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Improved evaluation method of the soil wind erosion intensity based on the cloud-AHP model under the stress of global climate change

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

randomness in the weight determination process cannot be avoided using the traditional method. Thus, a cloud-analytic hierarchy process (cloud-AHP) model was proposed to construct a wind erosion intensity index model for the TRSR based on seven typical land surface parameters. The following results were obtained. (1) The cloud-AHP model can better eliminate the randomness and uncertainty in the weight determination process. (2) The proposed evaluation method of wind erosion intensity has better applicability in the TRSR with overall accuracy of 93%. (3) The overall wind erosion intensity in this region is moderate. The wind erosion intensity was the largest in the Yangtze River (0.55, moderate erosion) and smallest in the source region of the Lancang River (0.50, mild erosion). (4) Significant differences are observed in the influences of various vegetation types on wind erosion intensity. Bare land exhibits the highest wind erosion intensity, whereas a coniferous forest exhibits the smallest. Moreover, grassland is a key control zone of soil and water conservation because it has the largest spatial heterogeneity of internal erosion intensity. These results can provide data and technical support for preventing and controlling soil erosion and protecting the environment in the region. 

Introduction

Soil wind erosion refers to the process of destruction, separation, transportation, and deposition of soil sand, and it has become the main cause of global land degradation [START_REF] Chepil | Factors that influence clod structure and erodibility of soil by wind: I. Soil structure[END_REF][START_REF] Bocharov | A Description of Devices Used in the Study of Wind Erosion of Soils[END_REF][START_REF] Lal | Soil erosion and land degredation: the global risks[END_REF]Guo et al., 2020b). The Three-River Source Region (TRSR) is the key area for the construction of an ecological barrier and corridor in the upper reaches of the Yangtze River, Yellow River, and Lancang River [START_REF] Dong | Wind erodibility of aeolian sand as influenced by grain size parameters[END_REF]. However, under the stress of global warming, soil wind erosion in the TRSR has become an increasingly serious issue with frequent occurrences of sandstorms and gales. Moreover, rapid population growth in this region has led to overgrazing, deforestation, and wasteland reclamation, thereby aggravating wind erosion (Hu et al., 2013;Guo & Jiang, 2017). Domestic and foreign researchers have conducted numerous studies on wind erosion (Bagnold, 1933;[START_REF] Cornelis | A simple low-cost sand catcher for wind-tunnel simulations[END_REF][START_REF] Grini | Zender CS Roles of saltation, sandblasting, and wind speed variability on mineral dust aerosol size distribution during the Puerto Rican Dust Experiment (PRIDE)[END_REF][START_REF] Hoffmann | Effect of grazing on wind driven carbon and nitrogen ratios in the grasslands of Inner Mongolia[END_REF][START_REF] Chung | Application of the wind erosion prediction system in the airpact regional air quality modeling framework[END_REF][START_REF] Cham | An Analysis of Shoreline Changes Using Combined Multitemporal Remote Sensing and Digital Evaluation Model[END_REF]. [START_REF] Chepil | The physics of wind erosion and its control[END_REF] summarized basic research on the Great Plains in the past two decades and established the world's first general wind erosion equation (WEQ) [START_REF] Woodruff | A wind erosion equation[END_REF][START_REF] Jalili | Stiffness and Strength of Granular Soils Improved by Biological Treatment Bacteria Microbial Cements[END_REF]. However, considering the climate limitations of WEQ, some researchers have introduced climatic and meteorological factors for a revised WEQ. The Bocharov model (1984), which played an important role in modern wind erosion prediction, was proposed; then, Gregory (1988) proposed the Texas erosion analysis model. Although these models did not provide a specific quantitative description of human activity factors, they presented a framework to establish and innovate future wind erosion prediction models. Compared with studies in foreign countries, research on the soil wind erosion model in China started relatively late and was mainly used for applications. Most domestic soil wind erosion models in China were improved based on foreign research; thereafter, local researchers developed their own theoretical models [START_REF] Feng | Scaling from field to region for wind erosion prediction using the Wind Erosion Prediction System and graphical information systems[END_REF]. [START_REF] Dong | Wind erodibility of aeolian sand as influenced by grain size parameters[END_REF] However, most of the current models are suitable for sample points or small-scale regions, whereas wind erosion assessment models applicable to large-scale areas are fewer [START_REF] Huang | The relationship between vegetation cover and sand transport flux at Mu Us Sandland[END_REF][START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF]. Recently, some studies have been conducted in large-scale regions. [START_REF] Li | Predicting the spatiotemporal variation in soil wind erosion across Central Asia in response to climate change in the 21st century[END_REF] simulated the spatial-temporal changes in soil wind erosion from 1986 to 2099 in Central Asia using the revised wind erosion equation (RWEQ) model. [START_REF] Chi | Impacts of anthropogenic land use/cover changes on soil wind erosion in China[END_REF] analyzed the impact of various LUCC on the soil wind erosion modulus in each county based on RWEQ.

However, these evaluation models are difficult to use because of their complex parameters in which the required data are difficult to obtain. Therefore, establishing an improved evaluation method of soil wind erosion with a simple structure and easily obtained parameters is important for investigations in large-scale. Moreover, the randomness and uncertainty in the weight determination process must be eliminated. Therefore, in this study, seven typical land surface parameters, including wind field intensity, surface dryness, vegetation coverage, snow days, soil erodibility, soil crust factor, and surface roughness, are selected to establish the evaluation system. Then, a cloud-analytic hierarchy process (cloud-AHP) model was proposed to determine the weightage of each indicator. Finally, a wind erosion intensity index model for the TRSR is established, and the spatial distribution pattern of wind erosion in the region was analyzed and discussed. Owing to its simple structure and conveniently available data for parameters, the proposed model can contribute to the rapid and dynamic assessment of regional wind erosion intensity at large scales.

Materials and methods

Study area

The TRSR (89° 45′ E-102° 23′ E, 31° 39′ N-36°12′ N (Figure 1)) is located at the south of Qinghai Province, which is the hinterland and main body of the Qinghai-Tibet Plateau. The average altitude and total area of this region is 3500-4800 m and approximately 30.25 × 10 4 sq. km, respectively. Snow mountain glaciers are widely distributed in this area; thus, it is known as "China's water tower" and "Asia's water tower" [START_REF] Li | Evaluation approach of passenger satisfaction for urban rail transit based on cloud model[END_REF]. This region has a typical continental plateau climate that is characterized by alternating hot and cold seasons, distinct dry and wet seasons, long periods of sunshine, strong radiation, and large differences in daily temperatures. The annual average precipitation is approximately 262.2-772.8 mm, and the spatial distribution is uneven. The main grassland vegetation types comprise alpine steppe (26%), alpine meadow (23%), and alpine desert steppe (20%). 

Methods

Herein, the cloud-AHP model is introduced to establish a soil wind erosion intensity index model combined with the comprehensive index model. The flowchart of the research methodology is shown in Figure 2. 

Comprehensive index model

The comprehensive index model is used to combine different evaluation indexes and obtain a comprehensive evaluation index [START_REF] Miao | Analysis on correlativity of soil erodibility factors of USLE and WEPP models[END_REF]. Based on the contributions of various factors on wind erosion, the calculation formula (Eq. ( 1)) is as follows:

1 1 SWEI= n i i i n i i W I W = = ∑ ∑ , ( 1 
)
where SWEI represents soil wind erosion index, Wi denotes the weight of factor i, and

Ii denotes the value of factor i.

Factor normalization

To eliminate the dimensional differences among various factors, Eqs.

(2) and ( 3) are used to standardize the index that considers their action directions in the evaluation system.

Positive: min max min

i i i i i x x I x x ⋅ ⋅ ⋅ - = - , (2) 
Negative: min max min

i i i i i x x I x x ⋅ ⋅ ⋅ - = - , (3) 
where i I represents the normalized value of factor i, i x represents the value of factor I, and max i

x ⋅ and min i x ⋅ represent the maximum and minimum values of factor i, respectively.

Cloud-AHP model

AHP is widely used for assessing the ecological vulnerability and quality owing to its simple structure and convenient operation (Guo et al., 2020c).

However, because of the randomness and uncertainty of its weight determination process, the determined weight could be different in the same study. Therefore, the AHP method cannot solve the problem of decision conflicts, whereas significant differences occur based on the experiences of multiple experts.

The cloud model can effectively eliminate randomness and uncertainty and accurately reflect the role of each factor [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF]. The cloud model realizes the transformation between a qualitative concept and a quantitative numerical representation, which reflects the fuzziness and randomness of the concept [START_REF] Tian | Evaluation of water ecological civilization construction based on comprehensive cloud model[END_REF]. We assume that U is a quantitative field represented by an exact numerical value and C is a qualitative concept of U. If the quantitative value x belongs to U and is a random implementation of the qualitative concept C, and the certainty of C is within [0,1], which is called μ(x), a random number with a stable tendency, and the distribution of x on the theoretical field U is called "cloud" and each x is called a "cloud drop." The qualitative concept known as the cloud model can be described by three numerical characteristics of the cloud, namely, expectation entropy, and super-entropy, denoted as Ex, En, and He, respectively. Ex is the most representative point in the qualitative concept. En is the quantity characterizing the uncertainty of the qualitative concept. It reflects the dispersion degree of the qualitative concept cloud droplet and value range of cloud droplets that can be accepted by the concept in the field of measurement theory. He reflects the condensation degree of cloud droplets in the cloud model [START_REF] Wang | Integrated sustainability assessment of PPP projects for water environmental treatment-Taking the PPP Project of Water Environment Management in Xuchang City, Henan Province as an Example[END_REF].

Error matrix

The basic error matrix (Guo et al.,2017) and precision index are used to test the accuracy of the estimated results. The equations of the error matrix (Eqs. ( 2) and ( 3)) are expressed as follows.
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)
where n represents the number of categories, Aij represents the number of evaluated categories i and field survey categories j that both occur, Ai+ represents the sum of the evaluated categories i, and A+j represents the sum of the field survey categories j.

Calculation of the indicators

Wind field intensity

The wind field intensity mainly refers to the sand grain stripping and erosion degree of the wind on the soil surface [START_REF] Woodruff | A wind erosion equation[END_REF].

Wind erosion in the TRSR mainly occurs during spring and winter (from October to April of the next year). The number of strong wind days during this period accounts for more than 70% of the entire year. A significant positive correlation exists between the wind speed and wind erosion intensity. High wind speed can accelerate water evaporation from the surface, rendering the exposed soil loose, leading to the occurrence of sandstorms and other disasters. Therefore, wind field intensity is an important driving factor affecting the intensity of soil wind erosion. In this study, the average annual wind speed is calculated based on daily data of meteorological stations (available at http://data.cma.cn/). Moreover, the gridded dataset of 1 km × 1 km in the TRSR was obtained using the Kriging 

Surface dryness

Surface dryness is often affected by precipitation and evapotranspiration, which can indicate a deficit in the water on the soil surface [START_REF] Wang | Integrated sustainability assessment of PPP projects for water environmental treatment-Taking the PPP Project of Water Environment Management in Xuchang City, Henan Province as an Example[END_REF].

When the top layer of the soil is completely dry, the soil particles can be easily moved and transferred. Herein, the surface dryness factor (Figure 2(b)) is calculated based on daily meteorological data available from the China meteorological data-sharing network. The calculation formula (Eq. ( 6)) for estimating the surface dryness is as follows (Guo et al.,2017;[START_REF] Chi | Impacts of anthropogenic land use/cover changes on soil wind erosion in China[END_REF]:

10 SD=0.16 t p ≥ ∑ ℃ , (6) 
where SD denotes the surface dryness, t>10°C denotes the sum of the average daily temperature that is greater than 10 °C in a year, and P denotes the sum of precipitation when the average daily temperature is greater than 10 °C.

Vegetation coverage

Surface vegetation cover is crucial for regulating surface wind field and hydrological process, which can effectively reduce the damage of wind to the bare soil surface, thereby reducing the intensity of soil wind erosion (Webb et al., 2009).

Therefore, vegetation coverage is an important factor for estimating wind erosion intensity. Herein, vegetation coverage was obtained using MODIS13A2 (Guo et al., 2017;[START_REF] Xue | Spatial upscaling of green aboveground biomass derived from MODIS-based NDVI in arid and semiarid grasslands[END_REF]Guo et al.,2020) combined with a dimidiate pixel model (Figure 3(c)). The following equation (Eq. ( 7)) is used to determine the vegetation cover (Guo et al.,2017):

soil veg soil ndvi ndvi VC ndvi ndvi - = - , (7) 
where VC represents the vegetation coverage, ndvi represents the vegetation index, ndvisoil denotes the minimum value of pure bare soil at a confidential level (CL = 0.05), and ndviveg denotes the maximum value of pure vegetation (CL = 0.95).

Snow cover days

The TRSR is located on the Qinghai-Tibet Plateau, which has high altitude and low temperature [START_REF] Chung | Application of the wind erosion prediction system in the airpact regional air quality modeling framework[END_REF]. Affected by the Siberian cold current, snow cover days usually last for more than 3 months, with an average annual snow depth of 10-15 cm. Snow cover effectively reduces the amount of surface soil exposed to wind.

When the snow cover reaches 60%, soil wind erosion does not occur in the region.

Moreover, snow melting on the shallow topsoil can reshape the physical structure of soil particles, thereby changing the overall permeability of the soil and increasing the stability of the surface soil. In this study, a snow cover day is when the depth of snow reaches 0.5 cm (Figure 3(d)). The formula (Eq. ( 8)) to calculate the snow cover days is as follows (Guo et al.,2017;[START_REF] Zhang | Comparative evaluation of VIIRS daily snow cover product with MODIS for snow detection in China based on ground observations[END_REF]:

(8)
where SCD denotes the snow cover days and Dsnow>0.5 denotes the daily snow depth that is greater than 0.5 cm.

Soil erodibility

An important parameter to predict soil erosion is soil erodibility, which refers to the sensitivity of soil particles to be stripped from a surface and migrate by wind or erosive rainfall (Yang et al., 2013). Soil erodibility is related to soil structure, organic content, surface roughness, and soil texture. Herein, soil erodibility (Figure 3(e)) was calculated using data provided by the Nanjing Institute of Soil Science, Chinese Academy of Sciences. The formula (Eq. ( 9)) to determine soil erodibility is as follows (Guo et al., 2017;[START_REF] Madenoglu | Uncertainty assessment of soil erodibility by direct sequential Gaussian simulation (DSIM) in semiarid land uses[END_REF]): 3 29.9 0.31 0.17 0.33 / 2.59 0.95 SEF= 100

a i a i m caco S S S C O C + + + - - , (9) 
where SEF denotes soil erodibility, Sa (0.05-2 mm), Si (0.002-0.05 mm), and Ci (<0.002 mm) respectively refer to sand fraction, silt fraction, and clay fraction (all in %), Om denotes the soil organic carbon content (%), and CCaCO3 is the calcium carbonate content (%).

Soil crust factor

When the soil is wet or washed by heavy rains, breakage and dispersion of clay and its subsequent drying can lead to the formation of crusts on the surface layer [START_REF] Yang | A preliminary study on the regional prediction equation of soil losses[END_REF][START_REF] Yang | Stud of soil erosion regionalization and soil loss survey in China[END_REF]. Soil crusting, which changes the physical characteristics of the soil surface, plays an important role in preventing soil erosion and reducing wind erosion intensity in arid and semi-arid soil ecosystems. The soil crust factor (Guo et al., 2017;[START_REF] Li | Predicting the spatiotemporal variation in soil wind erosion across Central Asia in response to climate change in the 21st century[END_REF] is calculated using soil data provided by the Nanjing Institute of Soil Science (Figure 3(f)). The formula (Eq. ( 10)) for determining the soil crust factor is

2 2 1 SCI= 1+0.0066 +0.021 i m C O × × , ( 10 
)
where SCI denotes the soil crust factor, Ci denotes the percentage of clay, and Om denotes the soil organic carbon content (%).

Terrain roughness

The terrain roughness refers to the influence of changes in surface conditions owing to lumpy soil and ridges produced by tillage on wind erosion [START_REF] Zhu | Rapid assessment of regional soil erosion based on fuzzy neural system and GIS[END_REF].

In the wind erosion process, the effects of wind on the ground bring loose surface particles into the air. Then, the particles can be moved in the downwind direction of a certain position, which may rebound or get captured. This process affects other soil particles and causes them to move to other locations. Therefore, surface roughness is an important factor in evaluating wind erosion intensity, which can significantly affect the erosion process. In this study, digital elevation model data (available at http://www.gscloud.cn/) are used to calculate the terrain roughness (Figure 3(g)). The formulas for K' and Kr (Eqs. ( 11) and ( 12)) are as follows [START_REF] Borrego | Introduction of terrain roughness effects into a Gaussian dispersion model[END_REF][START_REF] Steinbrügge | The surface roughness of Europa derived from Galileo stereo images[END_REF]:

, ( 11 
) 2 ( ) =0.2 r H K L ∆ × , ( 12 
)
where ' K denotes the terrain roughness factor, r K denotes terrain roughness, rr C denotes a random roughness factor (with a value of 0 in this study), L denotes the topographic relief parameter, and ΔH denotes the elevation difference within the scope of L × L. 
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x E are integers from 1 to 9; the larger the number, the more important the former value. The numerical characteristics of the cloud model importance scale are presented in Table 1 [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF].

Table 1. Importance scale of binary comparison

Importance scale Definition
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The entropy and hyper entropy of the nine cloud models can be obtained using the golden section method (Figure 4). The calculation formulas (Eqs. ( 13)-( 16)) are as follows:

, (13) 1 3 7 0 5 n n 0.618 0.707

n n n E E E E E = = = = = , (14) 
, ( 15)

, ( 16 
)
where max 9 x = , min 1

x = , and is the adjustment function, which is 0.858. The nine cloud models are obtained as follows: (1, 0.437, 0.073), (2, 0.707, 0.118), (3, 0.437, 0.073), (4, 0.707, 0.118), (5, 0.437, 0.073), (6, 0.707, 0.118), (7, 0.437, 0.073), (8, 0.707, 0.118), and (9, 0.437, 0.073).

Analytic hierarchy process based on the cloud model scale judgment matrix

The AHP is used to input the importance degree of one index relative to another [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF]Guo et al., 2017;[START_REF] Lyu | Inundation risk assessment of metro system using AHP and TFN-AHP in Shenzhen[END_REF]. Based on the input value, a pairwise 
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if the latter is more important than the former when two indices are compared. Cloud reciprocal computation (Eq. ( 17)) is then performed; if , then ( ) ( )
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The square root method is used to calculate expectations of elements, fuzziness, and relative weight of the expectation
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. Then, we introduce cloud computing multiplication: if n clouds exist in the argument domain, then the result of the multiplication is
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A E E H . The following equations (Eqs.( 18)- ( 21)) are obtained [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF][START_REF] Li | Evaluation approach of passenger satisfaction for urban rail transit based on cloud model[END_REF]:
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Consequently, the calculations can determine the consequence of each element in [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF][START_REF] Li | Evaluation approach of passenger satisfaction for urban rail transit based on cloud model[END_REF][START_REF] Wu | Urban rail transit operation safety evaluation based on an improved CRITIC method and cloud model[END_REF], which are shown as follows (Eqs.( 22)-( 24)):
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The consistency checks of expectations are conducted thereafter. Here, the consistency indicators C and R are used for the test. The formulas (Eqs.( 25)-( 26)) [START_REF] Jia | Cloud Model-based seismic risk assessment of road in earthquake region[END_REF][START_REF] Wu | Urban rail transit operation safety evaluation based on an improved CRITIC method and cloud model[END_REF] are as follows:
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)
Finally, the consistency ratio I is calculated, which is required to satisfy According to the importance of each indicator of wind erosion intensity, the judgment matrix of the indicator is determined, as shown in Table 2. 

K' WFI SCD SD VC SEF SCI K' 1 1/3 3 2 1/4 1 1 WFI 3 1 2 2 1/3 2 3 SCD 1/3 1/2 1 1 1/2 1/2 1/3 SD 1/2 1/2 1 1 1/3 1/3 1/2 VC 4 3 2 3 1 2 2 SEF 1 1/2 2 3 1/2 1 1 SCI 1 1/3 3 2 1/2 1 1
Note: K' denotes the terrain roughness, WFI denotes the wind field intensity, SCD represents the snow cover days, SD denotes the surface dryness, VC denotes the vegetation coverage, SEF denotes the soil erodibility, and SCI denotes the soil crust factor.

According to the comparison matrix, the judgment matrix based on the cloud model can be obtained as shown in Table 3. Note: A denotes the terrain roughness factor, B denotes the wind field intensity factor, C denotes the SCD factor, D denotes the surface dryness factor, E denotes the vegetation coverage factor, F denotes the soil erodibility, and G denotes the SCF.
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W can be obtained according to Eqs. ( 22)-( 24) (Table 4). Finally, the relative weight is determined as shown in Table 5. 

Results

Evaluation of model accuracy

To ensure the validity of the verification points, we randomly selected 278 samples from different landforms and landscape types (Figure 1) and obtained the accuracy evaluation error matrix of the wind erosion index (Table 6 and Figure 5). As shown in Figure 4, the overall accuracy of the wind erosion intensity index model is 93%. However, obvious differences are observed in the evaluation accuracy of different levels of wind erosion intensity: mild erosion has the best inversion accuracy (97%), followed by slight erosion (95%) and intensive erosion (92%), whereas the accuracy rates of moderate and severe erosion were the lowest (both 91%). Overall, the accuracy of different levels of wind erosion intensity ranges from 0.91 to 0.97, which indicates that the wind erosion index model has good applicability in the TRSR. 

Spatial distribution of wind erosion intensity

Based on the weight assignment of the seven typical land surface parameters and comprehensive index model, wind erosion intensity index is calculated using the Raster calculator of ArcGIS 10.2 [START_REF] Bearman | Using sound to represent spatial data in ArcGIS[END_REF][START_REF] Yan | Prediction of the spatial distribution of Alternanthera philoxeroides in China based on ArcGIS and MaxEnt[END_REF]. To intuitively analyze and discuss the spatial distribution pattern of wind erosion intensity in the TRSR, the wind erosion intensity index is divided into five levels Accuracy evaluation Levels of erosion using the natural breaks method (Guo et al., 2017;[START_REF] Malik | Assessment of vegetation status of Sali River basin, a tributary of Damodar River in Bankura District, West Bengal, using satellite data[END_REF] Based on the above analysis, the soil wind erosion intensity of the TRSR has moderate erosion. In the southern and eastern parts of the TRSR, the erosion intensity is slight, while that in the western and northern are more serious. These spatial patterns result from the climate, terrain, and vegetation coverage. The use of traditional AHP and fuzzy AHP in the process of formulating weights are significantly affected by human activities, thereby resulting in considerable differences in the evaluation results of different studies in the same area (Guo et al., 2020b). The principal component analysis and entropy weight method are mainly used to determine the index weight based on the image features of the index itself, which ignores the ecological significance and importance of the index in the evaluation system [START_REF] Zhu | Rapid assessment of regional soil erosion based on fuzzy neural system and GIS[END_REF]. Index weighting based on the cloud-AHP model considers the characteristics of the image itself as well as expert experience and knowledge; thus, the randomness and uncertainty in the weight determination process can be effectively integrated and the importance of each factor can be accurately reflected (Guo et al., 2020c). The results of this study show that the evaluation method of wind erosion intensity index based on the cloud-AHP model has high applicability in the TRSR, and its overall evaluation accuracy reaches 93%. The evaluation accuracy of soil wind erosion intensity is considerably higher than that of previous studies [START_REF] Gao | Modeling wind and water erosion in northern China under climate and land use changes[END_REF][START_REF] Li | Predicting the spatiotemporal variation in soil wind erosion across Central Asia in response to climate change in the 21st century[END_REF]. This research method can provide an important reference for the evaluation of wind erosion in other regions.

Effects of different vegetation types on soil erosion by wind

A significant difference is observed in wind-proofing ability and sand fixation of different vegetation types. Therefore, the spatial patterns of soil wind erosion of typical vegetation types in the TRSR are analyzed and discussed. As shown in Figures 9 and 10, the wind erosion intensity of bare land is the largest at 0.59, which is classified as moderate erosion, and its standard deviation is small. These results are consistent with that reported by [START_REF] Zhao | A Study on Distributed Simulation of Soil Wind Erosion and Its Application to the Tuhaimajia River Basin[END_REF]. The reason is that the bare land is mainly distributed in the northwestern part of the region that has insufficient water, heat, scarce vegetation, windy conditions, and low surface roughness. The average wind erosion intensity of grassland and savanna is 0.57, which is classified as moderate. Additionally, the standard deviation was the largest, indicating that wind erosion intensity in the grassland is more spatially heterogeneous and the intensity of wind erosion can easily increase or decrease. In particular, the destruction caused by human activities in recent years has aggravated wind erosion in the grassland; thus, this region is the key object of soil and water conservation. [START_REF] Du | Assessment of wind and water erosion risk in the watershed of the Ningxia-Inner Mongolia Reach of the Yellow River, China[END_REF] also observed that the grassland was more sensitive to land degradation, such as desertification and soil wind erosion. The average erosion intensity of shrubs and meadows are slightly lower at 0.54 and 0.52, respectively. The reason is that the aforementioned vegetation types are mainly distributed in the south of the TRSR with abundant water and heat, high vegetation coverage, and large terrain roughness (Guo et al., 2020c). Further, the implementation of a national policy of returning farmland to forest and grassland and returning grazing land to forest and grassland has contributed to ecological improvements in this region. The mountain evergreen coniferous forests (MECF) have the smallest erosion intensity and standard deviation of 0.46 and 0.06, respectively. The reason is that the vegetation type is mainly distributed in the south and southeast of the region, which has abundant rainfall and high vegetation coverage. Similarly, mountainous areas and large terrain roughness can significantly reduce the intensity of wind erosion (Guo et al., 2020b). 

Prevention of wind erosion

The wind erosion intensity in the TRSR is generally classified as moderate, and The reason is that these zones have widely distributed bare land and sparse grassland, low vegetation cover, and windy weather during spring and winter, which accounts for more than 70% of the entire year (Guo & Jiang, 2017). In addition, precipitation is scare, and the water and heat conditions are poor. The bare land is difficult to recover when the vegetation system is damaged. The slight and mild erosion zones are mainly distributed in the east and south of the study region because the environment in these areas is characterized by sufficient hydrothermal conditions, high vegetation coverage, complex terrain, and large surface roughness. Moreover, the national policy of returning farmland to forest and grassland as well as returning grazing land to forest and grassland has been widely promoted and implemented to improve the ecological quality (Guo & Wen, 2020a). As the most widely distributed vegetation type in the TRSR, the grassland has high spatial heterogeneity in wind erosion intensity.

However, a large area of cultivated or grazing land has turned into grassland. The extensive management induces instability in the internal ecosystem structure of some grassland, which is easily degraded to desert. Therefore, the grassland is the key object of ecological environment protection and soil and water conversation in this region.

Conclusions

Fully considering the erosive environment characteristics and dominant factors of soil wind erosion in the TRSR, we introduced seven factors, namely, wind field intensity, surface dryness, vegetation coverage, snow cover days, soil erodibility, soil crust factor, and surface roughness, to construct the wind erosion intensity index model based on the cloud-AHP method. We then analyzed and discussed the spatial differentiation patterns of wind erosion intensity. The following results were obtained:

(1) The cloud-AHP model can better eliminate the randomness and uncertainty in the weight determination process. The wind erosion intensity index model based on the cloud-AHP method has good applicability in the TRSR with an overall accuracy is 93%.

(2) The overall wind erosion intensity in this region is classified as moderate erosion. The wind erosion intensity in the source region of the Yangtze River (0.55) is the largest, which is classified as moderate erosion, and the wind erosion intensity in the source region of the Lancang River (0.50) is relatively small, which is classified as mild erosion.

(3) The influence of different vegetation types on the wind erosion intensity varied significantly. The grassland is most sensitive to soil wind erosion because the spatial heterogeneity of the erosion intensity of the grassland is the largest with a greater standard deviation. The wind erosion intensity in bare land is the highest, while mountain evergreen coniferous forests have the lowest wind erosion intensity.

The proposed model can contribute to the rapid and dynamic assessment of regional wind erosion intensity at large scales because of its simple structure and convenient data for parameters. However, the inversion accuracy of algorithms for land surface parameters in the evaluation system will be improved in future studies.
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  conducted wind-tunnel simulation experiments and established a quantitative relationship between factors, such as the wind erosion rate and wind speed. Using field observation data, Huang et al. (2001) established a quantitative relationship between vegetation coverage and wind erosion sediment transport rate of the Mu Us desert.
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  interpolation method (Nugget, 60784.66; Model type, exponential function; Step size, 51353; Step number, 12; Figure 3(a)).
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  zones are mostly distributed in the west and north of this region.

  comparison judgment matrix of a level index relative to an index in the previous level is established using the cloud model. The form of the matrix is as follows(Jia et al., 
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Table 2 .

 2 Index comparison matrix

	Factors

Table 3

 3 Index judgment matrix based on the cloud model

	A	B	C	D	E	F	G
	(1, 0, 0)	(0.33, 0.08,	(3, 0.70, 0.12)	(2, 0.44, 0.07)	(0.25, 0.03, 0.01)	(1, 0, 0)	(1, 0, 0)
	A	0.01)					

Table 4 .

 4 Calculation of importance of different indicators

	i W

Table 5 .

 5 Weights of different indexes

	Index	Terrain	Wind field	Snow	Surface	Vegetation	Soil	Soil crust
		roughness	intensity	cover days	dryness	coverage	erodibility	factor
	Weight	0.115	0.200	0.069	0.069	0.280	0.135	0.127

Table 6 .

 6 Error matrix of the accuracy evaluation

	Levels of erosion	Evaluation value

  As shown in Figures6 and 7, wind erosion is widely distributed in the TRSR; however, significant differences are observed in the spatial distribution among different levels. The zone with moderate erosion has the largest area of 9.23 × 10 4 sq. km., which is mainly distributed in the west of Yushu County, south of Zaduo County, west of Zeku County, and east of Qumalai County. The intensive erosion zone has the second largest area of 8.76 × 10 4 sq. km., which is mainly distributed in the north of Chengduo County, east of Zaduo County, and south of Golmud City. The zone with mild erosion has the area of 7.72 × 10 4 sq. km., which is mainly distributed in the south of Qumalai County, west of Zaduo County, north of Maqin County, west of Golmud City, and border areas of Henan and Zeku Counties. The zone with severe erosion has an area of 5.55 × 10 4 sq. km., which is mainly concentrated in border areas of Golmud, Zhiduo, and Zaduo Counties, Maduo County, and south of Dari County. The slight erosion zone has the smallest area of 3.52 × 10 4 sq. km., which is mainly distributed in the border area of Qumalai, Yushu, and Chengduo Counties, most of Nangqian County, and border area of Tongde, Maqin, and Zeku Counties.

	of ArcGIS 10.2:
	slight erosion (SWEI < 0.45), mild erosion (0.45 < SWEI < 0.51), moderate erosion
	(0.51 < SWEI < 0.56), intensive erosion (0.56 < SWEI < 0.61), and severe erosion
	(SWEI > 0.61). The natural breaks method reflects the characteristics of an image and
	indicates the agglomeration of similar features.

Table 7 .

 7 Area and area percentages of different erosion levels for three source regions

	Erosion						
				Source Region		
	levels						
			Yangtze River	Yellow River		Lancang
		Area/km 2	Area percentage/%	Area/km 2 Area percentage/% Area/km 2 Area percentage/%
	Slight	16777.00	8.64	10644.00	9.07	7733.00	20.91
	Mild	40064.00	20.64	25383.00	21.62	11798.00	31.90
	Moderate 50376.00	25.95	32165.00	27.40	10452.00	28.26
	Intensive	52245.00	26.91	29499.00	25.13	5891.00	15.93
	Severe	34670.00	17.86	19690.00	16.77	1113.00	3.01
	6. Discussions					
	6.1						

Evaluation of wind erosion intensity index based on the cloud- AHP model
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source regions

Significant differences are observed in wind erosion intensity in different source regions (Figure 8 and Table 7). Among them, the average wind erosion intensity in the source region of the Yangtze River (0.55) is the largest and is classified as moderate erosion. According to the different erosion levels, the intensive erosion zone is the most widely distributed, accounting for 27.0% of the total area, followed by the moderate (5.04 × 10 4 sq. km.) and mild (4.01 × 10 4 sq. km.) erosion zones, which account for 25.9% and 20.6%, respectively. The severe (3.47 × 10 4 sq. km.) and slight (1.68 × 10 4 sq. km.) erosion zones are relatively smaller, accounting for 17.9% and 8.6% of the total area, respectively. The intensive and severe erosion zones in the source region of the Yangtze River are mainly distributed in the west and north, which is mainly associated with dry climate, less precipitation, and low vegetation coverage in this region. The wind erosion intensity in the east and south of the source region of the Yangtze River is relatively slight owing to high vegetation coverage, large topographic roughness, high precipitation, and perfect artificial protection measures.

The average wind erosion intensity in the source region of the Yellow River is 0.54, which is classified as moderate erosion. The moderate erosion zone is the most widely distributed with an area of 3.22 × 10 4 sq. km., accounting for 27.4% of the total area, followed by the intensive erosion zone with an area of 2.94 × 10 4 sq. km., accounting for 25.1% of the total area. The area percentages of mild and severe erosion zones are 21.62% and 16.8%, respectively, whereas that of the slight erosion zone is 9.1%, which is the smallest at 1.06 × 10 4 sq. km. The intensive and severe erosion zones in the source region of the Yellow River are mainly distributed in the west owing to small vegetation coverage, topographic roughness, and high soil erodibility. The slight and mild erosion zones are mainly concentrated in the eastern part owing to high vegetation coverage and topographic roughness. With the vigorous implementation of government measures to prevent wind, fix sand, and return farmland to forest and grassland, the intensity of soil wind erosion in the eastern regions has been reduced to a certain extent.

The average wind erosion intensity in the source region of the Lancang River is 0.50, which is classified as mild erosion. Among different levels, the mild erosion zone is the most widely distributed with an area of 1.18 × 10 4 sq. km., accounting for 31.9% of the total area, followed by the moderate erosion zone with an area of 1.05 × 10 4 sq. km., accounting for 28.3%. The areas of slight and severe erosion zones are 0.78 × 10 4 and 0.59 × 10 4 sq. km., accounting for 20.9% and 15.9% of the total area, respectively.

The severe erosion zone is the smallest with an area of 0.11 × 10 4 sq. km., accounting for 3.0%. The mild and moderate erosion zones are the most widely distributed in the source region of the Lancang River, whereas the intensive and severe erosion zones are scattered northwest of the source area. The main reason is the availability of sufficient water and heat, high vegetation coverage, high topographic roughness, and relatively perfect water conservation measures implemented by the government.

Among the three source regions, the source region of the Yangtze River has the worst ecological environment, while that of the Lancang River has the best. The total area percentages of slight and mild erosion zones in the Lancang River are the largest with 52.8%. Conversely, the total area percentages of intensive and severe erosion