level. The regional climate is primarily temperate
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monsoonal and continental, with a gradual transition from a semi-humid zone in the east to
semi-arid and arid zones in the west. The average annual temperature ranges from 3°C to 6°C,
decreasing from south to north. The annual precipitation decreases from 550 mm in the
northeast to 50 mm in the southwest, with rainfall mainly concentrated in July to September
(Zhang et al., 2018). Northwest and west winds prevail in the region, with an annual average
wind velocity of 2.7 to 3.1 m s™, with maximum wind speeds exceeding 17 m s during the
windy period from March to May (Zhang et al., 2018). The soils include Phaeozems,
Cambisols, Chernozems, Kastanozems, and Arenosols (IUSS Working Group WRB, 2015).
As a result of the region’s temperature and precipitation gradients, the cover type gradually
changes from northeast to southwest, from forest, meadow grassland, and typical grassland in
the areas with the greatest precipitation to desert grassland, open shrubland, deserts, and gobis
(gravel surfaces) in drier areas, of which grassland landscapes account for 40.9% of the total
area (Zhang et al., 2018). The fractional vegetation cover decreases from around 90% in the
east to around 10% in the west, with common herbaceous types such as Leymus chinensis,
Stipa baicalensis, Stipa grandis, Stipa krylovii, Stipa breviflora, Cleistogenes songorica, and
Allium mongolicum, and shrubs including Caragana korshinskii, Reaumuria songarica,
Zygophyllum xanthoxylum, and Oxytropis aciphylla. The westernmost part of the study area
comprises gravel-covered gobi surfaces, with the fractional gravel cover ranging from 31.5%

to 84.6% (Qian et al., 2014).
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145  Fig. 1. (al) Location of the study area in the Inner Mongolia Autonomous region. (a2)
146  Distribution of cover types and the locations of the sample sites. Photographs taken at the
147  different cover types to show (bl to b6) the three-dimensional ultrasonic anemometers, (cl,

148  c2) reflectance measurements, and (c3 to c6) albedo measurements.

149 2.2 Field sites

150  In April to June 2022, we made measurements at 48 sites with level and open roughness
151  “canopy” along an 1800 km transect from the northeast to the southwest on the Inner
152  Mongolia Plateau, with sites chosen to represent the diversity of land cover types in the

153  region. We visited only cover types (grassland, shrubland, gobi) where sediment transport was
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expected to occur. Each of these cover types was sub-divided for measurements, in to
different cover levels (Table 1). Grassland sites (27 sites) had three levels of vegetation cover:
meadow grassland (2 sites), typical grassland (11 sites), and desert grassland (14 sites).
Shrubland sites (14 sites) were divided between so-called “artificial” shrubland (3 sites) and
open shrubland (11 sites). The final cover type was gobi land (7 sites), which had negligible
vegetation cover. We investigated the fractional cover and height of the vegetation and gravel
by establishing three to five sampling plots at each site, separated by at least 100 m, and used
the average of the measurements from the three to five plots to represent each site. The
fractional cover and average height of the vegetation and gravel for different cover types are

shown in Table 1 as background information.

Table 1. Summary of the land cover type sample characteristics.

Land Cover type Number Fractional Fractional Mean height of Mean height
of sites vegetation cover ~ gravel cover  vegetation (cm)  of gravel (cm)
Meadow grassland 2 0.90 0 51.64 —
Typical grassland 11 0.60+0.16 0 14.33£6.10 —
Desert grassland 14 0.26+0.09 0.11+0.08 8.05+£2.46 0.48+0.23
Atrtificial shrubland 3 0.46+0.28 0.03+0.05 66.14+32.35 0.10+0.17
Open shrubland 11 0.14+0.04 0.14+0.16 41.114£39.25 0.41+0.39
Gobi land 7 0.02+0.01 0.56+0.17 18.19+£11.99 1.12+0.18

Each site represented different roughness element types, sizes, spatial configurations, and
density characteristics (Table 1; Fig. 2). The grassland roughness elements were mainly
perennial bunch and rhizome grasses with relatively homogeneous distributions. The artificial
shrubland was dominated by Caragana korshinskii, which was distributed in strips
perpendicular to the prevailing wind direction. Open shrubland comprised dry dwarf shrubs
and semi-shrubs distributed apparently randomly in the landscape. Gobi land was densely

covered by gravel, and had a level and relatively smooth surface.
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Fig. 2. A schematic representation of the four overall cover types and installations of the
three-dimensional ultrasonic anemometers and the pyranometers. Illustrations show typical
pixels for the MODIS surface albedo measurements for land cover types with different
roughness element types and spatial configurations. The blue arrows indicate the total wind
friction velocity (u,), the roughness element wind friction velocity (ug,) and the soil surface

wind friction velocity (us,) (Adapted from Ziegler et al., 2020).

2.3 Field measurements

The three-dimensional ultrasonic anemometer is a traditional instrument for measuring wind
friction velocity in the field, is based on a fast response to wind and turbulence (van Boxel et
al., 2004). As a result, the local wind friction velocity can be obtained directly from the

correlations between horizontal and vertical pulses of wind velocity (Dupont et al., 2018). At
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each site, we measured the wind speed, direction, and wind friction velocity (u,) using a
three-dimensional ultrasonic anemometer (model 81000, R.M. Young, Traverse City, MI,
USA). The anemometer was mounted on a post typically at 1 m above the ground. Some
shrubland sites required measurements at 1 m to 1.6 m above the ground. At each site, the
ultrasonic anemometer was positioned at a single level and in an open location to allow
continuous collection of wind speed and direction information. Data was recorded by a
datalogger (CR1000, Campbell Scientific, Logan, UT, USA) for between 4 and 7 hours daily

(between 10 am and 5 pm) using a recording frequency of 5 Hz.

The land surface albedo measurements were made using two pyranometers (CMP3, Kipp and
Zonen, Delft, The Netherlands) in the optical range (300 to 2800 nm) for viewing angles
between 0 and 180°; one recorded the incoming radiation and the other recorded the outgoing
radiation (after absorption and reflectance). The land surface reflectance (400 to 1100 nm)
was obtained by using a two-radiometer combination (a two-channel sensor, SKYE
Instruments Ltd, Llandrindod Wells, Wales, UK) that combined the SKR 1840D radiometer
for incident light measurements and the SKR 1840ND radiometer for reflected light
measurements with a narrow field of view (25°). The pyranometers were positioned at 1 m
above the soil surface at most sites (but at 1.5 m at some shrubland sites) and the combination
radiometer was placed at 1.5 m above the soil surface at all sites. These instruments were
attached to separate hand-held poles that allowed them to be moved to a new position (Fig.
lc). Measurements of albedo and reflectance were made between 11:30 am and 1:30 pm. At
each site, the poles were moved to between 8 and 10 locations (at approximately 50-m
intervals) in a circle (with a radius of approximately 70 m) around the ultrasonic anemometer.
The mean of the measurements from all locations (within a given site) were used as the site’s

albedo and reflectance.
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2.4 Data processing and analysis

2.4.1 Calculation of u,/U, separately from albedo field measurements and satellite

observations

The albedo-based model developed by Chappell and Webb (2016) uses the normalized and
rescaled surface shadow (w,s) to predict the coupled properties of wind friction velocity
normalized by the wind speed (u,/U,) and soil surface wind friction velocity normalized by
the wind speed (ug,./Up) (RMSE = 0.0027). In those coupled parameters, the influence of

wind speed is removed:

u, — w326
o = 0.0497 (1-exp=22—) +0.038 (1)
ug, —wps 131

= = 00311 (exp=22—) +0.007 (2)

The u, and u,, was retrieved by multiplying those coupled properties u, /U, and ug, /U, by

measured wind speed at a given height of 10 m (Up,) respectively (see Section 2.4.2; Eq. 11).

The w,s was produced in two different methods. Albedo was retrieved from MODIS data
(MODIS/006/MCD43A1) using the data catalogue of the Google Earth Engine. These data
were extracted for the study site locations at a spatial resolution of 500 m x 500 m and a daily
temporal resolution. Theoretically and in practice, the roughness element structural
information should not vary with changes in the wavelength band (Chappell et al., 2018), so

we calculated w,,¢ using MODIS Band 1 (620 to 670 nm):

_ (a_b)(wn(‘g)_wn(e)max_l_b (3)

W =
ns (wn(O)min—®n(0)max)

where a = 0.0001, b = 0.1, W, min = 0, and wy, ;max = 35. Following the method of Chappell et
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al. (2018), we used the MODIS isotropic parameter fis, to remove spectral effects due to soil
properties such as the moisture content, mineral composition, and soil organic carbon content

to calculate the normalized surface shadow w,,:

1_wdiT(6'v) — 1_wdir(0°) (4)

w, =
n fiso(W) fiso

where wg;,-(8, V) is the albedo at a given zenith angle (6 = 0°), and fis, is an isotropically
weighted parameter from the MODIS BRDF model that represents the spectral contribution

from the surface.

For data measured in the field with the pyranometer, we calculated w,; according to the

following equation:

— (a=b)(Wn—Wnmax) + b (5)

a)ns
(Wnmin—®Wnmax)

where the calibration parameters are a = 0.0001 and b = 0.1; the minimum rescaling value is
Wnmin = 0; and the maximum rescaling value is Wy, ;max = 35, Where w,, is the normalised
surface shadow, and Following the method of Ziegler et al. (2020), we used the reflectance to

normalize the shadow values and remove the effect of soil properties, as follows:

Wy = —— (6)

where w and R are the albedo and reflectance, respectively, measured in the field at midday.
The estimates and field measurements of reflectance had different spectral ranges and
representative areas. We corrected field-measured reflectance values with MODIS NBAR
values (the at-nadir BRDF-adjusted reflectance) for the pixel that included a given site (Fig.

3) with the values converted from narrowband to broadband using the following equation
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(Liang, 2000):

a = 0.160a; + 0.291a, + 0.243a; + 0.116a, + 0.112as + 0.081a, — 0.0015  (7)

where o represents the broadband (250 to 2500 nm) value for MODIS NBAR and a; to oy

represent the corresponding narrow bands of MODIS NBAR.
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Fig. 3. The relationship between the MODIS NBAR reflectance and the field measurements.

2.4.2 Calculation of u, /U, using a three-dimensional ultrasonic anemometer

The wind vectors u, v, and w measured by the three-dimensional ultrasonic anemometer were
the components of the three-dimensional x—y—z coordinate system. u is the horizontal forward
wind speed, v is the horizontal lateral wind speed perpendicular to u, and w is the vertical
wind speed perpendicular to both u and v. We reduced the deviation of the horizontal position
and accounted for the direction of the instrument by performing yaw rotation and pitch

rotation of the sonic frame of reference (van Boxel et al., 2004).

The average wind speed U (m s™') is the 1-min mean value of the instantaneous wind speed

(U), and we used this data with coordinate rotation to calculate U according to the following
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equation:
U=Vu?+v? (8)

Following the eddy correlation method (Walker, 2005; Zhang et al., 2022), we calculated u,
(m s™) from the wind velocity pulsation values u’ and w’ measured by the ultrasonic

anemometer as follows:
u, =\Ju'w’ 9)

We calculated the aerodynamic roughness length zy (m) for use in extrapolating the wind
speed to the standard 10-m height (used in modelled wind fields) consistent with the albedo-

based coupling property. We calculated z, using the wind profile law:
Uy
zo=(z — d)exp (—k-22)  (10)

where U, is wind speed at actual height z (in this study, this was typically 1 m but was
increased to 1.6 m at some locations) as measured by the ultrasonic anemometer; & is the von
Karman-constant (with a value of 0.4); and d is the zero-plane displacement height (m)
associated with the roughness element characteristics. We assumed that d was 2/3 of the
weighted average height of the roughness elements (Table 1) following the method of Zhang

et al. (2012).

To obtain u,/U, consistent with the albedo-based approach, the wind speed U, at the
measurement height z of the ultrasonic anemometer calculations, was predicted at the
standard height 10 m (Uy) using Eq. 9 and the following equation:

log(;)

Un=Ueiged)

(11)
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The variation of u, and U, over time was calculated using equations (8) and (10), and then
the weighted average of u, /U, was obtained according to the wind direction for each site
(See Supplement S1 for details). In the study region, the wind direction varies around the
prevailing wind direction (west to northwest), so we included an adjustment for use in

situations where the wind direction influenced the anisotropic aerodynamic roughness.

Considering that the logarithmic wind profile law is not satisfied under very small wind speed

conditions, measurements with U< 3 m s were filtered in the above calculations.

2.4.3 Evaluation of u, /U, from the ultrasonic and albedo-based methods

We compared estimates of u, /U, based on the ultrasonic anemometer and those based on
albedo from both ground measurements and MODIS data across the different cover types.
The differences between estimates were evaluated using the root-mean-square error (RMSE).
RMSE provides a quantitative indication of the difference between two datasets, and is
calculated as follows:

2?:1(Pi_0i)2
n—-df

RMSE = (12)

where P; and O; respectively represent the estimated value of the albedo model (either
ground-based or from MODIS) and the estimated value of ultrasonic anemometer at location
i, and n and df are the number of sampling points and the number of independent variables in
the u, /U, calculation, respectively. A smaller RMSE indicates a smaller difference and

greater similarity in u, /U, estimated by any two methods.

2.4.4 Seasonal maps of the wind speed, wind friction velocity, and sediment transport

We produced maps of the main properties for each of the main seasons (DJF = December to
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February; MAM = March to May; JJA = June to August; and SON = September to
November) over the long-term (2001 to 2022) using the Google Earth Engine and the global
data available in its catalogue. The long-term seasonal means of u, /U, were based on the
MODIS albedo data (MODIS/006/MCD43A1) obtained from Google Earth. For comparison,
we used the typically static zy values assigned to each cover type to produce the u, /U, values
(See Supplemental Table S1 for lookup tables of the z; values for each cover type and the
calculated u, /U, values). We separately combined the albedo-based ug,/U;, and zp-based
u, /Uy, with the 10-m wind speed data (Uj) from ERA5-Land (Source: European Centre for
Medium-Range Weather Forecasts) for the corresponding seasons to produce maps of the

spatial distribution of albedo-based u,, and zo-based u, for each of the four seasons.

To describe the sheltering effect of surface roughness elements, we calculated the proportion
of u,, /Uy, based on the MODIS albedo (2001 to 2022) and compared it with the maximum
value (ug, /Uy, = 0.04) to represent the aerodynamic fraction of erodible soil exposed to wind
erosion (FEW; i.e., the fraction that is unsheltered) following the method of Chappell et al.

(2019) (see Supplement S3).

We produced maps of the mean seasonal (2001 to 2022) sediment transport (g m™' s™) for the
Inner Mongolia Plateau using the traditional modeling approach (Q7) and the albedo-based
approach (Q,4) following the method of Chappell et al. (2023b). Q1 (g m’ s™) for a given
particle size fraction (d), soil moisture content (w), and static aerodynamic roughness length

for the landscape (zo) and the soil (zos) were calculated as:

Pa_ 3 (4 _ (WasH/R)? (ustsH/R)
CPu (1 ) (1 )u > w, H/R (13)

*

0,u, <u,sH/R

Qr(20, Zps, d, W) =

where p, is the air density (g m™), g is the acceleration due to gravity (m s?), C is a
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dimensionless fitting parameter, and u,;s(d) is the threshold wind friction velocity (m s
adjusted by a function H(w) of the soil moisture content (w; kg3 kg’3) (Fécan et al, 1999).
The calculation of u, is the same as the calculation for the abovementioned seasonal maps of
zo-based u,. The uq, is required for sediment flux equations, so the u,,;;H is divided by R for
the model implementation to account for the drag partition making use of u, (Webb et al.

2020). Supplemental Eq. 4 describes the calculation of R(z, zy;).

The Q4 (g m™ s™) uses the shadow (1 — albedo) to represent the acrodynamic sheltering effect
produced by the roughness elements. The Q4 was calculated using the albedo (w) without R,

Zp, O Zps-

clug, (1- (“;—2’“2) (1+255) g, > g H

Ugx
0, us, < u,sH

QA((D' d! W) = (14)

where the ug, is obtained directly from w, and wind speed at a height of 10 m (Uj) (See
Section 2.4.1 for details (Eq. 2). The threshold wind friction velocity u,;s(d) and the function
H(w) of soil moisture were calculated in the same way by using the same data used for Qr,

and further details of the components can be found in Chappell et al. (2023b).

3 Results
3.1 Differences in aerodynamic properties across land cover types

Table 2 shows the aerodynamic properties of the different cover types. The z, values
calculated (using Eq.10) based on the ultrasonic anemometer measurements differed among
the land cover types. The standard deviation of these values showed large variability within
land cover types, especially in the strips of artificial shrubland and the patches of open
shrubland, where the roughness elements were non-uniformly distributed (Table 2). There was

difference between grassland, shrubland and gobi land cover types. Ultrasonic anemometer-
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based u,/U; and pyranometer-based and MODIS albedo-based u,/U; showed similar
differences between land cover types. The soil surface wind friction velocity normalized by
wind speed ( ug,/U, ) cannot be directly obtained from the ultrasonic anemometer
measurements. There were no obvious differences in the broad cover type categories such as
all grasslands, all shrublands, and the gobi land, where the albedo-based u,,/U, was
approximately 0.029 to 0.030, but differences were detected among the cover type sub-levels.
The values of ug, /U, based on both pyranometer and MODIS albedo values were largest (i.e.,
the surface was smoothest) in open shrubland and desert grassland, with values of about 0.031
and 0.030, respectively, indicating that these were the land cover types most susceptible to
producing sediment transport. The aerodynamic sheltering effects of gobi land and typical
grassland were similar, with pyranometer albedo-based ug, /Uj, values of 0.0288+0.0016 and
0.0286+0.0008, respectively. Meadow grassland and artificial shrubland were the roughest

surfaces, with pyranometer albedo-based ug, /Uj values of 0.0237 and 0.0271+0.0025.

Table 2. Summary of the aerodynamic properties of the land cover types and their subgroups.

Values are the mean and standard deviation of zy, u, /U, and ug, /U},

Aerodynamic u*/Uh us*/Uh
Land cover type roughness length .
Ult
z (m) rasonte Pyranometer MODIS Pyranometer MODIS
anemometer
Meadow grassland 0.0533 0.0878 0.0783 0.0723 0.0237 0.0266

Typical grassland 0.0226+0.0042 0.0667+0.0025 0.0671+0.0023 0.0701+0.0031 0.0286+0.0008 0.0275+0.0012
Desert grassland 0.0210+0.0075 0.0640+0.0039 0.0626+0.0019 0.0625+0.0041 0.0303+0.0017 0.0302+0.0006

All grassland 0.0240+0.0115 0.0669+0.0070 0.0658+0.0047 0.0663+0.0054 0.0290+0.0019 0.0289+0.0019
Atrtificial shrubland 0.0797+0.0337 0.0795+0.0063 0.0707+0.0056 0.0760+0.0032 0.0271+0.0025 0.0249+0.0016
Open shrubland 0.0364+0.0216 0.0707+0.0074 0.0609+0.0018 0.0603+0.0042 0.0308+0.0006 0.0310+0.0014
All shrubland 0.0457+0.0296 0.0725+0.0079 0.0631+0.0050 0.0636+0.0077 0.0300+0.0019 0.0297+0.0030
Gobi land 0.0134+0.0078 0.0578+0.0053 0.0665+0.0045 0.0653+0.0053 0.0288+0.0016 0.0292+0.0019

3.2 Comparison of ultrasonic anemometer measurements with albedo-based estimates

Figure 4 compares the u, /U, values across land cover types based on the values retrieved
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from albedo-based field pyranometer measurements and satellite remote sensing estimates
and ultrasonic anemometer measurements. The pyranometer albedo-based u, /U, and MODIS
albedo-based u, /U, were generally consistent with the ultrasonic anemometer estimates, with
RMSE values of 0.0082 and 0.0087, respectively. The albedo model performed well for
relatively homogeneous grasslands, with u, /U, values obtained from the pyranometer albedo
that were close to those obtained from the ultrasonic anemometers. For the gobi surface,
u, /Uy, values based on the pyranometer albedo and MODIS albedo were slightly larger than
those derived from ultrasonic anemometers. For both artificial shrubland and open shrubland
surfaces, the u, /U, estimates were similar for these methods at most sample sites, but there
were obvious deviations in some typically heterogeneous shrub sites, where ultrasonic

anemometer measurements at single point cannot represent the actual variation of landscape

roughness.
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Fig. 4. (a) Pyranometer albedo-based u,/U, and (b) MODIS albedo-based u, /U, plotted

against ultrasonic anemometer-based u, /Uj,.

Figure 5a shows a plot of the independently measured ultrasonic anemometer-based u, /U,
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against the pyranometer albedo-based w,;. The figure includes u, /U, and ug, /U, data from
Marshall’s (1971) wind tunnel experiments and the fitted curves to w,; (Chappell and Webb,
2016). Independent field measurements of u,/U, using ultrasonic anemometers and
pyranometer-based w,; of different land cover types were generally consistent with the
distribution of Marshall’s (1971) wind tunnel data and close to the fitted curve for u,/Uj,,.
This demonstrated that the albedo-based model using w,,; can reasonably accurately estimate
u,/U, and ug, /U, for different rough surfaces (grass, shrubs, and gravel) in natural
environments. The estimates of u,/U, and ug,/U, obtained from field measurements of
albedo and MODIS surface albedo scales were strongly consistent, with RMSE < 0.004 (Fig.
5b). Although the spectral ranges of albedo and reflectance measured in the field were
different from those of the MODIS data, we calibrated the two datasets using a suitable
scaling factor (wy, max = 35). Therefore, the similarity of these independent measurements
from wind tunnels, field measurements, and satellite data confirmed and extended the scale

invariance of w,s-based predictions of u, /U, and us, /U, (Ziegler et al., 2020).

0.12 0.12

= Grassland ®  Grassland u,/U,
o a VA b) .
+ Artificial shrubland ( ) @  Artificial shrubland u,/U, ( )
0.10 Open shrubland <0.10 F 4 Openshrubland /U,
* Gobi land - Q’ ® Gobiland u,/U,
x Marshall us/Uj, i ——t _S 0 Grassland u /U, )
0.08 -+ Marshall up/Uj, % 0.08 1 o Anificial shrubland /U, F o
uslUy, —z Open shrubland u /U, 2 s
T 2 o o Gobiland u /U, s
= 006F U uss/Up 2 0.06 - Ll
3 =
x = B ’
o ]
0.04 | A_‘_i.ﬂ—xf..{_j = o tx 44 5 g 0.04 -
&4 sl s =} il
L ek E ?%gp RMSE, 415, =0.0038
0.02 &~ 0.02 - 4 RMSE /1, =0.0015
0.00 R " PP | il " " . 0.00 1 L I I I
1E-4 0.001 0.01 0.1 0.0 002 004 0.06 008 0.10 0.12
Wns MODIS albedo-based u,/U,,

Fig. 5. (a) Ultrasonic anemometer-based u, /U, plotted against pyranometer albedo-based

normalized shadow w,; (b) pyranometer albedo-based u,/U, and ug,/U, plotted against
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MODIS albedo-based u, /U, and ug, /Uy,.

3.3 Spatial distribution of wind friction velocity and sediment transport

Wind speeds at a height of 10 m were usually large in MAM (March to May) and small in JJA
(June to August) over much of the Inner Mongolia Plateau (Fig. 6). Typically, researchers
derive the spatial patterns of u, at large scales from the MODIS cover types. This method
assumes large homogeneous areas with the same z, values. In this approach, the u, values are
obtained from a fixed z, for each cover type and are considered to be static over time, with
seasonal variation solely determined by wind speed and unaffected by seasonal changes in
vegetation (Fig. 7a-d). The study sites used in the present study for assigning z, values based
on land cover types were measured during the non-growing season (Supplemental Table S1),
and were unable to represent the spatial and temporal variability over time of surface
roughness conditions. The spatial distribution of albedo-based ug, changed daily, although
only small variations occurred at the daily-weekly scale. Consequently, the u,, was
dynamically determined by the daily variation of the interaction between wind speed and
vegetation within each season. There were obvious spatial differences in ug, between seasons
on the Inner Mongolia Plateau, showing a gradual decrease from northeast to southwest (Fig.
7e-h). In the MAM period, with poor vegetation conditions, a majority of the central and
western regions of Inner Mongolia (especially grasslands) demonstrated large values of ug,
(smooth land surface); during the JJA period, the ug, values across the entire region decreased
as vegetation grew; and as the vegetation wilted and eventually died during the SON
(September to November) and DJF (December to February) periods, the ug, values gradually

increased.
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We compared the spatial and temporal differences in sediment transport during the four
seasons using the exemplar traditional modeling approach (Fig. 8a-d) and the albedo-based
approach (Fig. 8e-h). Sediment transport based on the traditional approach generally had a
narrower range of values and was larger than the results of the albedo-based approach.
Estimates from the traditional model show that most of the western parts of the study area
suffered from severe sediment transport. In contrast, the albedo-based approach estimated
smaller sediment transport over larger areas. The temporal variation of sediment transport
using the traditional model was largely dominated by seasonal difference in wind speed (since
R(zy, zys) was fixed over time). The spatial distribution of FEW (Supplemental Figure S1)
revealed variation of the unsheltered proportion in response to changes of surface roughness
in different seasons. The albedo model combined seasonal differences in wind speed and
vegetation, and revealed obvious spatial and temporal variations in sediment transport. During
MAM, a period with strong wind speeds and poor sheltering by vegetation, we observed the
largest sediment transport. Sediment transport decreased over large areas of the study area as
vegetation conditions improved in JJA, but increased in SON. During DJF, the northeastern
part of the study area showed large FEW values (smooth and bare) influenced by snow cover,
but there was no sediment transport due to the frozen ground or snow cover; thus, sediment

transport during DJF was much less than in the other seasons.
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4 Discussion
4.1 Applicability of the albedo-based approach across land cover types

Grassland, artificial shrubland, open shrubland, and gobi land are the main land cover types in
the arid and semi-arid regions of northern China. In this study, we obtained two independent
datasets of wind friction velocity and surface albedo based on in situ measurements for cover
types with different amounts of roughness. Estimates from both approaches were most
consistent in grassland, whereas there were some minor deviations for gobi land, artificial
shrubland, and open shrubland (Fig. 4). These error estimates were similar to those of the
original calibration (RMSE = 0.0027) used to develop the predictive equations for the wind
friction velocity (Chappell and Webb, 2016). The vegetation of drylands is characterized by
heterogeneous and patchy configurations of roughness elements (Mayaud and Webb, 2017),
which makes it difficult to represent that heterogeneity using a single sample point. In
contrast, the albedo-based approach developed by Chappell and Webb (2016) integrates the
roughness heterogeneity within the sensor’s field-of-view range (e.g., from the local scale
measured by a pyranometer to the regional scale measured by a satellite) by directly using the
surface albedo to provide an integrated estimate of u,/U, and more usefully the u,, /U,
which drives sediment transport. In the albedo-based approach, differences and similarities in
the number, size, or configuration of surface roughness elements are described by the amount
of shadow. In other words, different values of w,s represent completely different shelter
effects, such as large cover meadow grassland and small cover desert grassland surfaces. The
approach overcomes the so-called “telephone pole” problem (Okin, 2008) and demonstrates
that the same sheltering effects can occur across different land cover types due to their

different spatial structures, as in the case of desert grassland and open shrubland.
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Based on the pyranometer and MODIS surface albedo, we revealed that meadow grassland,
typical grassland, and gobi surfaces had strong sheltering conditions (small ug,/Uj, values),
whereas desert grassland and open shrubland with low vegetation cover had large ug,/Uj
values (Table 2). These results demonstrated that vegetation and gravel (non-erodible)
roughness elements extracted similar amounts of momentum from the near-surface airflow,
thereby reducing the wind friction velocities at the soil surface (Wiggs et al., 1994; Mayaud et
al., 2016; Li et al., 2021). Consequently, the albedo-based approach is effective under the
most difficult measurement conditions on heterogeneous surfaces. In short, our field
measurements confirm that the albedo-based approach produces appropriate estimates of wind

friction velocity for different roughness configurations in different land cover types.

4.2 Confirmed and extended evidence for scale invariance of albedo-based wind friction

velocity

Aerodynamic sheltering is a complicated lateral, anisotropic response to the density and
configuration of roughness elements (typically vegetation or gravel), and depends on the wind
speed. As the size of the area being studied increases, the impact of additional roughness
elements is not linearly additive because of the configuration. Consequently, aerodynamic
roughness and wind friction velocity don’t scale linearly with increasing area (Raupach and
Lu, 2004). Consistent with their recommended upscaling solution, the change in the
normalized shadow (w,s) is linearly additive as the pixel area increases, so w, increases
linearly with increasing scale. After the scaling of w, is done, w, can be calibrated against
wind tunnel measurements of aerodynamic properties to overcome the non-linear scaling
problem. The u, /U, and ug, /U, values from both scales (the pyranometer’s field-of-view
range and the MODIS pixel range) were generally consistent across land cover types (Fig. 5).

The differences observed at a few sites may be due to differences in surface roughness
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conditions between the two sensors that measured different surfaces in the agropastoral
ecotone. By setting the appropriate scaling factor wy, ;4 = 35 to calibrate the albedo and
reflectance data for different spectral ranges, u, /U, and ug, /U, estimates for a given field-of-

view range were broadly consistent with ultrasonic anemometer measurements from the field.

Our findings confirm and extend previous work (Ziegler et al., 2020) across land cover types.
Accurate estimation of the areal ug, /U, is a critical issue that large-scale sediment transport
and dust emission prediction studies have been endeavoring to address for more than twenty
years since large scale aeolian transport models were first developed (Marticorena and
Bergametti, 1995). The values of w, can be retrieved and applied at a range of scales,
including wind tunnels, pyranometer-based field measurements, and surface albedo data from
satellites, thereby enabling the monitoring of spatial and temporal variations in ug, /U, at
local, regional, and even global scales (Ziegler et al., 2020; Hennen et al., 2022, 2023;
Chappell et al., 2023a). Our results demonstrate the good performance of albedo-based
models across land surfaces and scales in comparison with field measurements at multiple
investigation sites across a large area of northern China, thereby providing support for the

parameterization of sediment transport and dust emission models.

4.3 Spatio-temporal dynamics in albedo-based sediment transport

We compared the spatio-temporal variation of wind friction velocity and sediment transport
using the albedo-based approach and the exemplar traditional model (Fig. 7, 8). We found that
the exemplar traditional model based on u, /U, considerably overestimated the momentum
(us./Up) applied to the soil surface (Webb et al., 2020). Consequently, it overestimated
sediment transport relative to the albedo-based approach (calibrated to wind tunnel

measurements) and estimated sediment transport in vegetated regions consistent with recent
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weaknesses (Chappell et al., 2023b). Furthermore, because the traditional model assumed that
zo values are fixed for a given cover types and do not change over time (e.g., with seasons,
with changing land management, in response to invasive species), the variability in sediment
transport in these models was controlled solely by variations in wind speed. In other words,
the exemplar traditional model for sediment transport does not account for weakening of the
wind caused by the interaction between wind speed and aerodynamic roughness (Chappell et
al., 2023b). Changes in crops, grasses, shrubs, and trees from their dormant period to their
leaf-on period clearly alter the surface drag partitioning and aerodynamic sheltering,
indicating that seasonal changes of vegetation can cause potentially large variations in
estimates of the wind erosive forces (Ziegler et al., 2023). Consequently, the exemplar
traditional sediment transport model could not represent the spatial and temporal (seasonal)
dynamics in sediment transport across land cover types. In contrast, the albedo-based
approach using daily MODIS data (here, with 500-m resolution) estimated the soil surface
wind friction velocity ug, /U, directly without the need to calculate aerodynamic roughness
length and zero-plane displacement (Chappell and Webb, 2016), which is essential for
accurately predicting sediment transport. The approach demonstrated seasonally varying
Us,./Up, leading to attenuation of the wind speed and consequently producing dynamic
sediment transport responses (illustrated seasonally; Fig. 7) in different periods that were not

controlled solely by variations in wind speed.

In the study area, on the Inner Mongolia Plateau, the quantity of sediment transport using the
albedo-based approach was smaller than that estimated by the traditional model approach
(Fig. 8). Many previous studies have assessed the wind erosion hazard in this region, and
suggested that most of the central and western areas suffer from severe wind erosion hazard

(Shi et al., 2007; Zhou et al., 2015, 2016; Wang et al., 2022; Cui et al., 2023). These studies
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used the fractional cover of green vegetation observed by satellites as a rough substitute for
the aerodynamic sheltering effect of these and other roughness elements. This excludes the
“brown” roughness that is common in arid and semi-arid areas, which accounts for non-
photosynthetic, dormant, or dead vegetation and non-erodible gravels and is not consistent
with the vegetation cover and the resulting sheltering effect of all roughness elements
(Chappell et al., 2018, 2023b). Relative to the albedo-based approach (calibrated to wind
tunnel measurements), these previous studies underestimated the roughness and overestimated
the sediment transport (erosion hazard) on the Inner Mongolia Plateau, where vegetation and
gravel roughness elements are widespread in many cover types. A recent study showed that
the wind erosion intensity of grasslands on the Inner Mongolia Plateau, with '*’Cs-validation,
was slight, and had been overestimated by previous wind erosion models (Zhang et al., 2024).
Data collected by a number of sediment samplers have demonstrated that the magnitude of
sediment transport in the gobi areas and sandy grasslands of northern China was less than 10
gm’ s (Sun et al., 2016; Zhang et al., 2021), which is similar to our albedo-based sediment
transport quantities (Fig. 8). Therefore, the albedo-based approach sheds light on monitoring

of the spatial and temporal dynamics of sediment transport at large scales.
5 Conclusion

In this study, we compared the wind friction velocity between field measurements using an
ultrasonic anemometer with the values estimated using the albedo-based approach measured
using surface albedo from pyranometer measurements and the MODIS satellite albedo. We
compared these approaches in grasslands, artificial shrubland, open shrubland, and gobi land
on the Inner Mongolia Plateau. Furthermore, we compared the spatial distributions of

seasonal sediment transport between the traditional modeling approach (with fixed zy values
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for all cover types and static zy, with no changes over time such as between seasons) and the

albedo-based approach.

After calibrating the albedo and reflectance data for different spectral ranges with appropriate
scale factors (W, max = 35), we found that the wind friction velocity estimates for a given
field-of-view were generally consistent with ultrasonic anemometer measurements in the
field. In some areas with non-homogeneous roughness elements, such as open shrubland,
single-point measurements based on ultrasonic anemometer may lead to biases in the
estimation (indicating the need for representative field sampling). Our study, based on
extensive field measurements and evaluations, demonstrated the ability of albedo-based

model to mitigate this problem across land cover types and scales.

The albedo-based model let us directly estimate us, /U, without the need for separate shear-
stress partitioning using aerodynamic roughness length. We used the pyranometer albedo to
demonstrate that open shrubland and desert grassland had the largest (aerodynamically
smoothest) mean values of ug,/U,, followed by typical grassland, gobi land, meadow
grassland, and artificial shrubland (with the aerodynamically roughest surface). The seasonal
variations of u, obtained from static and fixed zp were mainly dominated by seasonal
differences in wind speed and were not affected by temporal changes in vegetation cover. In
contrast, the spatial and temporal variations of ug, based on albedo resulted from daily
changes in the interactions between wind speed and vegetation, which were revealed using

seasonal differences.

Sediment flux densities using the traditional modeling approach showed large sediment
transport in the western part of the study area in all four seasons, with the greatest transport

during the MAM period. In contrast, the albedo-based model showed small sediment transport
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over a wide range of the Inner Mongolia Plateau and distinct spatial and temporal variations
in sediment transport that were not revealed by the traditional model. Given the established
limitations of the exemplar traditional model, the sediment transport estimates of the albedo-
based model will enable improved dynamic monitoring of the interactions between wind
speed and land surface roughness and will reduce overestimation of regional sediment

transport.
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