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Abstract Wind erosion is largely controlled by climate

conditions. In this study, we examined the influences of

changes in wind speed, soil wetness, snow cover, and

vegetation cover related to climate change on wind erosion

in northern China during 1981–2016. We used the wind

erosion force, defined as wind factor in the Revised Wind

Erosion Equation Model, to describe the effect of wind

speed on wind erosion. The results show that wind erosion

force presented a long-term decreasing trend in the south-

ern Northwest, northern Northwest, and eastern northern

China during 1981–2016. In the Gobi Desert, the wind

erosion force presented for 1981–1992 a decreasing trend,

for 1992–2012 an increasing trend, and thereafter a weakly

decreasing trend. In comparison to wind speed, soil wet-

ness and snow cover had weaker influences on wind ero-

sion in northern China, while vegetation cover played a

significant role in the decrease of wind erosion in the

eastern northern China during 1982–2015.

Keywords Northern China � RWEQ model � Wind

erosion � Wind erosion force � Heavy wind frequency

1 Introduction

Wind erosion occurs in arid and semiarid areas in China,

which cover approximately 165.59 9 104 km2 and con-

stitute 17.25% of the national territory (Shi et al. 2004;

China 2013). Wind erosion is influenced by climatic con-

ditions, soil erodibility, and anthropogenic activities. Cli-

matic conditions include wind speed, precipitation, relative

humidity, and snow cover (Fryrear et al. 1998; Shao et al.

2013). Soil erodibility is influenced by vegetation cover

and soil texture, crust, and organic carbon. Anthropogenic

activities mainly include land use that results in changes in

vegetation cover (Mao et al. 2013; Chi et al. 2019).

Many studies have analyzed the causes of change in

wind erosion in northern China during recent decades

(Dong and Kang 1994; Yang and Lu 2016; Han 2019).

Yang and Lu (2016) and Han (2019) used wind erosion

climatic erosivity, indicated as a revised C factor from the

Food and Agriculture Organization (FAO) of the United

Nations (1979), to assess the effects of wind speed and soil

wetness on wind erosion in northern China. These sources

reported decreased wind erosion climatic erosivity and

wind erosion in northern China during 1961–2012. In

addition to the wind erosion climatic erosivity, some

authors used the climatic factor in the Revised Wind Ero-

sion Equation (RWEQ) model to assess the effects of wind

speed, soil wetness, and snow cover on wind erosion

(Fryrear et al. 1998). Based on the RWEQ model, a

decrease in wind erosion in northern China was ascribed to

a decrease in the climatic factor of the RWEQ model

during 1990–2000 (Zhang et al. 2018; Chi et al. 2019).

Besides climatic conditions, changes in vegetation cover

caused by human activities and natural climate change

exerted influences on wind erosion in northern China
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(Huang et al. 2018; Zhang et al. 2018; Chi et al. 2019; Wu

et al. 2019; Zhao et al. 2020).

Although these studies emphasized the influences of

wind speed, soil wetness, snow cover, and vegetation cover

on wind erosion, wind speed is ascribed as a critical factor

that results in the decrease in wind erosion in northern

China (Du et al. 2017; Zhang et al. 2018; Chi et al. 2019).

The aim of this study is to examine the changes in wind

speed and their impacts on wind erosion in northern China

during 1981–2016. To highlight the critical role of wind

speed in changes in wind erosion, wind erodibility related

to climate change was analyzed as well. The influence of

soil wetness, snow cover, and vegetation cover on wind

erosion was also examined. The remainder of this article is

structured as follows. Section 2 briefly describes the study

area, data, and method. Changes in wind speed, extreme

wind speed, and wind erosion force in northern China are

presented in Sect. 3. We discuss two issues in Sect. 4: (1)

the influence of soil wetness and snow cover on wind

erosion in northern China; and (2) the role of vegetation

cover in the changes in wind erosion in northern China.

Finally, in Sect. 5 the conclusion is provided.

2 Study Area, Data, and Method

In this section, we describe the study area and sources of

meteorological data, snow cover data, and vegetation cover

data. Moreover, to examine the changes in wind erosivity

and erodibility in northern China related to climate change,

we provide the calculation procedures of wind erosion

force and climatic factor of the RWEQ model.

2.1 Study Area and Data

In this study, wind erosion area in northern China was

analyzed (enclosed by a red contour line in Fig. 1); this

area includes arid areas in Northwest China and the west of

central-northern China (annual precipitation less than

200 mm), semiarid areas in the east of central-northern

China (annual precipitation between 200 and 400 mm), and

subhumid areas in Northeast China (annual precipitation

more than 400 mm) (Wang 2007).

The meteorological data include hourly wind speed at

10 m above the ground, daily air temperature, daily pre-

cipitation, and daily sunshine hours, which were obtained

from the National Climate Center of the China Meteoro-

logical Administration.1 The meteorological data were

observed at nearly 270 stations during the period from

1981 to 2016. The daily snow cover data were obtained

from the Environmental and Ecological Science Data

Center for West China with a period of 2000–2016 at a

spatial resolution of 0.25� 9 0.25�. To examine the influ-

ence of vegetation cover on wind erosion, vegetation cover

was represented by the Normalized Difference Vegetation

Index (NDVI) from the Global Inventory Monitoring and

Modeling System (GIMMS). The satellite-based NDVI

products were obtained from 8 km and 15-day composite

GIMMS3g data for the period 1981–2015 (Tucker et al.

2005; Pinzon and Tucker 2014).2

We first screened meteorological data because there

were many missing records in the hourly wind speed data.

For a given station and a given day, when the number of

records in the given day was larger than 12, the records in

the given day were retained at the given station. Subse-

quently, because every half-month was regarded as a cal-

culation period, only stations with missing records less than

20% of observations in the half-month were retained. As a

result, there were 127 stations used in the analysis. In

addition, for a given station, its snow cover was set to be an

average of snow cover of grids around the given station.

The distance between the given station and its surrounding

grids was less than 0.25�.

2.2 Methods

In this study, we used wind erosion force to describe wind

erosivity decided by wind speed. We defined the wind

factor (Wf) in the RWEQ model to measure the magnitude

of wind erosion force, although there are different forms of

wind erosion prediction models, including the RWEQ,

wind erosion prediction system (WEPS), and wind erosion

stochastic simulator (WESS) model. The choice of Wf is

based on two points. (1) The RWEQ model directly pro-

vides the Wf to describe the influence of wind speed on

wind erosion, which can be readily used. In contrast to the

RWEQ model, the WEPS and WESS models do not give

individual factors ascribed to the influence of wind speed

on wind erosion. (2) The WEPS and WESS require detailed

input data about a study area’s weather, soil surface con-

ditions, vegetation, and management, which may not be

possible to obtain even for a small area (Wagner 2013;

Jarrah et al. 2020). The RWEQ model requires fewer

parameters compared to the WEPS and WESS and can be

scaled up. Therefore, the RWEQ model has not only been

successfully applied in the United States (Van Pelt et al.

2004), but also has been widely used in other geographical

environments such as Argentina (Buschiazzo and Zobeck

2008), Egypt (Fryrear et al. 2008), and China (Guo et al.

2013).

1 http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_

MUL_DAY.html. 2 https://ecocast.arc.nasa.gov/data/pub/gimms/3gv0/.
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In the calculation of the Wf, hourly wind speed was

taken into account, because wind erosion was initiated by

high wind speed, which was typically higher than the

threshold wind speed (Guo et al. 2012; Shen et al. 2018).

For a given period, the Wf (unit: m3 s-3) is determined by

Eq. 1, where U2 is wind speed at 2 m above the surface at a

hourly time scale (Guo et al. 2012), which is calculated

from wind speed at 10 m (U10) above the surface by using

Eq. 2 of Elliott (1979); Ut is the threshold wind speed at

2 m and is assumed at 5 m s-1; N is the number of wind

observations in the given period; Nd is the number of days

in the given period. Fryrear et al. (1998) suggested that N

should be 500, but we used the real number of wind

observations in this study. Although Ut varies between the

regions in northern China, we followed Fryrear et al.

(1998) to use 5 m s-1 in the calculation of Wf for conve-

nience. In addition, to explain the variations of Wf, we

analyzed heavy wind frequency defined as the ratio of

frequency of hourly wind speed exceeding 5 m s-1 to the

total number of hourly wind observations (Li et al. 2018).

Wf ¼
PN

i¼1 U2 U2 � Utð Þ2

N
Nd ð1Þ

U2 ¼ U10

2

10

� �1
7

ð2Þ

In Sect. 4, we discussed changes in the erodibility of soil

by wind erosion in northern China related to climate

change. First, the influence of soil wetness and snow cover

on wind erosion was analyzed by calculating the climatic

factor (CF) in the RWEQ model. The CF is calculated by

multiplication of Wf, soil wetness factor (SW), and snow

cover factor (SD), as in Eq. 3, where q is air density

(kg m-3) and g is acceleration due to gravity (m s-2). The

SW (dimensionless) is quantified by Eqs. 4–8, where R is

precipitation (mm) and I is irrigation amount—set to zero;

Rd is the number of days of precipitation; and ETp is

potential evapotranspiration (mm) determined by SR (total

solar radiation for the given period, cal cm-2 day-1) and

DT (average temperature, �C). SR is calculated by Ra

(extraterrestrial radiation for a daily period,

Fig. 1 Location of the study area, meteorological stations, deserts,

and sandy lands in northern and western China. The study area is

enclosed by a red contour line. Deserts and sandy lands are indicated

by numbers: the Gurbantunggut Desert (1), the Taklimakan Desert

(2), the Kumtag Desert (3), the Desert in Qaidam Basin (4), the

Badain Jaran Desert (5), the Tengger Desert (6), the Ulan Buh Desert

(7), the Hobq Desert (8), the Mu Us Sandy Land (9), the Otindag

Sandy Land (10), the Horqin Sandy Land (11), and the Hulunbuir

Sandy Land (12). The shaded blue areas are the arid areas, semiarid

areas, and subhumid areas in northern China, respectively. Source:
After Shi et al. (2004)
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MJ m-2 day-1), where 24 is the number of hours per day,

60 is the number of minutes per hour, Gsr is the solar

constant (MJ m-2 min-1), dr is inverse relative distance

Earth-Sun, xs is the sunset hour angle (rad), u is the

latitude of the station (rad), d is the solar decimation (rad),

and n is the sunshine hour. Note that Ra is expressed in

MJ m-2 day-1. The corresponding equivalent evaporation

in cal cm-2 day-1 is obtained by multiplying Ra by

23.889. The Angstrom values as and bs vary depending

on atmospheric conditions (humidity and dust) and solar

declination (latitude and month). Because no actual solar

radiation data were available and no calibrations had been

carried out to improve the as and bs parameters, the as and

bs are recommended to be 0.25 and 0.50, respectively

(Allen et al. 1998). The SD is equal to 1 minus the

probability that snow depth is greater than 25.4 mm,

quantified by Eq. 9. Because of inadequate snow cover

data before 2000, climatological SD in 2000–2016 was

used in CF calculation for 1981–1999. Following

calculation procedures outlined in Fryrear et al. (1998), a

month was evenly separated into two parts and every half-

month was defined to be the calculation period. In addition

to soil wetness and snow cover, the influence of vegetation

cover on wind erosion in northern China was assessed by

analyzing long-term trends in NDVI in northern China for

the period 1981–2015. In this study, to highlight the spatial

discrepancy in wind erosion force in northern China, we

separated northern China into four subregions—southern

Northwest China (SNWC), northern Northwest China

(NNWC), Gobi Desert, and eastern northern China

(ENC). Spring season was examined and monthly

variables in March to May were aggregated for the

spring season by averaging them.

CF ¼ Wf � q
g
� SW � SD ð3Þ

SW ¼
ETp � Rþ Ið Þ Rd

Nd

ETp
ð4Þ

ETp ¼ 0:0162
SR

58:5

� �

DT þ 17:8ð Þ ð5Þ

Ra ¼
24 60ð Þ

p
Gsrdr xs sin uð Þ sin dð Þ þ cos uð Þ cosðdÞ sinxs½ �

ð6Þ

SR ¼ as þ bs �
n

N

� �
� Ra ð7Þ

N ¼ 24

p
xs ð8Þ

SD ¼ 1� Pðsnow cover[ 25:4mmÞ ð9Þ

3 Changes in Wind Erosion Force in Northern
China During 1981–2016

The following sections present changes in mean wind

speed, extreme wind speed, and wind erosion force in

northern China during 1981–2016. First, spatial distribu-

tions of the climatological mean wind speed and trends in

mean wind speed in northern China are presented. Then,

regional mean wind speed is compared among the four

subregions in northern China (Sect. 3.1). This section also

shows spatial distributions of climatological mean wind

speed of heavy wind (defined in Sect. 3.2) and trends in

mean wind speed of heavy wind in northern China. The

regional mean of heavy wind frequency is presented for the

four subregions as well (Sect. 3.2). Finally, spatial distri-

butions of the climatological wind erosion force and trend

in wind erosion force and regional wind erosion force of

the four subregions are combined to evaluate changes in

the impact of wind speed on wind erosion in northern

China during 1981–2016 (Sect. 3.3).

3.1 Changes in Mean Wind Speed

Figure 2a shows the spatial distribution of the climatology

of mean wind speed in spring in northern China during

1981–2016. The results show that mean wind speed was

higher in the NNWC, the Gobi Desert, and ENC than the

SNWC in spring. The mean wind speed was 1.7, 2.5, 2.6,

and 2.7 m s-1 in the SNWC, NNWC, Gobi Desert, and

ENC in spring from 1981 to 2016, respectively. Spatially,

the highest mean wind speed occurred along the boundary

between China and Mongolia, mainly over the northern

Gobi Desert and the eastern part of the ENC at above

3 m s-1. The spatial distribution of high mean wind speed

is consistent with high wind erosion in spring, supporting a

dominant role of mean wind speed in influencing wind

erosion in northern China (Chi et al. 2019).

Figure 2b shows the spatial feature of linear trends in

mean wind speed in northern China during spring from

1981 to 2016. The results show that nearly all northern

China was featured by a decreasing trend in mean wind

speed by more than - 0.1 m s-1 per 10 year. The largest

decreasing trend in mean wind speed was found in the

NNWC, the boundary between the SNWC and the Gobi

Desert, and the eastern part of the ENC by more than

- 0.3 m s-1 per 10 year. The central and western parts of

the ENC showed a decreasing trend by - 0.2 m s-1 per

10 year. In contrast to the widespread of decreasing trends

in mean wind speed in northern China, the Gobi Desert

showed a weak increasing trend in mean wind speed by

more than 0.1 m s-1 per 10 year, indicating an increasing

influence of wind speed on wind erosion.
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We averaged the mean wind speed in each of the four

subregions during 1981–2016. The mean wind speed

showed interdecadal changes over the four subregions from

1981 to 2016 (Fig. 3a). The mean wind speed in the

SNWC, NNWC, and ENC presented a decreasing trend in

spring from 1981 to 2016 by - 0.10 to - 0.14 m s-1 10

Fig. 2 Spatial distribution of

climatological wind speed (a),
trends in mean wind speed (b),
mean wind speed of heavy wind

(c), and heavy wind frequency

(d) in spring over northern

China during 1981–2016. The

southern Northwest China

(SNWC), northern Northwest

China (NNWC), Gobi Desert,

and eastern northern China

(ENC) are enclosed by solid

lines in (a)
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year-1, significant at the 95% confidence level (Table 1).

However, the mean wind speed in the Gobi Desert

decreased from 1981 to 1992 and increased from 1992 to

2012. Subsequently, the mean wind speed in the Gobi

Desert decreased during 2013–2016. As a result, the linear

trends in the wind speed in the Gobi Desert were

- 0.42 m s-1 10 year-1 during 1981–1992 and

0.13 m s-1 10 year-1 during 1992–2012, respectively,

which are significant at the 95% confidence level. Because

of the dominant role of the decreasing trend in the mean

wind speed in 1981–1992, however, the linear trend in the

mean wind speed in the Gobi Desert was negative by

- 0.04 m s-1 10 year-1 during 1981–2016, significant at

the 95% confidence level.

3.2 Changes in Extreme Wind Speed

We first examined the spatial distribution of trend in the

mean wind speed of heavy wind in northern China during

1981–2016. The heavy wind was defined as wind speed

exceeding 5 m s-1. Figure 2c shows the spatial distribu-

tion of trend in the mean wind speed of heavy wind during

1981–2016 in northern China. The largest negative trend

was located over the SNWC, NNWC, southern Gobi

Desert, and eastern ENC by more than - 0.2 m s-1 10

year-1. The northern Gobi Desert, however, showed an

increasing trend in the mean wind speed of heavy wind by

more than 0.1 m s-1 per 10 year. Secondly, the spatial

distribution of trend in heavy wind frequency in northern

China is shown in Fig. 2d. As seen in the figure, the

Fig. 3 Time series of mean

wind speed (a), mean wind

speed of heavy wind (b), and
heavy wind frequency

(c) during spring in the southern

Northwest China (SNWC),

northern Northwest China

(NNWC), Gobi Desert, and

eastern northern China (ENC)

from 1981 to 2016. The straight

line depicts the linear trend in

mean wind speed (a), mean

wind speed of heavy wind (b),
and heavy wind frequency (c) in
the Gobi Desert
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frequency of heavy wind significantly decreased in the

NNWC, eastern SNWC, and ENC by 5% per 10 year. In

the meantime, heavy wind frequency weakly decreased in

western SNWC by less than 1% per 10 year. In contrast to

the decreasing trends in heavy wind frequency over these

regions, the Gobi Desert had an increasing trend in heavy

wind frequency by more than 1% per 10 year as well as in

the mean wind speed of heavy wind in the Gobi Desert.

Figure 3b shows the time series of mean wind speed of

heavy wind over the four subregions during 1981–2016. In

the SNWC, NNWC, and ENC, the mean wind speed of

heavy wind decreased from 1981 to the end of the 1990s

and then increased during 1998–2003. Thereafter the mean

wind speed of heavy wind retained a decreasing trend

during 2004–2016 over these subregions. As a result, the

trend in the mean wind speed of heavy wind was - 0.07,

- 0.14, and - 0.06 m s-1 per 10 year in the SNWC,

NNWC, and ENC during 1981–2016, respectively

(Table 1). The Gobi Desert presented for 1981–1992 a

decreasing trend, for 1992–2012 an increasing trend, and

thereafter a weakly decreasing trend in mean wind speed of

heavy wind. The linear trends were - 0.20 m s-110

year-1 during 1981–1992 and 0.04 m s-110 year-1 during

1992–2012, respectively. Because of the dominant role of

the decreasing trend in the mean wind speed of heavy wind

during 1981–1992, the trend in the mean wind speed of

heavy wind was - 0.02 m s-1 per 10 year in the Gobi

Desert during 1981–2016 (Table 1).

Figure 3c shows the regional mean of heavy wind fre-

quency in northern China during 1981–2016. The heavy

wind frequency in the SNWC, NNWC, and ENC decreased

significantly from 1981 to the end of the 1990s and

thereafter retained a weak decreasing trend from the end of

the 1990s to 2016. As a result, the trend of heavy wind

frequency during 1981–2016 was - 0.45, - 1.61, and

- 1.40% per 10 year in the SNWC, NNWC, and ENC,

respectively, significant at the 95% confidence level.

However, the heavy wind frequency in the Gobi Desert

showed a decreasing trend from 1981 to 1992 and there-

after presented an increasing trend during 1992–2012. The

linear trends in the heavy wind frequency in the Gobi

Desert were - 4.2% 10 year-1 during 1981–1992 and

1.2% 10 year-1 during 1992–2012, respectively, which are

significant at the 95% confidence level. Because of the

dominant role of the decreasing trend in the heavy wind

frequency during 1981–1992, the linear trend in heavy

wind frequency in the Gobi Desert was - 0.6% 10 year-1

during 1981–2016, significant at the 95% confidence level.

3.3 Changes in Wind Erosion Force

Figure 4a shows the spatial distribution of climatological

wind erosion force during 1981–2016 in northern China.

The results show that there was high wind erosion force

from the Gobi Desert to the western ENC along the

boundary between China and Mongolia at above

100 m3 s-3. The wind erosion force was 20–100 m3 s-3

over the eastern ENC and NNWC and less than 20 m3 s-3

over the SNWC. We averaged wind erosion force in each

of the four subregions. The average of wind erosion force

in the SNWC, NNWC, Gobi Desert, and ENC was 28, 200,

147, and 80 m3 s-3, respectively. The highest wind erosion

force suggests that the highest effect of wind speed on wind

erosion occurred in the NNWC and Gobi Desert, which is

consistent with the largest wind erosion occurring in these

subregions during 1990–2016 (Chi et al. 2019).

Figure 4b shows the spatial distribution of trend in wind

erosion force in northern China during 1981–2016. There

was a large area of decreasing trend in wind erosion force

in northern China. The wind erosion force decreased in the

SNWC and Gobi Desert by less than - 20 m3 s-3 per

10 year and in the NNWC and ENC by more than - 20 m3

s-3 per 10 year during 1981–2016. However, there are

some areas in northern China with positive trends in wind

erosion force, including the area along the boundary

between the NNWC and the Gobi Desert and the central

Table 1 Trends in mean wind speed, mean wind speed of heavy wind, heavy wind frequency, and wind erosion force in spring over northern

China during 1981–2016

Southern Northwest China

(SNWC)

Northern Northwest China

(NNWC)

Gobi

Desert

Eastern Northern China

(ENC)

Mean wind speed - 0.03* - 0.14* - 0.04* - 0.11*

Mean wind speed of heavy

wind

- 0.07* - 0.14* - 0.02 - 0.06*

Heavy wind frequency - 0.45* - 1.61* - 0.6* - 1.40*

Wind erosion force - 4.7* - 78.2* - 6.9* - 20.7*

Units: m s-1 10 year-1, % 10 year-1, and m3 s-3 10 year-1 are for mean wind speed, heavy wind frequency, and wind erosion force,

respectively

*Significant at the 95% confidence level
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northern China. We averaged the wind erosion force in the

four subregions during 1981–2016 (Fig. 4c). The wind

erosion force decreased from 1981 to the end of the 1990s

over three surbregions (SNWC, NNWC, and ENC) in

spring, followed by a stable wind erosion force in

2000–2016. As a result, the wind erosion force showed

decreasing trends by - 4.7, - 78.2, and - 20.7 m3 s-3 per

10 year for the SNWC, NNWC, and ENC during

1981–2016, respectively (Table 1). This decreasing trend

means that the influence of wind speed on wind erosion

continually decreased in the SNWC, NNWC, and ENC

during 1981–2016. In contrast to the decreasing wind

Fig. 4 Spatial distribution of climatological wind erosion force

(a) and trend in wind erosion force (b) in northern China during

spring from 1981 to 2016. Segment (c) shows the time series of spring

wind erosion force in the southern Northwest China (SNWC),

northern Northwest China (NNWC), Gobi Desert, and eastern

northern China (ENC) during 1981–2016. The straight line in

c depicts the linear trend in wind erosion force in the Gobi Desert
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erosion force in the SNWC, NNWC, and ENC, the wind

erosion force in the Gobi Desert showed a decreasing trend

from 1981 to 1992, but thereafter presented an increasing

trend during 1992–2012. The linear trends in the wind

erosion force in the Gobi Desert were - 45.3 m3 s-3

10 year-1 during 1981–1992 and 13.7 m3 s-3 10 year-1

during 1992–2012, respectively, which were significant at

the 95% confidence level. However, because of the domi-

nant role of the decreasing trend in the wind erosion force

during 1981–1992, the trend in the wind erosion force in

Fig. 5 Spatial distribution of climatological climatic factor (a) and
trend in climatic factor (b) in northern China during spring from 1981

to 2016. (c) Shows the time series of spring climatic factor over the

southern Northwest China (SNWC), northern Northwest China

(NNWC), Gobi Desert, and eastern northern China (ENC) during

1981–2016. The straight line depicts the linear trend in the climatic

factor over the Gobi Desert
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the Gobi Desert during 1981–2016 was - 6.9 m3 s-3 per

10 year, significant at the 95% confidence level, indicating

a decrease in the influence of wind speed on wind erosion

in the Gobi Desert during 1981–2016.

4 Discussion

This study has indicated that the wind erosion force pre-

sented a long-term decreasing trend in the SNWC, NNWC,

and ENC regions during 1981–2016. In the Gobi Desert,

wind erosion force presented a decreasing trend for

1981–1992, an increasing trend for 1992–2012, and

thereafter a weakly decreasing trend. Besides wind speed,

there are additional factors related to climate change that

influence wind erosion through changing soil erodibility.

Therefore, the following sections explore the role of soil

wetness, snow cover, and vegetation cover in wind erosion.

4.1 The Influence of Soil Wetness and Snow Cover

on Wind Erosion

To examine the contribution of soil wetness and snow

cover to wind erosion, we calculated the climatic factor

(CF) in the RWEQ model in northern China, which rep-

resent effects of wind speed, soil wetness, and snow cover

on wind erosion. The CF climatology resembles that of the

wind erosion force in northern China during 1981–2016,

with high values exceeding 30 kg m-1 s-1 over the areas

between the Gobi Desert and the NNWC and along the

boundary between China and Mongolia and with low ones

less than 5 kg m-1 s-1 in the SNWC and southern and

eastern ENC (Fig. 5a). The average of CF was 3, 23, 19,

and 9 kg m-1 s-1 in the SNWC, NNWC, Gobi Desert, and

ENC, respectively. Subsequently, we examined the spatial

feature of the trend in the CF in northern China during

1981–2016 (Fig. 5b). There was an increasing trend in the

CF along the boundary between the NNWC and northern

Gobi Desert by more than 1 kg m-1 s-1 per 10 year. There

also were areas of negative trends in the CF over the ENC,

southern Gobi Desert, and western NNWC during

1981–2016 by - 2 kg m-1 s-1 per 10 year. Figure 5c

shows the time series of CF in the four subregions during

1981–2016. The CF decreased from 1981 to the end of the

1990s over the four surbregions. Although the CF retained

a low value in 2000–2016 in the SNWC, NNWC, and

ENC, the CF in the Gobi Desert presented an increasing

trend during 1992–2012 compared to 1981–1992. By

comparing the spatial distributions of climatology and

trend of CF with those of wind erosion force, the similar

pattern between the wind erosion force and the CF pro-

vides evidence that soil wetness and snow cover exerted a

weaker influence on wind erosion in northern China com-

pared to wind speed during 1981–2016.

4.2 The Influence of Vegetation Cover on Wind

Erosion

Changes in vegetation cover are driven by anthropogenic

activities, as well as natural climate change. The Chinese

government has launched ecological projects to reduce

wind erosion in northern China—for example, the Three-

North Shelterbelt Development Program (1978–2050),

Beijing–Tianjin Sand Source Control Program

(2001–2010/2013–2022) (Bryan et al. 2018). These eco-

logical projects caused an increase in vegetation cover (Liu

et al. 2018) and hence induced a decrease of wind erosion

(Huang et al. 2018; Chi et al. 2019; Zhao et al. 2020). For

instance, the ecological projects in the Beijing–Tianjin

sand source region caused a decrease of wind erosion

modulus by 3.77 million tons during 2000–2015 of which

approximately 70% was prompted by the gradual transition

from desert to sparse grassland (Zhao et al. 2020). Chi et al.

(2019) showed a decreasing trend by 0.71 t ha-1 year-1 in

wind erosion modulus because of ecological projects dur-

ing 2000–2010. Huang et al. (2018) indicated that the

Three-North Shelterbelt Development Program and other

ecological programs were related to a decrease of wind

erosion by 11–15% at a local scale during 1970–2015.

Besides the influence of vegetation cover on wind ero-

sion related to anthropogenic activities, we examined the

influence of vegetation cover caused by natural climate

change on wind erosion. Because the SNWC and Gobi

Desert have a very low vegetation cover (Yang et al. 2018),

we only examined long-term trends in the NDVI over the

NNWC and ENC. The NDVI showed a long-term

increasing trend in the spring over the ENC by 0.37% per

10 year during 1982–2015, significant at the 95% confi-

dence level (Fig. 6b). The increasing trend in vegetation

cover in the ENC supports the decrease of wind erosion

caused by ecological projects (Huang et al. 2018; Chi et al.

2019; Zhao et al. 2020). The increasing trend in the NDVI

indicates that vegetation cover related to climate change

played a role in the long-term decreasing trend in wind

erosion in the ENC. However, the NDVI in the NNWC did

not have a significant long-term trend during 1981–2015,

implying a weak contribution of vegetation cover to long-

term changes in wind erosion in the NNWC during

1982–2015 (Fig. 6a).
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5 Conclusion

Wind erosion is often greatly influenced by wind speed. In

this study, we used wind erosion force, represented by wind

factor from the Revised Wind Erosion Equation (RWEQ)

model, to study the influence of wind speed on wind ero-

sion in northern China from 1981 to 2016. The spring wind

speed in southern Northwest China (SNWC), northern

Northwest China (NNWC), and eastern northern China

(ENC) showed a decreasing trend from 1981 to 2016 by

- 0.03, - 0.14, and - 0.11 m s-1 per 10 year, respec-

tively. The heavy wind frequency presented a decreasing

trend as well as mean wind speed by 0.45%, 1.61%, and

1.40% per 10 year in the SNWC, NNWC, and ENC,

respectively. As a result, wind erosion force significantly

decreased in the NNWC and weakly decreased in the

SNWC and ENC during spring from 1981 to 2016 by

- 78.2, - 4.7, and - 27.1 m3 s-3 per 10 year, respec-

tively, implying a decreasing influence of wind speed on

wind erosion in 1981–2016 over these subregions. In

comparison with the SNWC, NNWC, and ENC, the wind

speed and heavy wind frequency in the Gobi Desert pre-

sented a decreasing trend from 1981 to 1992 and thereafter

an increasing trend from 1992 to 2012, resulting in an

increase in the influence of wind speed on wind erosion in

the Gobi Desert in 1992–2012 compared to 1981–1992.

However, because of the dominant role of the decreasing

trends in wind speed and heavy wind frequency, the trend

in wind erosion force in the Gobi Desert is - 6.9 m3 s-3

per 10 year during 1981–2016, indicating a decrease in the

influence of wind speed on wind erosion in the Gobi Desert

during 1981–2016.

We also examined the influence of soil wetness, snow

cover, and vegetation cover on wind erosion in northern

China. We calculated climatic factor (CF) in the RWEQ

model in northern China, which represent effects of wind

speed, soil wetness, and snow cover on wind erosion. By

comparing the spatial distributions of climatology and the

trend of CF with those of wind erosion force, the similar

patterns between wind erosion force and CF provide evi-

dence that soil wetness and snow cover exerted a weaker

influence on wind erosion in northern China compared to

wind speed during 1981–2016. In the meantime, the

increasing trend in the vegetation cover in the ENC sup-

ports a decrease of wind erosion in the ENC during

1982–2015. However, the vegetation cover had a weak

contribution to wind erosion reduction in the NNWC dur-

ing 1982–2015.
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