
ORI GIN AL PA PER

Dynamic monitoring of soil wind erosion in Inner
Mongolia of China during 1985–2011 based
on geographic information system and remote sensing

Yi Zhou1
• Bing Guo1,2

• Shixin Wang1
• Heping Tao3

•

Wenliang Liu1
• Guang Yang1,2

• Jinfeng Zhu1

Received: 26 April 2014 / Accepted: 14 April 2015
� Springer Science+Business Media Dordrecht 2015

Abstract In Inner Mongolia, soil wind erosion is a serious environmental problem. The

aim of the study was to develop an estimation model to analyze the spatial and temporal

changes of soil wind erosion during 1985–2011 based on geographic information system

and remote sensing. The results showed that wind erosion was widely distributed in Inner

Mongolia with an area of approximately 95 9 104 km2. During 1985–2011, wind erosion

has deteriorated over the entire region of Inner Mongolia, which was indicated by enlarged

zones of erosion at severe and intensive grades. There was a significant difference in

change intensity among different plant types that zones occupied by barren or sparsely

vegetation showed the severest deterioration while the wind erosion of cropland showed a

slight improvement in wind erosion. In addition, a significantly negative relation was noted

between change intensity of wind erosion and vegetation coverage. Furthermore, the

change rate of wind erosion was negatively correlated with the number of days (wind

velocity C6 m/s). The relationships between soil types and change intensity differed with

the surface distributions of sandy, loamy and clayey soil with particle sizes of 0–1 cm. The

soil type of haplic luvisols showed the strongest resistance to wind erosion. The results

have certain significance for understanding the mechanism and change process of wind

erosion and can provide a scientific basis for the prevention of wind erosion in Inner

Mongolia.
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1 Introduction

Soil wind erosion is a natural geological process and comprises the detachment, movement

and deposition of particles by wind (Zobeck 1991; Shi et al. 2003). Soil wind erosion has

become a serious environmental problem throughout the world, which can lead to changes

in global biochemical cycles and agricultural productivity decline, especially in arid and

semi-arid regions. (Wang 2000). Rapid industrialization and urbanization have largely

contributed to the eco-environmental deterioration (Cesari et al. 2012). China is one of the

countries suffering the most serious soil wind erosion, with 60.9 % of its territories under

the influence of wind erosion (Li et al. 2002a).

During the past decades, global warming has exerted significant impacts on terrestrial

ecosystems and the impacts have been projected to be greater in the future (Gong and Shi

2003; Fu et al. 2007).Continuously rising temperatures and decreased precipitation have

significantly exacerbated the process of wind erosion in arid and semi-arid regions, par-

ticularly in Inner Mongolia of China (Li et al. 2000, 2002b). According to the second

national soil erosion remote sensing survey, wind erosion is severe in Inner Mongolia

because of natural hazards (drought and sandstorm) and human activities (Nakano et al.

2008). The evaluation of soil wind erosion can provide basic data and information for the

sustainable development. Therefore, an accurate estimation of wind erosion in Inner

Mongolia is urgent for ecological and environmental protection.

However, a lack of accurate information on such factors as metrological data and soil

types leads to a critical limitation in the study of large-scale wind erosion (Jiang et al.

2003; Sharratt and Edgar 2011). Quantifying the soil wind erosion is difficult although

most of the previous field observations have facilitated the estimation of wind erosion

Fig. 1 Location of Inner Mongolia and the digital elevation model (DEM)
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(Feng and Sharratt 2007; Korcz et al. 2009). Currently, systematic research in this regard is

mostly at the macro-level and focuses on natural conditions of wind erosion, sandstorm

activities and regular sandstorm movement (McHenry and Ritchie 1977; Steffens et al.

2008; Wang 2000; Zhang et al. 2003; Buschiazzo and Zobeck 2008). Previous studies were

mostly based on site surveys, fixed position observations and experiments, which were

conducted to simulate the process of soil wind erosion (Bilbro and Fryrear 1994; Fister and

Ries 2009; Thorne et al. 2003; Verheijen et al. 2009). Recently, geographic information

system (GIS) and remote sensing (RS) have been used as powerful tools for the evaluation

of soil wind erosion. Satellite images are especially of great importance in providing

frequent information of inaccessible area (Zobeck et al. 2000; Zhang et al. 2012). Thus, the

integration of GIS and RS can provide an excellent platform for data capture, synthesis and

analysis (Zhao et al. 2006). In this paper, the spatial and temporal patterns of change

intensity of wind erosion were analyzed under the support of GIS and RS for the past

27 years (1985–2011).

2 Data and methodology

2.1 Study area

Inner Mongolia is located in northern China (36�–53�N, 105�–136�E) with an area of

1.18 9 106 km2 (Hoffmann et al. 2008; Fig. 1). Most of the regions have at least 1000 m

altitude. The annual average temperature ranges from -1 to 10 �C, decreasing from lower

to higher altitudes (Jiang et al. 2003). Precipitation decreases from more than 450 mm in

the east to 50 mm in the west, with approximately 80 % occurring in the growing season

from May to September. In the western part of Inner Mongolia, vegetation coverage and

biomass production are lower due to scare precipitation. According to the US Department

of Agriculture soil classification (Zhang et al. 2008), the major soil types in Inner Mongolia

are sandy clay loam, clay loam and sandy loam.

2.2 Evaluation factors

There are many factors that affect the process of soil wind erosion, including climate

factors and vegetation coverage. It is essential to select appropriate factors for the esti-

mation of soil wind erosion. It is true that the complexity of the wind erosion model is

borne from the fact that the factors controlling soil wind erosion vary in degree of influence

through space and time. In order to synthetically analyze the changes of wind erosion, we

selected five critical parameters including the number of snow cover days (Webb et al.

2009), soil erodibility (Miao et al. 2004), aridity index (Chung et al. 2013), vegetation

fraction (Feng and Sharratt 2007) and annual average wind velocity (Grini and Zender

2004) after the observation of a field work by fully considering the loose soil surface,

wildly distributed desert, strong winds and low vegetation coverage in Inner Mongolia.

With the support of ArcGIS software, all data were projected using the Arbers projection

and were transferred to 1 km 9 1 km raster data.

Due to great differences and different units among all the evaluating factors, it was

difficult to evaluate the wind erosion intensity. The original values of each factor should be

standardized to 0–1 by the following equations:
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Positive factor: Iij ¼
xij � xmin;j

xmax;j � xmin;j
ð1Þ

Negative factor: Iij ¼
xmax;j � xij

xmax;j � xmin;j
ð2Þ

where Iij represents the standardized value of grid i in factor j; xij is the original value of

grid i in factor j; xmax;j and xmin;j represent the maximum and minimum values of factor j,

respectively.

2.2.1 Number of snow cover days

The climate of Inner Mongolia is significantly affected by the cold current of Mongolia–

Siberian system. The snow days often last for more than 3 months, and the annual average

snow depth can reach 10–15 cm (Jiang et al. 2003). Accumulated snow can significantly

reduce the area of the top layer of soil exposed to the wind. Wind erosion does not occur

when the fraction of snow cover reaches 60 % (Wei et al. 2002). Moreover, the water

saturation of the shallow surface soil, resulted from the melted snow, can rearrange the

physical structure of soil particles. Then, the process can change the soil bulk permeability,

which increases the stability of the surface soil (Fan et al. 2007; Qi et al. 2008). The snow

cover products can be obtained using the satellite reflectance data, such as MODIS bands 4

(0.545–0.565 lm) and 6(1.628–1.652 lm) (Salomonsona and Appel 2004; Hall and Riggs

2007). However, in this paper, we utilized the field observations to calculate the factor of

snow cover day, fully considering the deficiencies in spatial resolution and accuracy of the

results that derived from remote sensing data. The daily meteorological observations for

Inner Mongolia comprise snow depth, daily average/maximum/minimum temperature and

precipitation, provided by the China Meteorological Administration (CMA). To calculate

the number of snow cover days, we used the data from 236 meteorological stations in and

around Inner Mongolia recorded during 1985–2011. A snow cover day was defined as that

when the snow depth reached 0.5 cm.

2.2.2 Soil erodibility

Soil erodibility, a complex property that is determined by a wide of interlinked parameters,

is an essential parameter required for the prediction of soil erosion (Bryan 1968; Geeves

et al. 2000). It can better indicate the soil’s resistance to dispersion and suspension in water

or wind disturbance (Raupach and Lu 2004). Moreover, soil erodibility is associated with

several parameters such as soil structure, organic content, surface roughness and soil

texture (Cohen et al. 2005). It is generally considered as an inherent soil property with a

constant value for a given soil type (Webb et al. 2009). The direct measurements of soil

erodibility require long-term erosion plot studies, which are time-consuming and costly.

Most of the previous equations require relatively large number of specific physical soil

properties that are not widely available (Shao et al. 2002; Zhang et al. 2006). The soil

erodibility factor (I) of wind erosion prediction models (WEPS) is a measure of the

potential soil loss from a wide, bare, smooth, unsheltered surface (Wagner 2013). How-

ever, the interaction of the soil erodibility factor (I) and wind field intensity cannot be

addressed in WEPS (Chung et al. 2013). The wind critical velocity is significantly influ-

enced by the physical structure of soil, roughness and soil texture. Soil erodibility is
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generally thought to be a consequence of fine particles (silt, clay and sand) and soil

nutrients (organic C). Thus, the interaction can be considered to some extent.

In this study, the data of soil organic carbon and soil particle size distribution, obtained

from the Institute of Soil Science, Chinese Academy of Sciences, were used to calculate

soil erodibility:

SE ¼ 0:2 þ 0:3 exp �0:0256Sa 1 � Si

100

� �� �� �
� Si

Cl þ Si

� �0:3

� 1 � 0:25C

C þ expð3:72 � 2:95CÞ

� �
� 1 � 0:7Sn

Sn þ expð�5:51 � 22:9SnÞ

� � ð3Þ

where SE is soil erodibility (t ha h ha-1 MJ-1 mm-1); Sa (0.05–2 mm), Si
(0.002–0.05 mm) and Cl (\ 0.002 mm) refer to sand fraction (%), silt fraction (%) and

clay fraction (%), respectively; C is the soil organic carbon content (%); and Sn is equal to

1 - Sa/100.

2.2.3 Aridity index

The aridity index is a function of precipitation and reference evapotranspiration, which is

often used as the representative indicator to estimate the impacts of climate variation on

hydrological processes (Beier et al. 2004). It represents a considerable water deficit in the

top layer of the soil (Rana et al. 2005). Wind can easily remove and transfer soil particles

when the top layer of the soil is totally dry and has lost the water content necessary for

bonding (Hagen 1991). In this study, aridity was calculated with daily meteorological data

provided by CMA:

D ¼ 0:16
X

� 10 �C/P ð4Þ

where D is the aridity index
P

� 10 �C refers to the sum of air temperature that is higher

than 10 �C in 1 year and P is the sum of precipitation during the period in which the air

temperature is higher than 10 �C.

2.2.4 Annual average wind velocity

During the wind erosion period, the wind velocity is a main contributor to wind erosion,

particularly in arid and semi-arid regions (Grini and Zender 2004). Soil wind erosion is

largely affected by wind velocity and critical friction wind velocity on the ground surface

(Li et al. 2003). Furthermore, wind speed has a positive relation with wind erosion. Wind

can remove soil particles when the wind velocity reaches a certain critical speed. Many

studies reported that the critical wind velocities were influenced by soil particle size,

moisture content and hardness (Bryan 1968; Geeves et al. 2000; Chappell et al. 2006). In

Inner Mongolia, the strong winds are usually brought by the cold current of Mongolian–

Siberian system in spring and winter. In this study, the annual average wind velocity was

calculated based on the daily meteorological data provided by CMA.

2.2.5 Vegetation fraction

Green vegetation cover on the land surface is of great importance in regulating surface

wind and hydrological processes because it can mitigate the erosion forces of wind and

Nat Hazards

123



rainfall (Duan et al. 2006; Chen et al. 2007). Impacts of soil and vegetation properties on

the soil wind erosion are attributed to their influences on surface roughness length (Rau-

pach and Lu 2004). Furthermore, soil coverage is a key factor to estimate the wind erosion

intensity (Wagner 2013). However, this factor is difficult to obtain through the tools of

remote sensing because the components of the terrestrial eco-system are very complicated.

But, in Inner Mongolia, a pixel can be defined as the combination of the bare soil and pure

vegetation (Zhao et al. 2006). We utilized the index of vegetation coverage to replace the

parameter of soil coverage. The Normalized Difference Vegetation Index (NDVI; Huete

and Tucker 1991), a better indicator of the vegetation grown, has been employed to

calculate vegetation coverage. In this paper, the dimidiated pixel model was utilized to

obtain the vegetation fraction, which could eliminate the influence of clouds and soil

background:

VF ¼ ndvi � ndvisoil

ndviveg � ndvisoil

ð5Þ

where VF represents the vegetation fraction; ndvi is value of each pixel; ndvisoil represents

the minimum value of all pixels at the confidence of 0.005; ndviveg represents the max-

imum value of all pixels at the confidence of 0.995.

The time-series NDVI data of 1985 were derived from the Advanced Very High

Resolution Radiometer (AVHRR), available at http://daac.gsfc.nasa.gov/, at 8 km spatial

resolution with a 15-day interval. The spatial resolution of moderate resolution imaging

spectroradiometer (MODIS) NDVI of 2011 was 1 km 9 1 km, produced by the National

Aeronautics and Space Administration (NASA) Earth Observing System. To confirm the

spatial resolution consistency of the two datasets, the GIMMS NDVI data were converted

into grid cells at a resolution of 1 km 9 1 km by using the nearest neighbor assignment

resampling algorithm with ArcGIS 10.1. Then, the monthly NDVI data were produced by

the maximum-value composition technique to minimize the effects of atmospheric effects

and solar zenith angle (Stow et al. 2004). Finally, the average annual vegetation cover was

obtained on the basis of the monthly NDVI data.

2.3 Evaluation model of wind erosion

Evaluation of wind erosion requires integration of multiple factors to obtain a compre-

hensive index. Thus, the method of weighted linear combinations was adopted to calculate

the SWEI.

SWEI ¼

Pn
i¼1

WiIi

Pn
i¼1

Wi

ð6Þ

where SWEI is the soil wind erosion index; Wi refers the weight of factor i; and Ii refers the

value of factor i.

Another important issue for the evaluation was to assign weight to each factor according

to its relative effects on the environmental vulnerability. The analytic hierarchy process

(AHP) (Shi et al. 2003) was an appropriate method for deriving the weight assigned to each

factor. AHP had been widely applied in environmental evaluation and regional sustainable

management (Korcz et al. 2009). The relative importance of the five factors was obtained

Nat Hazards

123

http://daac.gsfc.nasa.gov/


with field investigations and expert knowledge. In this paper, the process of obtaining the

weight of each factor is shown in Table 1.

3 Results

3.1 Classification of wind erosion and accuracy assessment

The results obtained from SWEI model and AHP were continuous values, which should be

classified into six levels standing for different erosion intensity. The classification is of

great importance in the evaluation of soil wind erosion, so it should be objective and

logical. The tool of histogram was often applied to explore the statistical distribution of the

classes and clusters in the attribute space (Nakano et al. 2008). Thus, in this study, the

natural breaks of ArcGis10.1 (Jenks 1967) that combined the methods of histogram and

cluster had been applied to grade the vulnerability into six grades.

The six categories included no erosion (I\ 0.23), slight erosion (0.23\ I\ 0.35), mild

erosion (0.35\ I\ 0.43), moderate erosion (0.43\ I\ 0.50), intensive erosion

(0.50\ I\ 0.56) and severe erosion (0.56\ I). The spatial patterns of wind erosion in

1985 and 2011 are shown in Fig. 2.

The basic error matrices (Bruin 2000) and the precision index were applied to test the

accuracy of the estimated results. To confirm the validity of the sampling points in 2011,

285 sites (Table 2) were chosen from regions with different landforms, slopes, soil types

and land-use types. The error matrix of the calculated erosion category and the field survey

results are listed in Table 3.

In Table 3, the cartographic precisions of all categories ranged from 0.75 to 0.92. The

classification results were in agreement with the actual erosion levels, which could be

indicated by the significant credibility in the evaluation of the wind erosion. Moreover,

slight erosion had the best evaluation precision, followed by intensive erosion while the

accuracies of mild and moderate erosion were much lower. On the whole, the wind erosion

model of Inner Mongolia was effective and accurate with an overall precision of 84.21 %.

3.2 Spatial differentiations and changes of wind erosion between 1985
and 2011

Through Fig. 2, it can be found that wind erosion was widely distributed in Inner Mongolia

with an area of 95(104) km2, covering approximately 86 % of the region. In detail, the

main spatial patterns of soil wind erosion in Inner Mongolia were the contrast between the

western parts and eastern parts. The eastern parts including Hailar and Ulanhot were

Table 1 Relative weights of factors for soil wind erosion evaluation

Factors (1) (2) (3) (4) (5) Weights

(1) Soil erodibility 1 0.139

(2) Annual average wind velocity 2 1 0.278

(3) Aridity index 1 1/2 1 0.156

(4) Number of snow cover days 1 1/2 1/2 1 0.105

(5) Vegetation faction 2 1 2 4 1 0.319
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mainly occupied by the zones of no, slight and mild erosion, while the severe and intensive

erosion zones were distributed continuously in the mid-western region such as Alashan

Left Banner and Linhe. Moderate and mild erosion zones were distributed between the

zones of severe erosion and slight erosion.

Fig. 2 Spatial distributions of wind erosion intensity in Inner Mongolia. a Grades of wind erosion in 1985;
b grades of wind erosion in 2011

Table 2 Error matrix of wind erosion categories for 2011

Levels of sampling points
in 2011

Wind erosion results evaluated in 2011

Slight
erosion

Mild
erosion

Moderate
erosion

Intensive
erosion

Severe
erosion

Sum

Slight erosion 76 3 2 2 0 83

Mild erosion 5 63 2 3 2 75

Moderate erosion 4 5 36 3 0 48

Intensive erosion 1 0 3 42 3 49

Severe erosion 2 3 0 2 23 30

Sum 88 74 43 52 28 285

Table 3 Precision index of grades of wind erosion

Precision test User accuracy Commission Cartographic accuracy Omission

Slight erosion 0.86 0.14 0.92 0.08

Mild erosion 0.85 0.15 0.84 0.16

Moderate erosion 0.83 0.17 0.75 0.25

Intensive erosion 0.80 0.20 0.86 0.14

Severe erosion 0.82 0.18 0.77 0.23
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In 1985, the slight erosion zone covered the largest region with the area of

36.57(104) km2, accounting for 31.98 %. The zones of no, mild, moderate, intensive and

severe erosion were 19.95(104), 27.44(104), 12.65(104), 7.27(104) and 10.46(104) km2,

respectively. However, in 2011, the zone of severe erosion covered the largest region with

the area of 33.40(104) km2, accounting for 29.25 %, followed by zones of slight

[22.82(104) km2] and mild [20.10(104) km2] erosion.

During 1985–2011, there was a deterioration of wind erosion over the whole Inner

Mongolia, as most of the no, slight, mild erosion zones had disappeared with a great

increase in severe erosion (Table 4). In view of spatial distribution, the deteriorated regions

were located in southern Alashan Left Banner, northern Dongsheng and western Xilinhaote

while the zones of decreased erosion intensity were mainly distributed in eastern Ulanhot

and eastern Tongliao.

To detect the detailed process of soil wind erosion change, the change matrix of wind

erosion grades was conducted through the spatial overlay of the two maps of soil wind

erosion grades. In view of the change matrix (Fig. 3), there was an aggravation of soil wind

erosion for the entire study region during 1985–2011. As shown in Fig. 3, the detailed

process of change for each grade of wind erosion was quite different, which could be

characterized as follows: during 1985–2011, the serve erosion was the most stable grade

with 72.40 % unchanged, followed by the grade of no erosion (52.57 %). Meanwhile, the

grade of moderate erosion had the most dramatic change with only 15.32 % unchanged,

while the rest mainly changed to be intensive and severe grades. There was 64.66 % of

slight erosion turning to be higher grades of erosion with 32.55 % of this zone unchanged.

The intensive erosion was the second most dramatic grade with 28.25 % unchanged while

the rest mainly degraded to be slight erosion. Therefore, it was concluded that there was a

deteriorated trend of soil wind erosion in Inner Mongolia during the study period.

3.3 Change intensity of wind erosion between 1985 and 2011

To more effectively monitor the changes of wind erosion, the change intensity (CI) of wind

erosion between 1985 and 2011 was obtained by using the raster calculator of ArcGIS10.1.

Based on the natural conditions in Inner Mongolia, the erosion change intensity was

divided into six categories including moderate decrease (MD; CI\-0.15), slight decrease

(SD; -0.15\CI\-0.05), stable (ST; -0.05\CI\ 0.05), slight increase (SLI;

0.05\CI\ 0.15), moderate increase (MI; 0.15\CI\ 0.25) and intensive increase (II;

Table 4 Area and area ratios of different grades of wind erosion intensity in 1985 and 2011

Grades of wind erosion 1985 2011

Area/(104) km2 Area ratio/% Area/(104) km2 Area ratio/%

No erosion 19.95 17.45 11.53 10.10

Slight erosion 36.57 31.98 22.82 19.98

Mild erosion 27.44 24.00 20.10 17.60

Moderate erosion 12.65 11.06 14.50 12.70

Intensive erosion 7.27 6.36 11.84 10.37

Severe erosion 10.46 9.15 33.40 29.25
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0.25\CI). As shown in Fig. 4, there was a distinct spatial differentiation of wind erosion

for each grade of change intensity during 1985–2011. The slight increase was the most

widely distributed grade with an area of 51.82(104) km2, mainly occurred in mid-western

regions such as Xilinhaote, Jining and Dongsheng. The moderate increase was the second

most widely distributed grade with the area of 28.09(104) km2, including Alashan Left

Banner and Linhe. The eastern Inner Mongolia was mainly occupied by the stable

[21.81(104) km2] and slight decrease [9.10(104) km2] zones. Therefore, it was proved that

during 1985–2011, wind erosion had deteriorated over the entire region of Inner Mongolia.
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Fig. 3 Change matrix of area
ratios of different erosion
intensities during 1985–2011. NE
no erosion, SLE slight erosion,
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moderate erosion, IE intensive
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Fig. 4 Classification map of wind erosion change intensity during 1985–2011
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4 Discussions

4.1 Improvement of the model for wind erosion

Inner Mongolia is one of the major wind erosion regions in China. However, compared

with the soil water erosion, studies on wind erosion of this region based on GIS and RS are

fewer.

In this paper, five critical factors on wind erosion occurrence and development were

chosen to obtain the comprehensive evaluation of wind erosion, which consisted of the

number of snow cover days, soil erodibility, aridity index, vegetation fraction and annual

average wind velocity. All the factors could better reflect the process of the wind erosion in

Inner Mongolia. The results of the accuracy assessment indicated that the evaluation model

of wind erosion was effective and had better applicability in Inner Mongolia. Moreover, it

was convenient for us to obtain the dynamic information of wind erosion in large-scale

region.

4.2 Relationship between change intensity of wind erosion and vegetation
variables

Wind erosion control effectively depends on the plant types and management system (Fu

et al. 2007). In order to explore the relationship between the change intensity and plant

types, we chose five typical plant types, i.e., grassland, cropland, barren or sparsely

vegetation, open shrubs and mingled forest. As shown in Fig. 5, there was a significant

difference in change intensity among different plant types. By comparing the area ratios of

change intensity grades in each plant type, it could be found that the grassland, open shrubs

and mingled forest were mainly occupied by the zones of slight increase and stable, while

intensive increase zone only accounts for 5 % of each plant type. During 1985–2011, it

showed a deteriorated trend of wind erosion in grassland, mingled forest and barren or

sparsely vegetation. This was because that the barren or sparsely vegetation was widely

distributed in western part of Inner Mongolia with rare precipitation. Moreover, during the

past decades, the global warming has accelerated, resulting in increased temperature and

decreased rainfall (Li et al. 2002a). The vegetation coverage and soil moisture both had

been negatively influenced by the process of climate change, which could significantly
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Fig. 5 Area percentages of
different grades of change
intensity for each plant type
during 1985–2011. GRA
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MD moderate decrease, SD slight
decrease, ST stable, SLI slight
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intensive increase
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control the process of soil wind erosion. Thus, soil wind erosion of zones occupied by

barren or sparsely vegetation has aggravated during 1985–2011. However, along with the

decreased precipitation, human activities such as deforestation and overgrazing exerted

great influences on eco-environment of zones dominated by grassland and mingled forest

(Hoffmann et al. 2008). These activities would destroy the vegetation cover and physical

structure of the top soil. Therefore, both natural and anthropogenic factors would aggravate

the process of wind erosion in regions occupied by grassland and mingled forest. However,

it showed a wind erosion improvement in open shrubs and cropland because of the

abundant precipitation (300–400 mm) and anthropogenic management (Li et al. 2002b).

Furthermore, data of 52 sampling points (Fig. 1) were utilized to examine the relation

between change intensity and vegetation coverage. Figure 6 shows that the change in-

tensity and vegetation coverage had a negative relationship, which was indicated by the

trend coefficient of -0.1828.

4.3 Relationship between change intensity of wind erosion and wind field
intensity

Wind speed has a positive relation with wind erosion, and wind can remove soil particles

when the wind velocity reaches a certain critical speed of 6 m/s (Fister and Ries 2009).

Therefore, in order to analyze how the wind field intensity affected the process of the soil

wind erosion, we calculated the number of days when the daily average wind velocity

reached 6 m/s(WV C6 m/s) based on 52 meteorological stations (Fig. 1). Figure 7 showed

that the soil wind erosion intensity would aggravate with the enlarged number of days (WV

C6 m/s), which was indicated by the positive value of the change intensity. However, the

change rate of the soil wind erosion became smaller with the increased number of days

(WV C6 m/s). Furthermore, the change rate became a constant while the number of days

(WV C6 m/s) reached 50. These phenomena occurred because the degree of wind erosion

intensity was restrained by the rare occurrence of soil in regions with strong winds and the

ground was always covered with bare rock and gravel (Zhang et al. 2008).

4.4 Relationship between change intensity of wind erosion and soil types

In this section, six typical soil types were selected to explore the relation between change

intensity of wind erosion and soil types. These soil types included calcic chernozems (CC),

Fig. 6 Linear relation between
change intensity and vegetation
coverage. CI change intensity,
VC vegetation coverage
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calcaric arenosols (CA), luvic gypsisols (LG), haplic luvisols (HL), haplic arenosols (HA)

and haplic kastanozems (HK).

Figure 8 showed that there was a significant difference in change intensity of wind

erosion among the soil types. In view of mean change intensity, LG had the largest value of

0.186 that belonged to the grade of moderate increase, followed by CA and HA, while the

HL had the smallest value of 0.025. Attempts had been made to confirm that soil erodi-

bility, affected by the inherent properties of the soil, reflected the vulnerability of the soil

itself to erosion (Zhou and Wu 1993; Miao et al. 2004). In addition, CaCO3 in top layer of

the soil could cement soil particles to form large clumps, which largely decreased the soil

erodibility (Zhao and Shi 2003). Therefore, the change intensities of CC, HL and HK were

significantly smaller than those of LG and CA. Previous studies also found that the surface

distributions of different soil types with particle sizes of 0–1 cm were important for de-

termining soil erodibility (Miao et al. 2004). Under the same conditions, the critical wind

velocity for wind erosion of sandy soil was larger than that of loamy soil. Moreover, soil

erodibility decreased with an increase in soil particles size (Vaezi et al. 2008). By com-

paring the area percentages of change intensity grades in each soil type (Fig. 9), it could be

found that CA, CC, HK and LG were mainly occupied by grades of slight and moderate
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increase, while HL was dominated by grade of stable. Thus, it could be concluded that HL

showed the strongest resistance to wind erosion.

5 Conclusions

Soil wind erosion, as a main contributor to deterioration of eco-environment, can sig-

nificantly threaten the sustainable development of rural areas. Inner Mongolia is a typical

semi-arid and arid region, which is greatly affected by the soil wind erosion. This study

developed a new estimation model of wind erosion with strong operationality and prac-

ticability under the support of GIS and RS.

This study demonstrated that wind erosion was widely distributed in Inner Mongolia

with an area of approximately 95(104) km2, accounting for 86 % of the study region. The

western Inner Mongolia was mainly occupied by the grades of intensive and severe ero-

sion, whereas the east parts were dominated by grades of no, slight and mild erosion.

During 1985–2011, there was a deterioration of wind erosion over the whole Inner

Mongolia, which was indicated by enlarged zones of severe, intensive erosion. Our study

revealed that the vegetation coverage had a negative relationship with change intensity of

wind erosion and zones occupied by barren or sparsely vegetation were the most severely

deteriorated region, while the soil wind erosion of cropland showed a slight improvement

during 1985–2011. In addition, the change rate of wind erosion had a negative relation with

the number of days (WV C6 m/s). The relations between soil types and change intensity

differed with the content of CaCO3 and the surface distributions of sandy, loamy and the

clayey soil with particle sizes of 0–1 cm. However, the factors of the evaluation obtained

by GIS and RS should be improved, and the quantitative relations between the factors and

soil wind erosion should be clarified in further studies.
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