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Wind erosion in the desert–oasis ecotone can accelerate desertification, but little is known about the sus-
ceptibility of the ecotone to wind erosion in the Tarim Basin despite being a major source of windblown
dust in China. The objective of this study was to test the performance of the Single-event Wind Erosion
Evaluation Program (SWEEP) in simulating soil loss as creep, saltation, and suspension in a desert–oasis
ecotone. Creep, saltation, and suspension were measured and simulated in a desert–oasis ecotone of the
Tarim Basin during discrete periods of high winds in spring 2012 and 2013. The model appeared to ade-
quately simulate total soil loss (ranged from 23 to 2272 g m�2 across sample periods) according to the
high index of agreement (d = 0.76). The adequate agreement of the SWEEP in simulating total soil loss
was due to the good performance of the model (d = 0.71) in simulating creep plus saltation. The
SWEEP model, however, inadequately simulated suspension based upon a low d (60.43). The slope esti-
mates of the regression between simulated and measured suspension and difference of mean suggested
that the SWEEP underestimated suspension. The adequate simulation of creep plus saltation thus pro-
vides reasonable estimates of total soil loss using SWEEP in a desert–oasis environment.

Published by Elsevier B.V.
1. Introduction

The desert–oasis ecotone is a dynamic and interactive zone
where interchange of energy and mass occurs between the desert
and oasis ecosystems. Oasis evolution, which consists of two
opposing processes of oasification and desertification, occurs in
this zone and thus plays a prominent role of ensuring oasis ecolog-
ical security and maintaining oasis ecological stability. Wind ero-
sion in the desert–oasis ecotone can accelerate desertification
and is an important indicator of oasis ecological security (Su
et al., 2007). Therefore, assessing the susceptibility of the land-
scape to wind erosion is important for protecting this ecological
zone from desertification caused by anthropogenic activities as
well as natural variations in climate.

The Tarim Basin is a 1 million km2 endorheic basin that lies
within Xinjiang Province of northwestern China. The region is sur-
rounded by the Kunlun mountain range to the south, Pamir moun-
tain range to the west, and Tian Shan mountain range to the north.
These mountains, with elevations over 7000 m, greatly influence
the climate across the region. Atmospheric moisture, transported
into the region by prevailing westerly winds, is typically inter-
cepted by these mountains. The lack of moisture transported into
the Tarim Basin results in an arid environment.

Wind erosion threatens ecosystem stability in the Tarim Basin.
Dust storms contribute to poor air quality and visibility in the
Tarim Basin and many other arid and semiarid regions throughout
the world (Chan et al., 2005; Sharratt and Lauer, 2006). Wind ero-
sion models aid in predicting the occurrence of erosion events and
developing management practices for controlling wind erosion and
thereby improving air quality and health of ecosystems. The Wind
Erosion Prediction System (WEPS) was developed by the USDA
Agricultural Research Service (Hagen, 1991; Wagner, 2013) as a
tool to simulate soil and PM10 (particulate matter 610 lm in aero-
dynamic diameter) loss from agricultural landscapes. Since the
inception of WEPS, the model has rarely been validated for land
use types other than agriculture and in arid environments. For
example, Visser et al. (2005) found good agreement between mea-
sured and simulated wind erosion in the Sahel although their
observations were restricted to agricultural lands. Maurer and
Gerke (2011) validated WEPS on an artificial sandy catchment
devoid of vegetation in the mining district of southern Germany.
Their validation, however, relied on qualitative measures of wind
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erosion obtained from aerial imagery. Adapting WEPS to land use
types other than agriculture is important for model improvement
and application to a diversity of land managers (Van Donk et al.,
2003). The validation of WEPS and SWEEP for predicting wind ero-
sion in the desert–oasis ecotone will aid in improving model per-
formance and advance progress in promoting ecosystem stability
in the region.

Wind erosion processes involve transport of sediment by creep,
saltation and suspension. Aggregates or particles 0.1–2.0 mm in
diameter generally creep and saltate along the surface while aggre-
gates or particles <0.1 mm in diameter are suspended above the
surface (Hagen et al., 1999). This designation of aggregate or parti-
cle size is used by the WEPS in simulating transport processes.
Some variation exists in differentiating transport processes by
aggregate or particle size because particle shape and density and
shear stress influence particle motion. In fact, observations by
Mikami et al. (2005) and Sharratt (2011) suggest that aggregates
or particles as small as 0.04 mm can saltate along the surface.
The energy contained in particles saltating along the surface can
result in extensive damage to plants. Indeed, sandblasting can
adversely affect plant development and productivity (Armbrust,
1984). The suspension component is derived from direct emission
of fine particles on the surface or emission of particles that are
abraded or broken down from larger particles resting on the sur-
face or being transported by creep and saltation (Hagen, 2004a).
Of importance to air quality is the transport of suspension and
more importantly, PM10, which is regulated by many nations
throughout the world (Sharratt and Edgar, 2011).

Few scientists have measured the size distribution of wind-
blown sediment for separating creep, saltation, and suspension
components of wind erosion. Nevertheless, separating windblown
sediment into creep-size, saltation-size, and suspension-size com-
ponents is critical for validating some wind erosion models and
furthering our understanding of transport processes (Hagen et al.,
2010). Sharratt et al. (2007) found that suspension was the domi-
nate process of wind erosion of loessial soils in the Columbia Pla-
teau of the Pacific Northwest United States. They found 94% of
sediment in transport was by suspension whereas 2% and 4% of
sediment in transport was by respectively creep and saltation.
Chepil (1945) observed that soil type influenced the proportion
of particles transported by creep, saltation and suspension.
Although the predominate mode of transport was by saltation for
a sand, sandy loam, loam, and clay, transport by creep (ranging
from 7% to 25% of the mass flux) appeared to be more important
with an increase in sand content of the soil. For aeolian sands,
saltation dominates the wind erosion process. Tchakerian (1999)
reported that saltation accounted for 80% of the transport load
while suspension comprised only 5% of the transport load. Salta-
tion is important in promoting and sustaining mass transport
because saltating particles impacting a surface can overcome shear
and interparticle forces and thus mobilize particles of varying size.
Transport by creep has been found to account for 10 (Namikas,
2003), 25 (Willetts and Rice, 1985), and up to 40% of total sand flux
(Rotnicka, 2013). The mass proportion of particles transported by
creep decreases with an increase in particle size (Dong et al.,
2002) and friction velocity (Wang and Zheng, 2004).

The WEPS erosion submodel, or the Single-event Wind Erosion
Evaluation Program (SWEEP), has been validated for total soil loss
and soil discharge from agricultural fields around the world
(Buschiazzo and Zobeck, 2008; Feng and Sharratt, 2009; Funk
et al., 2004). There is relatively little known regarding the perfor-
mance of the SWEEP applied to other environments. We are not
aware of any studies that have tested the performance of the
SWEEP in simulating erosion in a desert–oasis ecotone or the rela-
tive and separate contributions of creep, saltation, and suspension
to the total sediment load. Accurate simulation of these
components to the total sediment load is vital for developing wind
erosion control strategies that foster ecosystem stability. There-
fore, the focus of this study was to examine the performance of
the SWEEP in simulating creep, saltation, and suspension processes
within a desert–oasis ecotone.
2. Materials and methods

The performance of the SWEEP in simulating creep, saltation,
and suspension processes was validated at a desert–oasis ecotone
site in Xinjiang Province, China (Fig. 1) in 2012 and 2013. The
desert–oasis ecotone site was located about 10 km south of Alaer
City (40�270N, 81�190E, elevation of 992 m) near the confluence of
the Aksu, Hotan, and Yarkand Rivers; these rivers join to form
the Tarim River in the northwest part of the Tarim Basin. The
desert–oasis ecotone is characterized by relatively level topogra-
phy and bordered by irrigated land along the rivers and tributaries
and desert. Shifting transverse sand dunes, oriented northeast-
southwest, are also interspersed across the ecotone. The average
annual precipitation of this region is 53 mm and the average
annual temperature is 11.3 �C.
2.1. Measured soil loss

Creep and Big Spring Number Eight (BSNE) sediment collectors
(Custom Products and Consulting, Big Spring, TX) were used to
measure horizontal soil flux at the experimental plot located about
5 km south of the Tarim River (Fig. 2). The soil type at the experi-
mental plot was aeolian sand with vegetation sparsely distributed
across the plot and consisting of Saltbush (Atriplex polycarpa L.) and
Manaplant Alhagi (Alhagi sparsifolia L.). The vegetation provided
<5% cover (Table 1) and trapped blowing sand to form a small
shrub-coppice dune (<0.25 m high) around the vegetation. Sedi-
ment collectors were positioned in the plot to provide a minimum
of 0.3 km of fetch in the direction of the prevailing winds (NW). An
ephemeral tributary (30 m wide and 1 m deep) and paved road
(10 m wide and 1 m of relief), with intervening vegetation consist-
ing of Saltcedar (Tamarix ramosissima L.) and Manaplant Alhagi,
minimized the influx of soil along the windward side of the exper-
imental plot. The height of Saltcedar and Manaplant Alhagi were
respectively 2 and 0.1 m; this vegetation resulted in a biomass
cover of 50% between the tributary and road. The paved road and
tributary respectively traversed the landscape in a NE–SW and
ENE–WSW direction for several kilometers at the ecotone site. Irri-
gated red date trees occupied the land to the NW of the tributary.
Although only visually substantiated during one erosion event,
these barriers were assumed to provide a ‘‘zero soil flux boundary”
during prevailing NW winds in this study. The authors witnessed
no sediment blowing across the road even though sediment was
blowing across the experimental plot during one high wind event
(17–19 April 2013). Transverse and fixed shrub-coppice dunes
were located along the SE border of the plot (Fig. 2). The transverse
dunes were oriented NE–SW, had 1 m of relief, and were 1 km long
and 7 m wide. Vegetation growing between the two transverse
dunes (the dunes were 30 m apart) consisted of Saltcedar and
Manaplant Alhagi. The height of the Saltcedar and Manaplant
Alhagi were respectively 2 and 0.2 m and biomass cover was
90%. The prolific vegetation growing between the two dunes was
due to higher moisture in the interdune area (Wang et al., 2004).
The fixed or stable dunes abutted the transverse dunes and were
2 m in height, 10 m wide, and 30 m long. The transverse dunes
and intervening vegetation were assumed to provide a ‘‘zero soil
flux boundary” along the SE border of the experimental plot when
winds were from the SE.



Fig. 1. Location of the experiment site in the Tarim Basin, China. The small map depicts Xinjiang Province in China while the large map is of Xinjiang Province. The Aksu,
Hotan, and Yarkand Rivers join to form the Tarim River.
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Creep and BSNE collectors were positioned to avoid obstruc-
tions to airflow caused by the small shrub-coppice dunes and
sparse vegetation within the plot. Creep collectors captured sedi-
ment to a height of 0.025 m while BSNE airborne collectors were
positioned 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 m above the soil surface.
Three groups of collectors, with each group comprising one creep
and six BSNE collectors, were spaced 3 m apart along a line perpen-
dicular to the prevailing wind and near a meteorological tower
(Fig. 2).

Sediment in the collectors was retrieved periodically due to the
remoteness of the site and infrequency of high winds sufficient to
cause wind erosion. Our intent was to retrieve sediment from the
collectors immediately after a singular or series of high wind
events having predominately unidirectional winds. Sediment from
the collectors was placed in plastic bags and transported to the lab-
oratory where the samples were air-dried, weighed, and sieved.
The equation of Zobeck and Fryrear (1986) was used to describe
the vertical distribution of sediment captured by BSNE collectors,
which is

q ¼ az�b ð1Þ
where q is sediment catch (kg m�2), z is height (m) of the opening of
the BSNE collector above the soil surface and a and b are fitted
parameters. Eq. (1) was integrated from 0.025 to 2 m using the
power method to obtain total BSNE horizontal soil flux (kg m�1)
for the sample period.

The catch efficiency of the BSNE collector is >90% for sand, but is
influenced by both particle size and wind speed (Fryrear, 1986;
Mendez et al., 2011; Sharratt et al., 2007). Goossens et al. (2000)
found the efficiency of the BSNE collector was about 100% for sand
having a geometric diameter similar to that at our field site (see
below). Catch efficiency of the BNSE for suspension-size particles
varies widely, from 60% to 165% (Fryrear, 1986; Sharratt and
Feng, 2009). The lack of consensus regarding catch efficiency of
the BSNE collector creates uncertainty in adjusting suspension
based upon any inefficiency in the collector. Therefore, no
adjustment was made to account for any inefficiency of the collec-
tor in this study. Eq. (1) was integrated to 2 m height because sed-
iment catch approached zero and the integrated flux for all high-
wind events approached maximum value at this height. Total hor-
izontal soil flux represents the sum of creep flux and total BSNE
horizontal soil flux. Loss of soil from the experimental plot was cal-
culated as total horizontal soil flux divided by the distance
between the collectors and ‘‘zero soil flux boundary” (road or
transverse sand dune) in the direction of the prevailing wind.

Sediment trapped by the creep and BSNE collectors was air-
dried and then hand sieved through screens having 2, 0.84, and
0.1 mm openings to determine the proportion of creep-size,
saltation-size, and suspension-size particles in each collector. For
the purpose of this study, the creep-size, saltation-size and
suspension-size fractions were respectively comprised of particles
2–0.84, 0.84–0.1, and <0.1 mm particles. These size fractions are
specifically used in SWEEP to represent the different modes of sed-
iment transport. Variation in particle size representing modes of
transport, however, exists in the literature. For example, creep-
size has been designated as particles with diameters P1 (Fryrear
et al., 1991), P0.8 (Hagen, 2010), and P0.5 mm (Lyles, 1977). Par-
ticles with diameters of 0.1 mm have even been shown to creep
along the surface (Zhang et al., 2014). Similarly, suspension-size
has been designated as particles with diameters <0.1 mm
(Fryrear et al., 1991) and <0.07 mm (Shao, 2000).

Horizontal flux of creep-size, saltation-size, and suspension-size
particles was respectively assessed from the proportion of particles
2–0.84, 0.84–0.1, and <0.1 mm in diameter in each creep and BSNE
collector and using Eq. (1) to determine total BSNE horizontal flux
for creep-size, saltation-size, and suspension-size particles. Total
horizontal flux of creep-size, saltation-size, or suspension-size par-
ticles is the sum of the flux from both creep and BNSE collectors.
Loss of creep-size, saltation-size, and suspension-size particles
from the experimental plot was calculated as total horizontal flux
divided by the distance between the collectors and ‘‘zero soil flux
boundary”.



Fig. 2. Location of instrumentation in the experimental plot with symbols representing placement of BSNE (b) and creep (c) collectors and meteorological (met) station.

160 H. Pi et al. / Aeolian Research 20 (2016) 157–168
2.2. SWEEP

The WEPS is a process-based model that simulates weather,
field conditions, and creep, saltation, suspension, and PM10 emis-
sion in response to wind speed, wind direction, field orientation
and surface conditions on a subhourly basis (Hagen, 1991,
2004b; Hagen et al., 1995, 1999). The erosion submodel of WEPS,
or SWEEP, can be used to simulate erosion across a gridded field
during single high wind events (Tatarko, 2008). The grid size used
in our study was 20 � 20 m (default value in SWEEP). The model
simulates soil discharge from each grid cell (Tatarko, 2008) based
upon known vegetation characteristics, surface properties, and
wind. In addition to simulating soil discharge, the model also sub-
divides soil discharge into three transport components that include
creep/saltation, suspension, and PM10 emission (Hagen et al.,
1995; Hagen, 1997). Creep and saltation are treated as a single
transport component in the SWEEP even though the mode of trans-
port that governs these processes are differentiated in the field by
particles that respectively roll and bounce along the surface.

The SWEEP model was designed to simulate soil loss and soil
deposition over a rectangular field. This study used a rectangular
plot 200 m wide by 400 m long (Fig. 2). The width of the plot,
however, varied with wind direction (discussed later in paper).
Input parameters representing surface characteristics and proper-
ties required by SWEEP, which were measured before and after
development of leaves on vegetation in the experimental plot in
2013, are listed in Table 1. The parameters in Table 1 were
regarded as representative of surface characteristics in 2012
because of the natural and stable environment. Wind speed data
(see below) averaged over 15 min intervals were used for the sim-
ulations. The SWEEP is designed for simulating erosion for a single
day, thus erosion events that spanned multiple days were sepa-
rated into singular days for the simulation.

2.2.1. Vegetation parameters
The SWEEP model was developed to predict soil loss by wind

from agricultural crop land. Unlike crop land that is managed to
optimize the spatial architecture of plants for achieving maximum
yield, the vegetation at our site has an irregular distribution across
the landscape. Therefore, we assumed no crop row spacing and
seed placement to portray a random distribution of vegetation in
SWEEP. The vegetation at our site remained dormant over winter
until early May at which time leaves began to emerge on the stems.
We measured crop parameters within four 4 � 10 m sample areas



Table 1
Input parameters required by SWEEP for model validation. Parameters were
measured before and after leafing of vegetation in spring 2013 in a desert–oasis
ecotone.

Crop Before
May

After
May

Residue average height (m) 0.63 0
Residue stem area index (m2 m�2) 0.001 0
Residue leaf area index (m2 m�2) 0 0
Residue flat cover (m2 m�2) 0.039 0.039
Growing crop average height (m) 0 0.63
Growing crop stem area index (m2 m�2) 0 0.001
Growing crop leaf area index (m2 m�2) 0 0.001
Row spacing (m) 0 0
Seed placement 0 0

Soil
Number of soil layers 1 1
Layer thickness (mm) 30 30
Bulk density (Mg m�3) 1.58 1.58
Sand fraction (0.05–2.0 mm, Mg Mg�1) 0.996 0.996
Very fine sand fraction (0.05–0.1 mm, Mg Mg�1) 0.243 0.243
Silt fraction (0.002–0.05 mm, Mg Mg�1) 0.004 0.004
Clay fraction (<0.002 mm, Mg Mg�1) 0.0001 0.0001
Rock volume fraction (m3 m�3) 0 0
Average aggregate density (Mg m�3) 2.50 2.50
Average dry aggregate stability [ln(J kg�1)] 7.0 7.0
GMD of aggregate size (mm) 0.254 0.254
GSD of aggregate size (mmmm�1) 2.748 2.748
Minimum aggregate size (mm) 0.05 0.05
Maximum aggregate size (mm) 1.0 1.0
Soil wilting point water content (Mg Mg�1) 0.157 0.157
Surface crust fraction (m2 m�2) 0 0
Surface crust thickness (mm) 0 0
Loose material on crust (plastic mulch) 0 0
Loose mass on crust (kg m�2) 0 0
Crust density (Mg m�3) 0 0
Crust stability [ln(J kg�1)] 0 0
Allmaras random roughness (mm) 1.0 1.0
Ridge height (mm) 0 0
Ridge spacing (mm) 0 0
Ridge width (mm) 0 0
Ridge orientation (deg) 0 0
Snow depth (mm) 0 0
Hourly surface water content (gg�1 � 100) 0 0

Weather
Wind direction (deg) Table II
Wind speed Fig. 3
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in proximity to our instruments. Stem area index was determined
by measuring the diameter (4 mm), height (112 mm), and popula-
tion of stem elements (1.82 stems m�2). Leaf area index was
assessed by measuring the width and length of 10 representative
leaves and counting the number of leaves on all stems. The height
of residue and growing crop was measured by a ruler.

2.2.2. Surface parameters
The SWEEP requires information about aggregate size distribu-

tion, aggregate stability and density, primary particle size distribu-
tion, and surface roughness characteristics (Table 1). Since aeolian
sand lacks fine particles and microbial activity important in the
formation of aggregates, the soil was largely composed of single
sand grains. Soil samples (about 0.5 kg taken from the upper
10 mm of the profile) at 10 locations in the experimental plot were
placed on trays and transported in cushioned boxes to the labora-
tory for analysis. Samples were air-dried for >48 h prior to analysis.
Aggregate size distribution was determined by sieving samples
using a horizontal sieve shaker (Model, ZBSX 92A, Shanghai
zheTiMachinery Manufacturing Company, China) that oscillated a
stack of nine sieves (10, 5, 2, 0.84, 0.50, 0.25, 0.10, and
0.075 mm) at a frequency of 124 times per minute for 3 min. Soil
primary particle size distribution was determined by agitating
and dispersing the soil with sodium hexametaphosphate prior to
using a Mastersizer laser diffraction instrument (Malvern Instru-
ments, Worcestershire, UK) to measure particle size distribution
(see Table 1).

Aggregate size distribution is used to define transport processes
in SWEEP. The SWEEP defines aggregate size distribution based
upon the aggregate geometric mean diameter (GMD) and standard
deviation (GSD) and maximum and minimum aggregate sizes of
the log-normal distribution. The GMD and GSD were determined
by fitting the measured mass percentage of different aggregate
sizes, obtained using the horizontal sieve apparatus, to a log-
normal function (Gardner, 1956). The GMD and GSD of the aggre-
gate size distribution were respectively 0.254 mm and
2.748 mmmm�1. The horizontal sieve apparatus has an aggressive
sieve action that could potentially cause undesirable aggregate
breakdown compared to a rotary sieve apparatus, which is typi-
cally used to assess aggregate size distribution. Maximum and
minimum aggregate sizes were respectively <0.5 and <0.075 mm
according to the measured aggregate size distribution and
assumed to be 0.4 and 0.05 mm based upon the largest and small-
est primary particle size found using the Mastersizer laser diffrac-
tion instrument. However, the maximum aggregate size was
designated as 1.0 mm as this is the minimum value allowed by
the SWEEP model (Tatarko, 2008). The maximum and minimum
aggregate sizes of 1.0 and 0.05 mm also represent the range in
grain sizes of aeolian sands in the Tarim Basin (Honda and
Shimizu, 1998; Wang et al., 2003). We also simulated wind erosion
using a maximum and minimum aggregate size of respectively
1.54 and 0.01 mm, which are estimates derived by the SWEEP
based upon the GMD and GSD (Tatarko, 2008). Soil particles from
our experimental plot were assumed to be very stable, thus we
used the maximum aggregate density and stability allowed by
the SWEEP model. The GMD and GSD of the soil primary particle
size distribution were respectively 0.230 mm and 2.50 mmmm�1.
Since the GMD and GSD of the aggregate size and primary particle
size distributions were similar, we conclude that little aggregation
existed in the upper 10 mm of the profile.

Soil physical properties were measured at three locations
within the experimental plot. Soil bulk density was determined
by extracting 0.07 m diameter by 0.03 m long samples from the
soil profile and then drying at 105 �C prior to measuring the soil
dry weight (bulk density). No crust was observed on the surface
during our study. Random roughness was measured using a pin-
type profile meter (Allmaras et al., 1966) which was comprised
of a rigid frame and pins that moved vertically through holes in
the frame. The frame was mounted above the soil surface after
which the pins, spaced 25 mm apart across the 1 m frame, were
lowered to the surface. Random roughness was then determined
as the standard deviation among pin heights after correcting for
slope (Currence and Lovely, 1970). The surface had little random
roughness as a consequence of the surface being comprised of sin-
gle sand grains. Although random roughness was <1 mm, we
report a value of 1 mm in Table 1 as this is the minimum value
allowed by the SWEEP model. Soil water content was determined
by extracting 0.07 m by 0.01 m samples from the soil profile and
determining the reduction in weight of samples before and after
drying at 105 �C. Water content varied from 0.0012 to
0.0019 g g�1 during the course of the experiment. Surface water
content can affect wind erosion by influencing the threshold fric-
tion velocity (Tatarko, 2008). Threshold friction velocity increases
with surface water content in SWEEP according to:

UW�t ¼ UB�tþ 0:48
HROwc

HR15wc
ð2Þ

where UW*t is threshold velocity of a wet surface, UB*t is the
threshold velocity of a bare and dry surface, HROwc is surface water
content (g g�1), and HR15wc is surface water content at 1.5 MPa
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(g g�1) (Tatarko, 2010). An increase in threshold friction velocity
occurs only when HROwc

HR15wc
is > 0.2 (Saleh and Fryrear, 1995). Based

upon a measured HR15wc of 0.157 g g�1 and HROwc of
<0.002 g g�1, surface water content did not influence threshold fric-
tion velocity in our study. Sharratt et al. (2013) found that soil water
content will influence threshold friction velocity only when gravi-
metric water content exceeds 6%. Since surface water content had
no influence on threshold friction velocity and thus wind erosion
in our study, soil water content was set to zero (Table 1).

2.3. Weather

An automated meteorological station was established at the
experimental site to measure wind speed and direction, precipita-
tion, solar radiation, and atmospheric temperature and relative
humidity. Anemometers were placed at heights of 0.1, 0.5, 1, and
10 m above the soil surface. Micrometeorological sensors were
monitored every 10 s and data recorded every 15 min by a datalog-
ger (Model 10X, Campbell Scientific Inc., Logan, Utah).

High wind events were defined by threshold wind velocities of
P4 m s�1 at a height of 1 m in our study. This threshold velocity
was determined from the known soil particle size and roughness
of the surface. Bagnold (1941) found that threshold velocity is
related to particle size according to:

u�t ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða� qÞgd

q

s
ð3Þ

where u⁄t is threshold friction velocity (m s�1), A is an empirical
coefficient of turbulence (approximately 0.1), a is particle density
(g m�3), q is air density (g m�3), g is acceleration due to gravity
(m s�2), and d is particle diameter (m). Eq. (3) is valid for particles
>0.1 mm in diameter according to Shao and Lu (2000). Based upon
this equation, the threshold velocity of 0.25 mm diameter soil par-
ticles (mean particle diameter reported in Table 1) was 0.23 m s�1.
Surface aerodynamic roughness influences wind speed within the
inertial sublayer according to the log wind speed profile:

uz ¼ u�
k

ln
z
zo

ð4Þ

where uz is wind speed (m s�1) at height z (m), k is von Karman’s
constant (0.4), and zo is surface aerodynamic roughness (m). For
Table 2
High wind event characteristics and total measured (meas) and simulated (sim) soil loss p
2012 and 2013.

Year Sampling period1 Events2 Hours3 Wind dir4 Wind speed5 EL6

Mean Max

deg m s�1 m

2012 31Mar–11Apr 5 16 161 5.3 8.3 111
20–24Apr 3 7 277 4.9 5.7 381
16–18May 2 8 297 4.8 6.6 315

2013 17–19Apr 2 6 255 5.0 6.4 600
26–30Apr 3 8 155 4.4 5.6 106
1–5May 3 20 63 4.6 6.6 324
6–12May 3 13 124 5.3 7.2 102
13–20May 5 21 245 4.7 7.2 877
20–26May 6 30 140 5.2 6.9 100
28May–2Jun 4 11 207 4.6 5.7 324
3–16Jun 10 31 120 5.5 8.3 104

1 Dates over which eroded soil was collected.
2 Number of high wind events observed during the sampling period. A high wind eve
3 Number of hours during the sampling period for which wind speed exceeded 4 m s
4 Mean wind direction at 1 m height during the high wind events.
5 Mean and maximum (max) wind speed at 1 m height during high wind events.
6 EL is erosion length or distance from the sediment collectors to the non-erodible bo
an observed aerodynamic roughness of about 1 mm during high
winds at our experimental site (Li et al., 2015), a threshold velocity
of about 4 m s�1 was obtained at a height of 1 m.

2.4. Statistical analysis

Paired-samples t-test, regression analysis, model performance
index of agreement (d), modeling efficiency (EF), mean, and root
mean square error (RMSE) were used to compare measured soil
loss and soil loss simulated by the SWEEP. The d is used to appraise
model performance (Willmott, 1981) according to:

d ¼ 1:0�
PN

i¼1ðPi� OiÞ2PN
i¼1ðjPi� �Oj þ jOi� �OjÞ2

ð5Þ

where Pi is the predicted value, Oi is the measured value, N is the
number of comparisons, and �O is the average measured value.

Modeling efficiency (Loague and Green, 1991) and RMSE are
described by:

EF ¼
PN

i¼1ðOi� �OÞ2 �PN
i¼1ðPi� OiÞ2PN

i¼1ðOi� �OÞ2
ð6Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼0ðPi� OiÞ2
N

s
ð7Þ

Ma et al. (2011) suggested that model performance is accept-
able when d > 0.7. Modeling efficiency has a maximum value of
1.0 with EF values >0.7 indicating good agreement between mea-
sured and simulated soil loss. Lower RMSE values indicate better
agreement between measured and simulated soil loss. The
paired-Samples t-test was used to compare the difference between
the measured and predicted soil loss. A probability level (P) of
<0.05 indicated significant differences (McDonald, 2008) between
the measured and simulated soil loss.

3. Result and discussion

Soil loss was assessed for 11 sampling periods over two years
(Table 2). The highest wind speeds at our study site were recorded
from 31 March to 11 April 2012 with maximum wind speeds of
artitioned by creep plus saltation, and suspension in the desert–oasis ecotone during

Total soil
loss

Creep plus
saltation

Suspension Sim maximum u⁄ Sim u⁄t

Meas Sim Meas Sim Meas Sim

g m�2 g m�2 g m�2 m s�1

2272 862 488 796 1784 66 0.44 0.28
99 15 18 13 81 2 0.30 0.28
597 173 108 157 489 16 0.35 0.28

26 16 7 14 19 2 0.34 0.28
161 5 50 4 111 1 0.29 0.28
216 151 58 139 158 12 0.35 0.28
448 226 80 106 368 120 0.38 0.28
23 10 4 9 19 1 0.38 0.28
387 129 90 113 297 16 0.36 0.28
46 84 10 74 35 10 0.30 0.28
908 854 129 778 779 76 0.44 0.28

nt was defined by wind speeds that exceeded 4 m s�1 at a height of 1 m.
�1 at a height of 1 m.

undary in the direction of the prevailing wind.
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8.29 m s�1 and winds in excess of 4 m s�1 at a height of 1 m for
16 h (Fig. 3). Information on wind speed during each sampling per-
iod including total hours of winds in excess of 4 m s�1, mean wind
direction and speed, and maximum wind speed is presented in
Table 2.

3.1. Measured creep, saltation and suspension

Based upon data collected during the 11 sampling periods, soil
loss ranged from 23 to 2272 g m�2 (Table 2). Soil loss was greatest
during the 31 March–11 April 2012 sample period. Although max-
imum wind speed was similar for the 31 March–11 April 2012 and
3–16 June 2013 periods, the duration of winds in excess of 4 m s�1

for the 31 March–11 April 2012 sample period was half of the 3–16
June 2013 sample period. Winds in excess of 4 m s�1 were sus-
tained for 16 h during the 31 March–11 April 2012 sampling period
Fig. 3. Wind speed at a height of 1 m during high wind events in 2012 and 2013. For
convenience, wind speed is portrayed as 15 min averages.
and 31 h for the 3–16 June 2013 period. However, the duration of
winds in excess of 6 m s�1 for the 31 March–11 April 2012 sample
period was more than the 3–16 June 2013 sample period. Winds in
excess of 6 m s�1 were sustained for 13 h during the 31 March–11
April 2012 sampling period and 9 h for the 3–16 June 2013 period.
Differences in wind direction (wind direction was 161� for the 31
March–11 April 2012 sample period and 120� for the 3–16 June
2013 sample period) and thus exposure of the sediment collectors
to obstructions in airflow caused by shrub-coppice dunes and veg-
etation may have also influenced soil transport during these two
sampling periods.

Winds at the experimental plot were not always from the NW
or SE during high wind events (Table 2). Thus, the distance from
the sediment collectors to the windward zero soil flux or non-
erodible plot boundary will vary among high wind events due to
differences in wind direction. The distance between the collectors
and non-erodible boundary was respectively 300 and 100 m under
prevailing NW and SE winds (Fig. 2); this distance was greater for
more westerly or easterly winds (Table 2). The SWEEP model
assumes a rectangular plot as shown in Fig. 2. The width of the plot
was specified such that a non-erodible boundary was maintained
along the NW and SE boundaries of the rectangular plot under
more westerly or easterly winds. These non-erodible boundaries
and specification of a rectangular plot allowed comparison of mea-
sured and simulated soil loss from the non-erodible boundary to
the sediment collectors. Soil loss reported in Table 2 is based upon
the distance between the collectors and non-erodible boundary in
the direction of the prevailing wind. The width of the experimental
plot used in SWEEP was therefore specified to maintain a non-
erodible boundary at the windward border of the plot during a
high wind event. The maximum width of the experimental plot
to maintain a non-erodible boundary was 900 m; this plot width
was required to determine measured and simulated soil loss for
the 13–20 May 2013 high wind event. The landscape within the
plot did not vary with the width of the plot since there was no vari-
ation in surface characteristics between the road and transverse
dunes at the ecotone site.

Eq. (1) indicates that the amount of sediment in transport dur-
ing high wind events varies as a power function of height above the
surface. The variation in sediment captured within 2 m of the erod-
ing surface during the 11 sampling periods at our experimental
plot is illustrated in Fig. 4. The results indicate a good relationship
between height and horizontal mass flux (R2 P 0.9). Little sedi-
ment (3–82 g m�1) was captured by the BSNE collectors at a height
of 2 m in the plot while much of the sediment (11,234–
201,161 g m�1) in transport was captured within 0.025 m of the
surface by the creep collectors (Fig. 4).

Soil loss by creep was 0 g m�2 across the 11 sample periods. Soil
loss by creep represents the loss of creep-size particles (>0.84 mm)
and not loss associated with sediment of varying sizes trapped by
the creep collector as portrayed in Fig. 4. The size distribution of
sediment trapped by the creep collector is tabulated in Table 3.
The sediment trapped by the creep collector was largely composed
(76.1%) of particles having a diameter of <0.1 mm whereas no sed-
iment trapped by the creep collector had a diameter >0.84 mm.

Soil loss by either saltation or suspension exceeded loss by
creep. Soil loss by saltation or suspension represents the loss of
saltation-size (0.84–0.1 mm) or suspension-size (<0.1 mm) parti-
cles and not loss associated with sediment of varying sizes trapped
by the BSNE collectors as portrayed in Fig. 4. Soil loss by saltation
ranged from 4 to 488 g m�2 whereas soil loss by suspension ranged
from 19 to 1784 g m�2 across the 11 sampling periods (Table 2).
Saltation constituted 21.6% of the total soil loss, with saltation
ranging from 14.2% to 31.1% of the soil loss across all sampling
periods. Similarly, suspension constituted 78.4% of the total soil
loss, with suspension ranging from 68.9% to 85.8% of the soil loss



Fig. 4. Horizontal mass flux as a function of height above the eroding surface during 11 high wind events. Sediment was trapped by BSNE collectors positioned at six heights
(0.025–2 m) and creep collectors (identified by arrows) positioned at 0–0.025 m.

Table 3
Size distribution of soil trapped by creep collector during 11 sampling periods in 2012
and 2013.

Year Sampling
period1

Mass fraction2

>0.84 mm
0.1–0.84 mm <0.1 mm

2012 31Mar–11Apr 0 0.219 0.781
20–24Apr 0 0.201 0.799
16–18May 0 0.219 0.781

2013 17–19Apr 0 0.255 0.744
26–30Apr 0 0.335 0.666
1–5 May 0 0.291 0.709
6–12May 0 0.222 0.779
13–20May 0 0.207 0.792
20–26May 0 0.252 0.749
28May–2Jun 0 0.253 0.747
3–16Jun 0 0.172 0.829

Average 0 0.239 0.761

1 Dates when collectors were installed and retrieved from the experimental site.
2 Mass fraction is weight of soil within the specified size range divided by total

weight of soil trapped by creep collector.
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across all sampling periods. Saltation and suspension flux consti-
tuted respectively 4.1% and 95.9% of the soil flux measured 0.1 to
2 m above the surface based upon the size distribution of sediment
trapped in the BSNE collectors for all 11 sample periods (Table 4).
No particles with a diameter >0.84 mm were trapped by the BSNE
collectors for all 11 sample periods.

The size distribution of sediment trapped by BSNE collectors
changed with height (Table 4). Indeed, the proportion of soil flux
moving in saltation decreased with height while that moving in
suspension increased with height. The proportion of soil flux mov-
ing in saltation was 9.4% at a height of 0.1 m, 5.8% at a height of
0.2 m, 4.5% at a height of 0.5 m, 2.7% at a height of 1 m, and 1.9%
at a height of 2 m. In contrast, the proportion of soil flux moving
in suspension constituted 90.6% at a height of 0.1 m, 94.2% at a
height of 0.2 m, 95.5% at a height of 0.5 m, 97.3% at a height of
1 m, and 98.1% at a height of 2 m. Based upon sediment trapped
by creep and BSNE collectors, the relationship between the propor-
tion of soil flux moving in saltation and height was defined as:

y ¼ 2:73x�0:564 ð8Þ
where y is proportion of soil flux moving in saltation and x is height
(m). According to this relationship, 85% and 90% of the decrease in
soil flux moving in saltation from a height of 0.025 to 2 m occurred
respectively at a height of 0.3 and 0.5 m. This range in height of
saltation is in agreement with data of Dong and Qian (2007) who
reported a saltation height of 0.36 m for sands in the Tengger Desert
of China.

3.2. Simulating soil loss using SWEEP

The simulated total soil loss as well as loss associated with
creep plus saltation and suspension for the 11 sampling periods
is tabulated in Table 2. There was good agreement between the
measured and simulated total soil loss as indicated by a high value
for d of 0.76 (Table 5). The adequate agreement of the SWEEP in
simulating total soil loss was due in part to the good performance
of the model in simulating creep plus saltation. Indeed, adequate
performance of SWEEP in simulating creep plus saltation was sup-
ported by a high value for d as 0.71. Regression analysis (Y = 1.86X
+ 0, R2 = 0.63) and difference of mean (105.6 g m�2) indicated,
however, some tendency for SWEEP to overestimate the measured
creep plus saltation. No significant differences were evident



Table 4
Size distribution of sand trapped by BSNE collectors during 11 sampling periods in 2012 and 2013.

Year Sampling period1 Particle size range (mm) Mass fraction at height2

0.1 m 0.2 m 0.5 m 1 m 1.5 m 2 m

2012 31Mar–11Apr >0.84 0 0 0 0 0 0
0.1–0.84 0.082 0.049 0.035 0.027 0.014 0.015
<0.1 0.918 0.951 0.965 0.973 0.986 0.985

20–24Apr >0.84 0 0 0 0 0 0
0.1–0.84 0.073 0.040 0.036 0.026 0.012 0.012
<0.1 0.927 0.960 0.964 0.974 0.988 0.988

16–18May >0.84 0 0 0 0 0 0
0.1–0.84 0.091 0.059 0.034 0.028 0.016 0.017
<0.1 0.909 0.941 0.966 0.972 0.984 0.983

2013 17–19Apr >0.84 0 0 0 0 0 0
0.1–0.84 0.039 0.014 0.009 0.005 0.000 0.000
<0.1 0.961 0.986 0.991 0.995 1.000 1.000

26–30Apr >0.84 0 0 0 0 0 0
0.1–0.84 0.055 0.029 0.079 0.041 0.015 0.017
<0.1 0.945 0.971 0.921 0.959 0.985 0.983

1–5May >0.84 0 0 0 0 0 0
0.1–0.84 0.143 0.047 0.052 0.049 0.030 0.033
<0.1 0.857 0.953 0.948 0.951 0.970 0.968

6–12May >0.84 0 0 0 0 0 0
0.1–0.84 0.035 0.017 0.023 0.014 0.011 0.042
<0.1 0.965 0.983 0.977 0.986 0.989 0.958

13–20May >0.84 0 0 0 0 0 0
0.1–0.84 0.150 0.169 0.026 0.039 0.010 0.012
<0.1 0.850 0.831 0.974 0.961 0.990 0.988

20–26May >0.84 0 0 0 0 0 0
0.1–0.84 0.021 0.012 0.010 0.013 0.012 0.014
<0.1 0.979 0.988 0.990 0.987 0.988 0.986

28May–2Jun >0.84 0 0 0 0 0 0
0.1–0.84 0.251 0.081 0.060 0.046 0.028 0.040
<0.1 0.749 0.920 0.940 0.954 0.972 0.960

3–16Jun >0.84 0 0 0 0 0 0
0.1–0.84 0.094 0.119 0.136 0.004 0.004 0.003
<0.1 0.906 0.882 0.864 0.996 0.996 0.997

1 Dates when collectors were installed and retrieved from the experimental site.
2 BSNE collectors were positioned 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 m above the surface. Mass fraction is weight of soil within the specified size range divided by total weight of

soil trapped by BSNE collector.

Table 5
Statistical comparisons of measured and simulated total soil loss; creep plus saltation, and suspension transport.

Statistic Total soil loss (g m�2) Creep transport (g m�2) Saltation transport (g m�2) Suspension transport (g m�2) Creep plus saltation
transport (g m�2)

Paired-samples t-test 0.079 0.048 0.115 0.045 0.114
R2 (intercept–0) 0.76 – 0.64 0.31 0.64
R2 (intercept = 0) 0. 76 – 0.63 0.23 0.63
RMSE (g m�2) 459.2 18.2 219.5 591.6 220.2
Difference of mean1 (g m�2) �241.6 �0.4 105.2 �347.3 105.6
Index of agreement (d) 0.76 0 0.71 0.43 0.71
Modeling efficiency (EF) 0.47 – �1.81 �0.41 �1.83

1 Difference of mean is simulated minus measured value.
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between the measured and simulated total soil loss and creep plus
saltation based upon the Paired-samples t-test.

The SWEEP model inadequately simulated suspension based
upon a low d (0.43). Regression analysis (Y = 0.06X + 0, R2 = 0.23)
and negative difference of mean (�347.3 g m�2) suggested that
SWEEP underestimated the measured suspension by 94%. The per-
formance of the SWEEP in simulating total soil loss, however, may
not have been influenced by the underestimation of suspension
because suspension constituted only 13% of the simulated soil loss
(Table 2).

Sources of creep and saltation in the SWEEP include surface
abrasion of aggregates and direct emission of creep-size and
saltation-size particles. We assume, however, that the contribution
of abrasion to creep and saltation is minimal in this study due to
little aggregation of the aeolian sand. Thus, direct emission of
creep-size and saltation-size particles is the primary source of
creep and saltation. Adequate simulation of creep plus saltation
therefore implies good performance in simulating direct emission
of creep-size and saltation-size particles. Sources of suspension
in the SWEEP include direct emission of suspension-size particles,
surface abrasion of aggregates, and breakdown of creep-size and
saltation-size particles. The contribution of the breakdown of
creep-size and saltation-size particles to suspension is likely small
due to the high stability of aggregates and sand particles (Table 1).
Thus, emission of suspension-size particles may be the primary
source for suspension. Suspension constituted 79.8% of the
measured soil loss, but only comprised 24.7% of the soil (Table 1).
This suggests underestimation of suspension may be due to
underestimation of the direct emission of suspension-size
particles.
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Simulation of soil loss by creep plus saltation and suspension as
recorded in Table 2 was based on the average wind direction dur-
ing a sample period. In addition, computation of measured soil loss
was also dependent on the average wind direction during the sam-
ple period since sediment was collected by integrated, non-
recording collectors during multiple high wind events. Simulated
soil loss, however, may be influenced by wind direction during sep-
arate high wind events within a sample period. Therefore, we sim-
ulated soil loss and loss associated with creep plus saltation and
suspension based upon wind direction for separate high wind
events occurring within a sample period. Similar statistical results
were obtained when using the average wind direction or wind
direction for separate events during a sampling period. For exam-
ple, the difference of mean was �261 g m�2, d was 0.70, EF was
0.36, and RMSE was 501 g m�2 when simulating soil loss using
wind direction for separate high wind events within a sample per-
iod. Likewise, the difference of mean was 88 g m�2, d was 0.71, EF
were �1.33, and RMSE was 200 g m�2 when simulating creep plus
saltation using wind direction for separate high wind events.
Lastly, the difference of mean was �349 g m�2, d was 0.42, EF
was �0.42, and RMSE was 596 g m�2 when simulating suspension
using wind direction for separate high wind events within a sam-
ple period.

The performance of the SWEEP was further assessed using
alternate values for maximum and minimum aggregate size. Based
upon values estimated by the SWEEP (maximum and minimum
aggregate size was 1.54 and 0.01 mm), simulated soil loss
increased for all erosion events as compared to soil loss reported
in Table 2. The simulated soil loss increased by 12% for the 26–
30 April 2013 erosion event to 25% for the 20–24 April 2012 ero-
sion event. The increase in simulated soil loss was due to an
increase in suspension and not creep plus saltation. While simu-
lated loss due to suspension increased by 32% to 200%, simulated
loss due to creep plus saltation decreased by 1% to 13% across all
erosion events. The increase in simulated suspension resulted in
part from emission of smaller particles associated with the
decrease in the minimum aggregate size from 0.05 to 0.01 mm.
Model performance in simulating soil loss appeared to improve
using estimates of maximum and minimum aggregate size as d
was 0.81, EF was 0.55, RMSE was 422 g m�2, and difference of
mean was �205 g m�2. Performance in simulating creep plus
Fig. 5. Aggregate and primary particle size distributions for the Aeolian sand at the e
respectively a horizontal sieve apparatus and Mastersizer laser diffraction instrument.
saltation and suspension also improved using estimates of maxi-
mum and minimum aggregate size. For example, model perfor-
mance statistics for creep plus saltation included d of 0.72, EF of
�1.6, RMSE of 213 g m�2, and difference of mean of 101 g m�2.
For suspension, d was 0.47, EF was �0.2, RMSE was 537 g m�2,
and difference of mean was �306 g m�2.
3.3. Simulating potential creep and saltation using SWEEP

Creep and saltation are simulated as a single component in
SWEEP because these processes have a limited transport capacity
that depends upon friction velocity and surface roughness
(Tatarko, 2008). Since SWEEP does not separate creep and saltation
and has not been modified to provide such information, we
attempted separating these components according to aggregate
size. The SWEEP estimates soil loss based upon the aggregate size
distribution of the soil, which can be used to estimate the potential
fraction of simulated creep, saltation and suspension. The SWEEP
uses the GMD and GSD of the aggregate size distribution to deter-
mine aggregate sizes <0.01, <0.1, 0.1–0.84, and >0.84 mm in diam-
eter. Based upon a GMD and GSD of respectively 0.254 mm and
2.748 mmmm�1, the simulated percentage of creep, saltation
and suspension in the aeolian sand were respectively 6.0%, 93.8%,
and 0.2%. These simulated percentages were used to separate the
simulated creep plus saltation. Similarly, the measured aggregate
size distribution of the aeolian sand (Fig. 5) was used to separate
the simulated creep plus saltation. The measured percentages of
creep, saltation and suspension were respectively 0%, 83.3%, and
16.7%. Based on the above two methods to separate the simulated
creep plus saltation, the SWEEP model appeared to adequately
simulate saltation based upon a high d (0.71) using both the mea-
sured and simulated mass percentages of creep, saltation, and sus-
pension. The SWEEP model also adequately simulated creep when
using the measured mass percentages of creep and saltation. Since
the measured percentage of creep was 0%, the SWEEP simulated no
creep. This is in contrast to the SWEEP poorly simulating creep
when using the simulated mass percentages of creep and saltation.
For example, although no creep was measured during any erosion
event, simulated creep ranged from 0.01 g m�2 for the 26–30 April
2013 event to 1.69 g m�2 for the 31 March–11 April 2012 event.
xperimental site. Aggregate and particle size distributions were determined using
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4. Conclusion

The ability of SWEEP to simulate creep, saltation, and suspen-
sion was tested in a desert–oasis ecotone within the Tarim Basin.
The SWEEP adequately simulated total soil loss and loss due to
creep plus saltation. However, the model appeared to underesti-
mate loss due to suspension. Total soil loss was not influenced
by underestimation of suspension because of the relatively small
proportion (13%) of suspension in simulated total sediment loss.
Creep and saltation are simulated as a single transport component
in SWEEP because these processes have limited transport capacity.
Aggregate size distribution of the aeolian sand was used, however,
to separate creep and saltation. The SWEEP simulated creep and
saltation adequately, but only when the measured aggregate size
distribution was used to ascertain the percentage of creep-size
and saltation-size particles.
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