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Abstract The measurement of wind erosion is not only important to understand wind
erosion itself, but also an important scientific step in efforts to reverse the process of
desertification. This study develops a model that predicts sand transport flux at pixel level
based on the quantitative relationship between remotely sensed vegetation coverage and
observed sand transport rate data. The data were collected from field surveys in the sandy
area of Yuyang County, which is located in the Mu Us Desert. The study found that the
sand transport flux was 9,643 kilograms per meter annually (kg?f1 m~") for a mobile
dune, 6,394 kga_1 m~! for a semi-mobile dune, 2,634.5 kga_1 m~! for bare cultivated
land, and 127.7 kga™' m™' for a semi-fixed dune. Using the sand flux derived by our
model, the wind erosion modulus in the Yuyang sandy area was found to be 1,673.18 tons
per square kilometer annually [ta~' (km?)~'] in 1986, 1,568.10 in 1996, and 1,685.04 in
2005. Mean vegetation coverage in the sandy area of Yuyang in 1986, 1996, and 2005 was
42.39, 48.07, and 48.03 %, respectively, indicating that overall, vegetation coverage
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increased in the region, while decreasing in some areas, and that the vegetation coverage
incensement failed to reduce the quantity of regional wind erosion. This sand flux retrieval
method has the potential for successful application in other, similar areas.

Keywords Wind erosion - Quantitative retrieval model - Field survey - Remote sensing -
Mu Us Desert

1 Introduction

Drylands cover about 41 % of Earth’s land surface (Kassas 1995; GLP 2005; MEA 2005;
Reynolds et al. 2007), and these territories are prone to desertification (Kassas 1995). It has
been estimated that about 25 % of dryland areas around the world are affected by
desertification (D’Odorico et al. 2013). Reduced vegetation cover and increased wind
energy usually exacerbate sand transport (Wang and Zhu 2001; Wang et al. 2005a, b, 2006;
D’Odorico et al. 2013). Soil erosion caused by wind is considered to be the primary cause
of desertification in these regions (Chen et al. 1994; Dong et al. 2000; Wang et al. 2008).
The scale of soil erosion has thus created an urgent need for effective estimations of wind
erosion in drylands as a step in easing the trend of desertification. The quantitative mea-
surement of wind erosion is in this way central to both the scientific study of wind erosion
(Toy et al. 2002; Stroosnijder 2005) and the formulation of a wind erosion control plan to
address desertification globally.

While remote sensing data are particularly suitable for observing different scales of
wind erosion, we also needed to overcome the gaps in directly quantifying wind erosion
from the remote sensing data. Ackerman (1997) suggested that MODIS images are useful
for detecting and tackling dust storm events. Zheng et al. (2001), Yan et al. (2002), and
Xiong et al. (2002) studied the properties of dust storms in China and East Asia and found
that remote sensing data can be applied not only to monitor the dust source and transport
route, but also to extract dust quantity. Prospero et al. (2002) examined the distribution of
dust sources globally using the NIMBUS 7 Total Ozone Mapping Spectrometer (TOMS)
aerosol index over a 13-year period (1980-1992), identifying the world’s largest and most
persistent dust sources. Gabor and Jozsef (1998) measured the eroded and the accumulated
quantity of sand on a weekly basis using 1-m stakes beside a 50-m by 100-m parcel, and
identifying territories endangered by wind erosion using the vegetation greenness index
and the soil wetness index. With the support of remote sensing and GIS, Zhang et al.
(2002) constructed a wind erosion dynamic index using wind speed, soil dryness, NDVI,
soil texture, and the slope of the land surface as input factors to reflect the capacity for soil
erosion by wind in China. More recently, remote sensing has been used successfully in
wind erosion risk mapping (Reiche et al. 2012) and oil erosion simulation (Wang et al.
2014). But these studies did not develop methods for estimating annual sand transport flux.
The ability to predict regional wind erosion at pixel level has yet to be achieved. One
reason is that the studies have not collected data through field observations to link with
remotely sensed data and generate the sand transport flux. There is, however, a method that
can combine wind erosion ground measurements with inexpensive and intensively sampled
remotely sensed data in order to map net soil transport flux over very large areas.

In order to take advantage of remote sensing and field survey data to predict regional soil
wind erosion, Chappell (1998) mapped the '*’Cs-derived net soil flux using the co-kriging
method in southwest Niger, with the support of SPOT data. However, the correlation
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between the SPOT bands and net soil flux was so poor that a linear regression model could
not be established. Liu (1999) established different formulas for wind velocity and the
transport rate of sand drift on different types of land surfaces, based on field observations of
wind erosion and the interpretation of TM images. His study focused primarily on dunes and
bare lands, however, and did not take farmland into account. Although the method proposed
by Chappell (1998) and Liu (1999) did not have the ability to derive sand flux from remote
sensing data, their work does provide a strong basis for further investigating the combi-
nation of ground measurements with inexpensive, intensively sampled and remotely sensed
data to map net soil flux over very large areas. We therefore hypothesized that remote
sensing data would be helpful in determining long-term wind erosion on a regional scale.

The primary goal of this paper was to develop a quantitative retrieval model of sand
transport rate on aregional scale, based on ground measurements and remote sensing data. To
do this, we first identified the scientific hypotheses and data processing necessary to construct
the model and then selected the sandy area of Yuyang County in the Mu Us Desert in China as
acase study in which to evaluate it. Results are discussed and compared with previous studies.

2 Data and methods
2.1 Study area and remote sensing data

In China, drylands cover an area of more than 1.6 million km?> (Zhu et al. 1980; Zhu and
Chen 1994; Wang et al. 2006, 2008). Yuyang County, located in the Mu Us Desert in
central-northern China (38°N-39°N and 108°E-110°E, see Fig. 1), is in a semiarid and
continental climate zone. This area is characterized by dry and windy weather during
spring, which can cause severe wind erosion and frequent dust storm events that occur at a
rate of 8-13 days per year (Wang et al. 2005b).

The remote sensing data used in this study came from thematic mapper (TM) images
with a spatial resolution of 30 m. Three periods (June to August) of TM images in 1986,
1996, and 2005 were selected to represent vegetation coverage during the 1980s, 1990s,
and 2000s, respectively. We used the TM images to retrieve the normalized deviation
vegetation index (NDVI), which is linked to changes in vegetation coverage. A geometric
correction was performed using the ground control points obtained using Mobile Mapper
GPS, which provides a position accuracy of less than 1 m or less than half a pixel. All the
corrected images were registered to the Universal Transverse Mercator (UTM) projection
with a WGS84-coordinate system.

2.2 Soil wind erosion measurement

According to Stroosnijder (2005), erosion measurements should not be replaced with the
application of erosion prediction technology. But a paucity of reliable empirical data has
rendered erosion measurements nearly unavailable. Field soil wind erosion measurements
are important in this study because they are the basis for our experimental wind erosion
prediction model. The field experiments included measurements of the sand transport rate
(¢), wind speed and direction (2 m AGL, U,), and vegetation coverage (see Sect. 2.3).
Our field observations revealed that for a moving dune and exposed farmland, sand flow
occurs once wind speed reaches 4 m x s~ ' at 2 m height. The threshold wind velocity for
semi-fixed sand dunes was 6 m/s, due to the increase in vegetation cover, while it was
10 m x s~ for fixed dunes. Many studies have shown that wind erosion does not always
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Fig. 1 Location of Yuyang County and the distribution of field sample plots

occur when the vegetation coverage is over 60 % (Dong et al. 1996; Huang et al. 2001). To
account for this, the wind erosion field survey sample plots were primarily established on five
land surfaces: barren arable land, high vegetation coverage grassland (usually fixed sand
dunes), middle vegetation coverage grassland (semi-fixed sand dunes), low vegetation
coverage grassland (semi-mobile sand dunes), and mobile dunes. The g and U, were con-
tinuously observed for the following five types of land cover: bare farmland, fixed sand dunes
(A1), semi-fixed sand dunes (A2), semi-mobile sand dunes (A3), and mobile sand dunes (A4).
Changhanjie village, which is located in the heart of the Yuyan sandy area, was selected as the
observation site through field survey and TM image interpretation. The aeolian landforms and
land-use types are typical of the area. Three repetitions (three sample plots) for each land
surface type were set up. The observations started in March and lasted until June in both 2006
and 2007. In addition, daily wind speed and direction data (10 m AGL, U, ) were acquired for
every 6-h period from 1951 to 2003 from the Yulin meteorological station.

The method and equipment used are described by Zobeck et al. (2003). With respect to
the ¢ measurement, an anemometer was set at a height of 2 m for recording the mean wind
speed at 1-min interval. Four fixed, vertical sand collectors, which were 60 cm high, were
set up at the center of each of the sample plots and were placed above ground level, in the
hatch face sand flow direction. In addition, wind erosion samples were collected only when
the wind speed continuously exceeded the threshold wind velocity. The time of collection
was always 5-10 min, according to the sand flow intensity.

Based on Wu (1987), the sand transport rate g for any of the underlying surface for

single wind erosion observation can be calculated using Eq. (1),
s

q= (1)
where s is the weight of sand samples, w is the width of the sand entrance in the vertical
sand collectors, and ¢ is the observation time.

On the other hand, as a result of wind blown on soil, ¢ also can be seen as a function of
wind speed. So, if adequate ¢ and corresponding wind speed data are collected, a
regression analysis between g and the corresponding wind speed (U,) can lead to an
empirical formula with the general form of:

wxt’
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qi :f(U2)7 (2)

where ¢; is the sand transport rate of a certain underlying surface at a certain wind speed
(U,). For the purpose of using wind speed data provided by the meteorological station
(U10), we used the formula U, = 0.77 U, (Liu 1999) to convert the wind speed. There-
fore, the function between ¢ and Uy is

q: = f(0.77U10), (3)

where ¢; is the sand transport rate of a certain underlying surface at a certain wind speed
(U10), and U,y is the self-recording wind speed at a weather station with a height of 10 m.
There are many theoretical and empirical formulas for calculating the sand transport rate
(Bagnold 1941; Kuhlman 1958; Owen 1964), but, as discussed below, we found that a new
empirical equation was required to fit our data.

Wu (1987) defined sand discharge (Q) as the amount of sand transport for a certain wind
direction through a unit width on the land, mean sand transport flux (mean Q) as the sum-
mation of Q for all of the wind directions. We can calculate Q; according to following
formula:

Qi = qu X Ti7 (4)

where Q; is the Q of any underlying surface at a certain wind direction when the wind
speed exceeds the threshold, g; is the sand transport rate at a certain wind speed with a
certain underlying surface, 7; is the duration for a different threshold wind velocity and
data that we can obtain from the weather station. Finally, we can calculate mean Q,

Mean Q = Z(Q,- X sin 6), (5)

where 6 is the wind angle.
2.3 Measurement of vegetation coverage

Vegetation coverage was measured for two reasons: (1) to establish a relationship between
g and observational vegetation coverage and (2) to establish a link between observational
vegetation coverage and NDVI from TM imagery. The vegetation coverage was observed
across the sandy area of Yuyang County on nearly 180 sample plots (Fig. 1).

The field-surveyed vegetation coverage could be measured by using high-precision and
high-efficiency digital photography (Ackerman 1997; Zhou et al. 1998; Stroosnijder 2005;
Chen et al. 2006). For this study, we used a Pentax A20 digital camera as the observing
instrument and fixed it at 3 m above the surface. By using differential GPS, we could
perform ground photography and GPS positioning simultaneously to ensure the accuracy
of the location of the measurements and the shape of the area sampled. At the same time,
the size of each sample plot was set to 30 m x 30 m, which is the same as the pixel size of
the TM image. In each quadrant, at intervals of 15 m along the edge of the sample plot and
at the diagonal intersection points, we set a measurement point, for a total of nine mea-
surement points. Each point was measured by photographs taken from four vertical
directions, so each sample had a total of 36 digital photographs (see Fig. 2).

The following process was used to obtain sample area vegetation coverage through digital
photographs (Xie et al. 2008): first, the true-color photograph was transferred to a two-valued
photograph to distinguish the vegetation and non-vegetation areas; second, the vegetation
coverage for each single photograph was calculated through the recursive search algorithm

@ Springer



1502 Nat Hazards (2015) 76:1497-1514

and then via the arithmetic average to obtain the vegetation coverage for every measurement
point and sample plot. After the removal of overlapping regions, the observation area was
11.91 m? for each photograph when the camera was at 3 m height with focal length at
7.9 mm, and the average observation area for each measurement point was 24-26 m?, so the
observation area of nine measurement points accounted for 26.11 % of the sample area.

Usually, vegetation coverage over a large area can be calculated by constructing an
empirical model based on a regression of field-surveyed vegetation coverage and the cor-
responding vegetation index. NDVI, which detects a wide range of vegetation and has good
adaptability in terms of phase and space, is the most widely adopted vegetation index. NDVI
can be affected by many factors, however, such as soil, moisture, and canopy structure. But,
because the vegetation in the Yuyang sandy area is relatively simple with low biomass, its
distribution is relatively concentrated, so the boundary of vegetation and bare sand is clear,
and NDVI is able to reflect the area’s distribution and vegetation coverage. At the same
time, vegetation in this area is mostly semi-shrub grass, so coverage can be measured
accurately using a digital camera suspended at 3 m. Hence, it is reliable to estimate regional
vegetation coverage by constructing an empirical model from a regression of field-surveyed
vegetation coverage and corresponding NDVI, as represented by Eq. 6:

NDVI — (PNIR = PR) (6)
(PNiR + PR)

In the equation, pnir represents the near-infrared reflectivity, and pg represents the red-
band reflectivity.

The key process for constructing an empirical model is to then construct a spatial link
between the NDVI pixel values and the corresponding field-observed vegetation coverage.
Although the sample plot was set to the same size as the TM pixel, the two did not
completely overlap in space. For this reason, they could not be overlaid exactly to match
the values of NDVI and the corresponding observed vegetation coverage. We did not adopt
sample plot polygons, but did adopt the sample points to overlay with NDVI pixels,
allowing us to count out the number of observation points that fall within each pixel. A
database was then constructed by matching average vegetation coverage estimated from all
the observation points within each pixel and the corresponding NDVI, respectively. Based
on the database, we completed a polynomial regression using the least squares method and
established the vegetation coverage calculation model. This model uses a cubic polynomial
function, and its equation is as follows:

VC = a + bNDVI + ¢NDVI? + dNDVI’® (7)

In this function, NDVI is calculated by Eq. 6, and a, b, c, d are fitting coefficients.

Because the model was established from field survey data and NDVI, it had no ability to
relate to historical remote sensing data by inversion, but the same remote sensing data
obtained under similar atmospheric and ground conditions were comparable, and the veg-
etation index obtained through the same model was also comparable. We could therefore
use the current inversion results as a reference image according to the vegetation index
correlation analysis. Between the reference images and the historical images, the vegetation
coverage in the historical images could be obtained. As introduced by Zeng (2004), the
specific approach was to use three representations of special features in images from any
period: clear and deep water bodies, the densest vegetation, and dry, bare land. The veg-
etation index Vil could then be calculated. In the reference image, the corresponding three
representative features could also be found, and their vegetation index Vi could be
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Fig. 2 a Measurement points in the plot and b spatial distribution of some measured points

calculated by a regression. In this way, we established a quantitative relationship between
Vi and Vil. This relationship was linear: Vi = a + bVil. Thus, the formula Vc = { (Vil)
was obtained. This method was not only able to estimate the vegetation coverage in any
historical period in the study area, but could also apply the vegetation coverage to any pixel.

2.4 Soil wind erosion retrieval method

In the process of obtaining mean Q in the Yuyang sandy area, we arrived at two hypotheses:
(1) during spring and early summer, vegetation coverage has an important influence on the
wind erosion process in the Yuyang sandy area compared to other factors. We used changes
in vegetation coverage to estimate the amount of wind erosion in different land-cover types,
although other factors (such as soil wetness, wind speed, and soil texture) could influence
the wind erosion process; (2) during recent decades (i.e., from the 1980s to 2000s), the U
was similar to that in 2006 and 2007 on a local scale, and vegetation coverage factors not
related to wind conditions were important in controlling the wind erosion process. The mean
Q for different types of land cover was therefore considered unchanged, as was the case in
2006 and 2007, so that the average wind speed from 1951 to 2003 was chosen to calculate
mean Q, other than the wind speeds in individual years.

The Q on the pixel scale in the Yuyang sandy area during recent decades was computed in
several steps. (1) The empirical relationship of vegetation coverage with NDVI was con-
structed through nonlinear fitting between the observational vegetation coverage of the
sample plots in 2006 and 2007 and their corresponding NDVI, retrieved by the TM images in
2005 (see Fig. 3a). Using this relationship and the linear linkage between NDVI in 2005 and
in 1986 and 1996, the vegetation coverage of Yuyang on the pixel scale in 1986 and 1996
could be obtained through the NDVIin 1986 and 1996. (2) We calculated the average Q for a
year for different types of land cover. During this process, the Q was computed on the basis of
observations of g and U,. The U, was transferred from Uy. Mean Q was then transferred from
0. (3) With respect to the mean Q and the mean vegetation coverage on different types of land
cover, the relationship between mean Q and vegetation coverage was developed (see Fig. 3b).
(4) According to this relationship, the mean Q in the sandy area of Yuyang on the pixel scale
during recent decades could be estimated by inputting the vegetation coverage for 1986,
1996, and 2005, transferred from the TM images following procedure (2) (see Fig. 3c).
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Fig. 3 Framework of the retrieval model for wind erosion on the regional scale

The quantitative relationship between vegetation coverage and mean Q has been the
subject of much research and debate in sand kinetics. Measurements indicate that from the
fixed dune, semi-fixed dune, and semi-mobile dune to the mobile dune on the surface, the
fixed extent declines with each lower level. The sand transport rate increased roughly 1-2
orders of magnitude under the same wind conditions (Liu 1999). Other studies, through
wind tunnel experiments and field observation, have demonstrated that the rate of wind-
transported sediment increases exponentially with the reduction of vegetation coverage. In
quantitative models, Buckley (1987) built a relationship model between vegetation cov-
erage and the wind erosion transport rate by using wind tunnel observation data. Wasson
and Nanninga (1986) set up a quadratic exponential relationship model to describe veg-
etation coverage and the wind sediment transport rate using field observation data. Dong
et al. (1996) found that vegetation coverage greater than 60 % produces mild wind erosion
and no wind erosion and that 20-60 % results in moderate wind erosion, while less than
20 % produces strong wind erosion. Huang et al. (2001) drew the following conclusions: to
ensure that wind erosion transport does not happen in a 12 m x s~ ' wind, the vegetation
coverage must be more than 40 %; to reduce the amount of sand transport significantly at a
20-25m x s~ ' extreme wind speed, the vegetation coverage would have to reach a
60-70 % level. These studies have demonstrated a quantitative relationship between
vegetation coverage and the g, Q, and mean Q. Having obtained the mean Q for different
underlying surfaces and having measured the regional vegetation coverage, we could use
regression analysis methods to establish the model for the regional soil erosion inversion.
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Table 1 Quantitative relationship between vegetation coverage and mean sediment flux

Surface type VC range (%) The average VC (%) Mean Q (t x alxm™
Fixed sand dunes 100 > VC > = 50 75.00 0

Semi-fixed sand dunes 50 > VC > =21 35.00 Mean Q,

Semi-mobile dunes 20>VC>=5 12.50 Mean Q,

Mobile dunes 5>VC>=0 2.50 Mean Q5

The key to the model was to build a quantitative relationship between mean Q and
vegetation coverage, as well as to determine the critical vegetation coverage of wind
accumulation. Because the vegetation coverage showed variation that corresponded to
the different underlying surfaces, we used the average for the surface vegetation cover
state and the corresponding sand transport flux results from Eq. 4. Because wind erosion
still occurs at a vegetation cover of 50-60 % in parts of our study region, including the Mu
Us Desert (Huang et al. 2001), we assumed that vegetation coverage was 75 % when the
mean Q was zero under extremely strong wind conditions. In this case, all the cultivated
land pixels were taken that had the same sand flux within the region. Additionally,
although not all of the areas were dunes and erodible land, there were lower inter-dunes
and high-coverage vegetated areas, but these lands were usually soil deposit areas, and
seldom influenced the sand flux. The quantitative relationship between mean Q and veg-
etation coverage was thus determined to be suitable for a base on which to build the model
(Table 1).

By calculating sand transport flux using this method, the complex sand transport process
would be simplified to determine the relationship between the underlying surface and sand
transport flux. Therefore, if the underlying surface type and its width of sand transport
boundary section (extracted from the ground-based remote sensing data) were discovered,
we could obtain the equilibrium erosion and deposition and then determine the intensity of
erosion and deposition for a certain area. According to this theory, Liu (1999) proposed a
regional wind erosion modulus calculation model based on the net sand flux of a given
land-use/land-cover type. This model can be described as follows:

M =MeanQ x L (8)

where mean Q is the mean annual sand transport flux of a certain underlying surface type.
L is the width of the sand transport boundary section, e.g., the width of the underlying
surface type.

In this research, we adopted Liu’s model to calculate the soil wind erosion modulus in
the Yuyang sandy area, based on mean Q at a pixel scale retrieved from remote sensing
data. The parameter L is obtained by applying a supervised classification method to remote
sensing images, based on underlying surface types in the study area.

3 Results and discussion
3.1 Observed wind erosion

Based on the observations of wind erosion from March to June in 2006 and 2007, we
obtained the empirical formulas for g for different land surface types (Table 2).
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Table 2 Relationship between wind velocity (V) and sand transporting rate (¢) on different land surface
types

Location Land surface type Empirical formulas for ¢ Samples
Yuyang sandy area Bare arable land g1 =3 x 10° x (0.77u,0)%>%" 15
of Mu Us desert (R* = 0.88, ujo > 5ms™ )
Mobile sand dunes g =78 x 1073 x O74Tm0 (R = 0.89, 25
uip > 5ms™")
Low-coverage grassland and gz =12 x 107° x (0.77u;0)'87* 27
semi-mobile dunes (R2 =073, u;p>6 msfl)
Bush and mid-coverage g4 = 3.6663 x 1075 x (0.77u;p)*3*%! 15
grassland and semi-fixed sand (R* = 0.73, ujo > 7ms ™)
dunes

where g, is the average sediment transport rate (kgm ' h™"), and u;, is the wind velocity at 10 m above
ground (ms™h

Many previously proposed equations for sand transport, such as the mass transport rate
expressions given in Greeley and Iversen (1985), suggest that g should essentially be
proportional to U>. However, for all land-cover types, our data indicate that ¢ is a function
of uyo raised to a power much greater than 3. Therefore, we used the new empirical
equations were presented in Table 2 rather than previously proposed formulas.

By analyzing meteorological data, the duration of wind speed over the sand entrainment
threshold in different directions was obtained (Table 3). The results show that the mean
Q was 9,643 kga~' m™' with mobile dunes, 6,394 kga~' m~' with semi-mobile dunes
(low-coverage grassland), 2,634.5 kga~' m™' with bare farmland, 127.7 kga™' m™" with
semi-fixed sand dunes (mid-coverage grassland), and 0 kga™" m~! with fixed dunes (high-
coverage grassland) during our field survey.

3.2 Vegetation coverage and its changes

Based on the measured vegetation coverage of more than 180 plots, an empirical model
was developed using a regression analysis between vegetation coverage and NDVI for
2005 (Eq. 9).

VCyoos = 14.406 4 304.427 x NDVIypps5 + 1,297.265 x NDVI%OOS

3 o ©)
— 4,727.312NDVE, 5 (R*= 0.78)

According to the relationship of NDVI2005 with NDVI1996 and NDVI1986 (Eq.
10-11), the vegetation coverage in 1986 and 1996 in Yuyang County was obtained (Eq.
12-13). The vegetation coverage for the Yuyang sandy area was then calculated (Fig. 4).

NDVIs = 0.787 x NDVI 96 + 0.047 (R? = 0.98) (10)
NDVI5 = 0.818 x NDVI 96 + 0.055 (R? = 0.99) (11)

VCio9s = 14.406 + 304.427 x (0.787 x NDVI 996 + 0.047)
+1297.265 x (0.787 x NDVI 996 + 0.047)* — 4727.312 x (0.787  (12)
X NDVI 996 4+ 0.047)°  (R*> = 0.78)
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Fig. 4 Vegetation cover rate for the Yuyang sandy area (a 1986, b 1996, ¢ 2005)

VCioss = 14.406 + 304.427 x (0.818 x NDVI,g6 + 0.055)
+1297.265 x (0.818 x NDVI 956 + 0.055)> — 4727.312 (13)
x (0.818 x NDVI 95 4 0.055)°  (R*> = 0.78)

Vegetation coverage changes reflect the corresponding wind erosion risk of land sur-
faces. We employed an area-weighted computation method to calculate the average veg-
etation coverage at the sandy area of Yuyang County, which was 42.39, 48.07, and
48.03 % for 1986, 1996, and 2005, respectively, reflecting an increment in vegetation
coverage and the recovery of the ecological environment in the Yuyang sandy area. We
also compared the changes in area during 1986, 1996, and 2005 according to the different
vegetation coverage levels in the Yuyang sandy area. The results show that during the last
several decades, areas with vegetation coverage that exceeds 50 % have increased. Areas
with vegetation coverage of 30-50 % increased from 1986 to 1996 and then decreased
from 1996 to 2005. In contrast, the areas with vegetation coverage of 10-30 % showed a
decreasing trend over the last decades, with the percentage of the area that was sandy land
dropping from 38.68 % in 1986 to 21.57 % in 1996 and 28.34 % in 2005.

These results differ from results of previous studies. Wu (2001), Runnstrom (2003), and
Wu and Ci (1998, 2002) reported rapid rehabilitation in the Mu Us Desert after the mid-
1980s. Specifically, in the eastern Mu Us region, trends in remotely sensed vegetation
greenness and changes in mobile dune areas inferred from sequential Landsat images
indicate widespread dune stabilization, with active dunes decreasing from 34 % in 1978 to
30 % in 2002 (Mason et al. 2008). However, our results indicate that dunes with vegetation
coverage of less than 20 % increased dramatically in 2005 compared to 1986 and 1996 and
that mobile dunes where vegetation coverage is less than 10 % were still expanding.
Additionally, our data show that the percentage of sandy land area in Yuyang has changed
from 28.9 % in 1986 to 36.34 % in 1996 and 40.37 % in 2005. Of course, this study
focuses on just the Yuyang sandy area, which is a small portion of the Mu Us Desert, so the
results cannot represent the entire desert. Our results show that the Yuyang sandy area has
a trend of increasing overall vegetation coverage, however, but that the coverage has
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decreased at a local scale, with the overall effect that there are increased areas of exposed
land surface that are prone to wind erosion.

In addition to its impact on global climate change, human activity is most likely the
main cause of land-use/land-cover change in the study area. Pilot studies, such as Zhang
et al. (2008), report that the total sandy area in Yulin (with a study area that is the same as
ours) increased continuously from 1960 to 2006. This suggests that desertification in the
Yulin area is probably still increasing and is potentially quite serious. There are debates on
the causes and driving forces of desertification in the region (Wang et al. 2005b, 2006);
most desert areas with vegetated dune systems in arid and semiarid northern China,
however, are used for farming or grazing (Mason et al. 2008). Activities such as over-
reclamation, over-grazing, and over-cutting (Chen et al. 1994; Wang and Zhu 2001; Wu
2001; Runnstrdom 2003; Wu and Ci 1998, 2002; Zha et al. 2008; Zhang et al. 2008;
D’Odorico et al. 2013) could thus significantly affect land cover and lead to desertification
in the area. On the other hand, continued growth in mining and urbanization has also had
an adverse impact on the landscape. At present, regional economic development is in direct
conflict with the protection of vegetation cover. The conflict has caused damage to land
resources and the fragmentation of the landscape, accompanied by desertification (Zha
et al. 2008). Moreover, these activities will eventually lead to increased wind erosion.
More attention should thus be directed at minimizing the negative impact of human
activities, particularly economic development, on land use/cover.

3.3 Quantitative retrieval of wind erosion

Based on our data, we derived an empirical model showing the relationship between
observational wind transport flux and vegetation coverage using a regression analysis, on
the sample fields in the sandy land of Yuyang (Fig. 3a, Eq. 14).

Mean Q = —3.1242 x Ln(VC) + 12.87(R* = 0.924) (14)

where mean Q represents wind transport flux (ta_' m™") for a given value of vegetation

coverage and the vegetation coverage is limited to less than 61.7 %. VC stands for veg-
etation coverage.

Wiggs et al. (1995) pointed out that dune sand transport is significantly inhibited or
prevented by vegetation cover greater than 40 % in regions like the southwestern Kalahari
Desert, but wind erosion still occurs at a vegetation cover of 40-50 % in parts of our study
region (Huang et al. 2001). Dong et al. (1996) found that when vegetation coverage is more
than 60 %, wind erosion is slight or that no erosion might occur. However, we encountered
a threshold of 61.7 % in our field data, which means that when vegetation coverage
exceeds 61.7 %, the saltation of soil particles stops and the soil particles are stacked. This
threshold is very close to that verified by a field survey conducted in the Mu Us Desert
(Huang et al. 2001) and by related wind tunnel experiments (Dong et al. 1996). This
supports the proposed model’s ability to reflect the relationship between the sand transport
flux and vegetation coverage. Meanwhile, the RMSE of 0.84, based on simulated and
measured values, indicates that the model has acceptable accuracy. Following Eq. 14, we
obtained the wind erosion quantity at pixel scale in 1986, 1996, and 2005, respectively
(Fig. 5).

According to our data and model, the soil wind erosion modulus is 1,673.18, 1,568.10,
and 1,685.04 ta~' (km?) ™' in 1986, 1996, and 20035, respectively, and average
1,642.11 ta~' (km?)~'. This is in line with the findings of Liu (1999) in the Mu Us Desert
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Fig. 5 Sand flux of wind erosion in Yuyang sandy area (a 1986, b 1996, ¢ 2005, unit: t/m-a)

of 1,600 ta~' (km? ™" and is slightly lower than the 1,887.27 ta~' (km? ™' obtained by
Dong (1998) in Shenmu County (adjacent to Yuyang County). The results confirm that our
model, which uses remote sensing data in conjunction with a field survey to quantitatively
retrieve data on wind erosion at a regional scale, is feasible and reliable.

Moreover, compared to prior proposed models, the model is simple, yet it has the ability
to output dynamic wind erosion data at pixel scale. Many factors have been studied that
can affect wind erosion, primarily related to wind speed, soil moisture, soil texture, veg-
etation cover, and human activity (Woodruff and Siddoway 1965; Hagen 1991; Hagen
et al. 1995; Dong et al. 1996; Fryrear et al. 1998; Shao et al. 1996; Lu and Shao 2001;
Gregory et al. 2004; Coen et al. 2004). However, the models used in these studies do not
necessarily perform better than our model, which might be explained by the fact that the
relationship between wind erosion with the model variables remains unclear or is very hard
to determine (Woodruff and Siddoway 1965; Dong 1998). For this reason, collecting
sufficient empirical data of adequate quality and finding the most sensitive factor may be
more helpful than using multiple factors to build a regional wind erosion model (Stro-
osnijder 2005). Among the factors, vegetation has been widely acknowledged as the most
sensitive factor because of its importance when soil and climate are similar over an area
(such as our study area) or vary slowly. On the one hand, vegetation changes the surface
roughness and wind erosion intensity (Wasson and Nanninga 1986; Buckley 1987; Wiggs
et al. 1995; Dong 1998; Lancaster and Baas 1998; Huang et al. 2001). On the other hand,
however, vegetation is a condition most easily changed by human activity, and it often thus
exhibits great spatial variability.

Vegetation coverage has been included as a factor in some regional wind erosion
models (Dong 1998; Liu 1999; Shao et al. 1996). Due to the complexity of his model,
Dong (1998) used vegetation data for a single type of land erosion as an input. This greatly
reduced the spatial accuracy of the model. This is because even within a single land type,
vegetation coverage varies significantly in space. Liu (1999) also did not consider the
variability of vegetation coverage in space. These models were thus unable to take full
advantage of the high spatial resolution of remote sensing data. The quality of the database,
including vegetation coverage, thus still needs improvement (Shao et al. 1996). This study
attempted to solve the deficiencies in this respect. Once the wind erosion empirical model
is established through field observations, as long as there are new remote sensing data, a
dynamic estimate of soil erosion at pixel scale can be achieved.

Another advantage of the proposed model relates to pixel scale-based large area erosion
estimates. Many wind erosion models have been applied successfully to obtain accurate
wind erosion rates, including the wind erosion equation (WEQ) (Woodruff and Siddoway
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1965), the revised wind erosion equation (RWEQ) (Fryrear et al. 1998), the wind erosion
prediction system (WEPS) (Hagen 1991; Hagen et al. 1995), the Texas Tech Erosion
Analysis Model (TEAM) (Gregory et al. 2004), and the integrated wind erosion modeling
system (IWEMS) (Shao et al. 1996; Lu and Shao 2001). However, the WEQ, RWEQ, and
TEAM models were developed on the basis of field observations, and it is difficult to
extend these field observations beyond the regions where they were developed. In addition,
the WEPS model is primarily functional on the point scale and cannot meet research needs
for larger regional wind erosion estimations (Coen et al. 2004). In general, the biggest
shortcoming of these models is that they cannot be applied in regional dynamic wind soil
erosion monitoring.

Although some studies have developed models based on remote sensing data (Chappell
1998; Gabor and Jozsef 1998), they have either been exclusively suitable for farmland
(Chappell 1998) or did not integrate field observations into the model (Gabor and Jozsef
1998). Remote sensing can provide direct measurements and measurements of inputs for
erosion models via the empirical relation between erosion and reflection. Few studies,
however, have measured wind erosion on a large spatial scale using remote sensing data
combined with field survey erosion data to providing inputs for the models, owing to a
dearth in sufficient empirical data of adequate quality (Stroosnijder 2005). There remains
little research on regional wind erosion measurement through field surveys and remote
sensing data. This paper is only a small step, but we hope to enable deeper related research
in the future.

4 Conclusions

We developed a model by which we can quantitatively retrieve soil wind erosion on a
regional scale from remote sensing data and field surveys. The model was constructed
using the following steps: (1) Sample plots were selected, and their vegetation coverage
and soil erosion sand transport flux and NDVI were investigated; (2) the relationship
between soil erosion and vegetation coverage, as well as the relationship between vege-
tation coverage and NDVI, was constructed by nonlinear fitting; and (3) the estimation of
regional soil erosion was obtained according to the relationship derived above, using the
NDVI from remote sensing data, which is dynamic and could be rapidly observed.

The study used a field survey and wind speed data collected over several years to
estimate a sand transport rate in the Yuyang sandy area, and then determined the sand flux.
The sand transport flux was 9,643, 6,394, 2,634.5, and 127.7 kga_I m~! for mobile dunes,
semi-mobile dunes, arable land, and semi-fixed sand dunes, respectively. The vegetation
coverage of the area was measured; average vegetation coverage was 42.39, 48.07, and
48.03 % in 1986, 1996, and 2005, respectively. Finally, on the basis of the relationship
between vegetation coverage and soil erosion transport flux, the volume of regional soil
erosion was calculated. The soil erosion modulus in the sandy area of Yuyang was
1,673.18 ta~' (km*) " in 1986, 1,568.10 ta~"' (km*)~" in 1996, and 1,685.04 ta~"' (km*)~"
in 2005. The increased regional vegetation coverage has not prevented soil wind erosion in
the Yuyang sandy area.

Although our research implies that the model presented here can provide a dynamic and
high-precision estimation of wind soil erosion, many aspects of the model could be
improved. These improvements are currently beyond the scope of this study, however.
Shortcomings that could be addressed in future studies include: (1) The type of underlying
ground was not optimally factored into the measurement of soil erosion, and the
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observation time for the field survey was short; (2) the observations of sand transport flux
might not have exactly coincided with the real value of sand transport flux because the
wind velocity used for the study was the mean value over the previous 6 h, so the value
might not represent the real-time value of the wind velocity; and (3) the model did not
consider other variables that play important roles in wind erosion, such as relative humidity
and soil wetness. Although field observations of wind erosion reflect the influence of soil
moisture and other factors on wind erosion to a certain degree, soil moisture needs to be
considered in order to improve the accuracy of model prediction.
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