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Abstract

Playas are one of the major sources of saline and alkaline dust in northern China, which release  
a large amount of sand and dust material every year, severely impacting the quality of the atmosphere, 
production and life on the Inner Mongolian Plateau in northern China. The surface characteristics of 
playa activation processes influence the horizontal salt migration flux, but the salt transmission volume 
of playas is almost unknown in dry salt lakes in a typical steppe. The functional relationship between 
horizontal salt dust transmission volume and the grain size content was ascertained for four different 
surfaces at situ sites in the Chagan Nur playa in northern China. After collecting salt dust from four 
surfaces (crust, broken crust, activated and sandy saline surface) formed during different stages of the 
desiccation process, the salt dust transmission was assessed based on the wind velocity profile, grain 
size, and total wind erosion particulate matter (TWEP) profiles above the playa surfaces. The particle 
size gradually increased from the center of the lake to the shore, while the water content decreased.  
The wind speed, friction velocity, and roughness of the four surfaces were as follows: sandy saline 
surface<crust surface<broken crust surface<activated surface. The sand transport of crust in the 
height range of up to 50 cm was a linear function of the sand transport rate, while the sand transport 
of the broken crust obeyed a power function, and the activated and sandy saline surfaces obeyed an 
exponential function. The formation of a stable crust surface by fine particles reduced the wind erosion 
of the playa, but the playa was still a potentially huge source of salt dust during and after activation 
and the dust generated by the activated surface (2.61 g/cm2·min) was 20 times that generated from 
the crust cover (0.13 g/cm2·min) during the observation period. Finally, all of the aerosol substances 
were <63μm.
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Introduction

The drying up of lakes is a significant problem in arid 
and semiarid areas which leads to the exposure of fine-
grained lacustrine sediments at the surface, increasing 
the salinity of the land, decreasing the soil productivity, 
forming saline desertification, and increasing the risk 
of regional wind erosion, and generating chemical dust 
storms [1]. To explore the main global dust sources, 
Varga et al. [2, 3] used satellite images from the Total 
Ozone Mapping Spectrometer acquired from 1979 to 
2011, confirming that playas and dry rivers in arid and 
semi-arid regions were one of the main dust sources. 
Furthermore, Middleton al. [4, 5] have also proven that 
dried up lakes and beaches were considered to be the 
major dust sources in the world. The Xilingol Plateau 
is a landscape unit with multiple types of grassland, 
sandy land, and lakes, and it extends across of the 
Inner Mongolian Plateau in northern China. The playa 
cover on the Xilingol Plateau is mainly derived from 
grassland degradation, and a large number of fine salt 
materials have formed loose sediment particles after 
the lakes dried up. In recent years, due to drastic 
climate change and irrational human exploitation, 
a large number of lakes have shrunk and become 
new sources of dust in semi-arid areas, which is an 
important issue [6]. The East Asian summer monsoon 
is one active and important component of the global 
climate system, which transports moisture vapor and 
heat from southeastern India and the western Pacific to 
northern Asia [7]. The changeable climate of the East 
Asian winter monsoon system is also one of the active 
components of the global climate system, and it affects 
the temperature in both nearby areas and northern 
China. It has a great impact on the semiarid areas of the 
Xilinguole Plateau during spring [8].

The Chagan Nur banner (in the southern part of 
the Inner Mongolian Plateau), which consists of playas, 
sandy deserts (the Otindag Sandy Land), and typical 
temperate steppes, is located on the fringe of the 
modern East Asian summer-monsoon and East Asian 
winter -monsoon dominated areas. Chagan Nur Lake is 
an ecologically fragile area and is extremely sensitive 
to the changing monsoon climate. The depth of the 
lake was 7.2 m in the 1950s. The west Chagan Nur 
Lake completely dried up in 2001 and formed a huge 
playa, and the water depth of east Chagan Nur lake is 
only 2.5 m at present [9]. During spring and winter, 
the Chagan Nur playa is influenced by dry and cold air 
from Mongolia. Especially in spring, the temperature 
is above zero degrees during the day and below zero 
degrees at night, and the freeze-thaw alternation 
loosens the soil. Both the natural underlying surface of 
the playa and the changeable climate have caused this 
playa to become a potential salt dust source area [3].  
The soil salt particle size of the playa surface is one 
of the significant factors influencing wind erosion, 
and PM10, PM2.5, and other dust emissions. Alizadeh 
et al. [3, 10] proved that the soil clay content affects 

the adhesion of the soil particles, the clay content 
contributes to the formation of an aggregate structure, 
and the size of soil particles determines the surface 
tension and cohesion of the soil, making it an important 
parameter affecting soil wind erosion. During the wind 
erosion process, the minimum wind speed required 
for the soil to overcome the resistance (resistance to 
movement due to the gravity of particles and cohesion 
between particles) is the threshold friction speed. Soil 
salt particles not only affect the friction speed of the 
playa but also affect the number of dust emissions and 
the delivery distance [11]. 

Since Chagan Nur Lake dried up, the frequency 
of sandstorms in Chagan playa and nearby cities 
has increased. However, the lack of dust emission 
monitoring around Chagan Nur Lake, has resulted in 
the limited availability of dust supply information for 
Chagan playa during wind erosion events. According 
to our previous investigation, there has been no field 
monitoring of the characteristics of the wind erosion of 
this dry lake in a typical semi-arid steppe or its emission 
characteristics during wind erosion. Therefore, Chagan 
Nur playa was chosen to study the release characteristics 
of salt dust and the transport characteristics of salt dust 
particles during the drying and activation of the playa.

Materials and Methods

Study Area

The study area is located in Inner Mongolia, 
northern China (114°45′–115°04′E and 43°22′–43°29′N). 
The climate is semiarid with a mean annual 
precipitation of 240 mm, 90% of which occurs from 
June to September. The evaporation is about 2000 mm, 
and the average annual temperature is 0.6ºC, with  
a minimum temperature of -42.4ºC and a maximum 
temperature of 39.1ºC. The average wind speed at  
a height of 2 m is 3.5 m/s, and the maximum wind 
speed is 22.6 m/s. The direction of the wind changes 
mainly in 3 directions (northwest, west, and north), with 
the most severe wind erosion occurring in spring. The 
main plants in the study area are Tamarix, Haloxylon, 
Suaeda corniculate, and Achnatherum splendens. Due 
to the low vegetation coverage and loose soil in the 
study area and the frequent high wind events, wind 
erosion of the playa often occurs.

Sampling Site Selection and Experimental 
Design

There was a region without any vegetation in 
the northwestern corner of west Chagan Nur Lake. 
According to information obtained from herders, it 
was protected by planting Suaeda corniculate in 2010; 
then, all of the Suaeda corniculate died without any 
further protection. The activation level of the playa 
was reconstructed based on the surface morphology, 
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and the distance from the lake center of the lake to the 
shore increased during the drying process. The exposed 
location selected in this study was about 2 km long 
from south to north, and 1 km wide from east to west 
(Fig. 1). From March to May, the study area received 
little precipitation, was extremely dry, and had no 
vegetation coverage, and thus, the most intense wind 
erosion occurred during this period. Therefore, five 
high wind events were chosen for field observations 
during the period from 25 March to 1 May 2021, four 
representative soil types (A with crust, B with broken 
crust surface after evaporation and weathering, C with 
a fully activated surface, D with an activated surface 
containing sand) were selected with a relative distance 
of 200 m between any two sites, and all of the sites 
were located on the playa landform.

Soil Sampling and Analytical Methods

When monitoring the wind erosion events in the 
area, first, we sampled the surface soils before the wind 
erosion event, using a small shovel to collect about 100 g 
of soil from depths up to 2 cm from the ground surface 
at different locations in the four sampling sites. The soil 
sample was placed in an aluminum box to determine 
the soil moisture (%) using the drying method, and  
50 g of the soil sample was used to determine the soil’s 
mechanical composition. The hardness of the ground 
surface was measured five times using a hand-held 
manometer, and the average value of the sample sites 
was used. The basic conditions of the ground surface 
were also recorded.

The horizontal sediment mass flux from wind 
erosion was measured at the four sampling sites using  

a homemade step sand collector (50 cm). The size of 
each layer was 2 cm × 2 cm, and there were total of 25 
layers in each collector. The wind speed was measured 
using three-cup anemometer at the heights of 0.1, 0.3, 
0.5, 1.0, and 2.0 m at the four sampling sites, and the 
duration of the observation was up to 60 minutes.

Data Processing

1.	 soil moisture (%)

1 2

2

SM= 100%
-

m m
m m

−
×

                  (1)

where SM is the soil moisture (%), m1 is the weight (g) 
of the aluminum box and wet soil, m2 is the weight (g) of 
the aluminum box and dry soil, and m is the weight (g) 
of the aluminum box.
2.	 Wind profiles

The wind speed profiles of the four observation sites 
were expressed using the von Karman-Prandtl equation 
[12], and the roughness length (Z0) and friction velocity 
(U*) were fitted according to the wind speed profiles 
using the least squares method [13, 14].
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Fig. 1. Study Area Location.
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= bU K∗
                            (5)

where UZ is the velocity at height z (m/s); Z0 is the 
aerodynamic roughness (m); K is the von Karman’s 
constant (0.4); Z is the measurement height (m); a and 
b are the regression coefficients; and U* is the shear 
velocity (m/s).
3.	 Sediment transport

Mathematical models of the horizontal sediment 
flux were used to reflect the sand transport fluxes from 
the different surfaces. These models mainly focused 
on linear functions, exponential functions, power 
functions, and polynomial functions.

HQ a b= +                             (6)

HbQ ae−=                            (7)

H bQ a −=                              (8)

where Q is the amount of sand transported in a certain 
height layer (g/cm2∙min-1); H is the height (cm); and 
a and b are the wind and sand circulation coefficients.
4.	 Soil particle size parameters

This experiment was completed in the Wind 
and Sand Physics Laboratory of the Inner Mongolia 
Agricultural University. The particle size samples 
collected were analyzed using a Mastersizer-2100 laser 
particle size analyzer (0.02-2100 μm) manufactured 
by RITSCH, Germany. The measurement results were 
obtained using the Folk-Ward particle size formula and 
the GRA-DISTAT particle size analysis software for 
each particle size parameter [15, 16].

Results 

Basic Characteristics of the Land Surface

The soil textures of the four sites differed from 
each other. Site A consisted of a crust with a high 
water content of 19%. The crust was composed of 
52.59% clay, and 47.41% slit, and no sand grains and 
had the hardest soil surface (3.38 kg/cm2 to rupture). 
Site B consisted of 63.81% clay and 31.35% slit, and a 
small number of sand grains (4.84%). The surface was 
a crust broken by weathering, and the hardness of the 
surface 1.69 kg/cm2. Site C consisted of 57.08% clay, 
42.61% slit and only 0.31% sand. The surface had been 
fully activated surface by weathering. site D was also a 
fully activated surface, but it consisted of 10.69% sand 
particles. Sites C and D had the weakest surfaces, with 
hardness values of 0.5 kg/cm2 and 0.87 kg/cm2 (Table 1 
and Fig. 1). 

The analysis of the particles revelated that the 
soils of sampling sites A and B contained large 
agglomerates formed by sticky and powder particles 
(Fig. 1). The soils from the four sites were dominated 
by <63 μm particles, and these loose particles provided 
a sufficient source of sand during wind erosion. The 
grain size frequency curves for the playa are shown in  
Fig. 2a). The frequency curves of all of the sites exhibit 
multiple peaks and similar peak patterns. The particle 
size mechanical compositions and other parameters 
of the soil all indicate that the soils in the study area 
originated from multiple sources [17]. The primary peak 
of soil A was located at 0.65-7.87 μm, the secondary 
peak was located at 8.7-52.39 μm. The primary peak 
of site B was located at 0.53-11.73 μm, the secondary 
peak was located at 12.96-52.39 μm, and the third peak 
was located at 105.31-519.61 μm. The primary peak of 
site C was located at 0.59-8.7 μm, the secondary peak 

Table 1. Surface characteristics at the four Chagan Nur Playa sites

Site A Site B Site C Site D

Soil properties (0-2 cm)

Clay (%) 52.59 63.81 57.08 49.85

Silt (%) 47.41 31.35 42.61 39.46

Sand (%) - 4.84 0.31 10.69

USDA texture class Clay loam Clay loam Clay loam Silt Clay loam

Soil surface characteristics

Soil moisture (%) 19 7 6 4

Physical clay curls - -  

Salt crust   -

Penetrometer resistance (g/cm2) 3.38 1.69 0.5 0.87

Loose erodible material -   -

Vegetation
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surface friction threshold, The surface friction threshold 
velocity is also an important factor in controlling the 
horizontal sediment flux, and determines the onset 
of wind erosion [19]. However the soil salt crusts had 
little effect on the threshold value, and the threshold 
played a minor role in determining the magnitude of 
the sediment transport during our observations [20]. 
The experiment was conducted under neutral stable 
conditions, so, the variation form of the wind speed 
profiles of the four sample sites exhibited a logarithmic 
function relationship, with R2≥0.87 (Table 2). Since the 
friction velocity at each point was calculated using the 
wind speeds at different heights, the friction velocity 
at each point increased with increasing wind speed as 
follows: Ud<Ua<Ub<Uc. The roughness of sites A and B 
decreased with increasing wind speed. The roughness 
of sites C and D initially decreased and then increased. 
The roughness values of the sample sites were similar 
and the order of the friction velocities was Zd<Za 
<Zb<Zc. However, we found that the roughness values of 
the sites during wind erosion occurring were as follows: 
Zd<Zc<Zb<Za.

As can be seen from Fig. 3a), the wind speed 
changed more with height at site A than at the other 
three sites. The wind speed at site A changed sharply 
with height in the range of up to 50 cm, changed slowly 
above 50 cm, and the wind speed even decreased 
in the height range of 50-100 cm (Fig. 3b). The wind 
speed at site B increased sharply in the range of up to  
50 cm when the wind speed did not exceed 11.56 m/s  
at a height of 2 m. When the wind speed exceeded  
11.56 m/s, it decreased in the height range of up to 30 cm 
and increased slowly above 30cm (Fig. 3c). The change 
in the wind speed site C in the height range of up to  
50 cm was slightly larger than that above 50 cm  
(Fig. 3d). The wind speed at site D changed greatly in 
the height range of up to 30 cm, and changed slowly 
above 30cm (Fig. 3e). The above results show that the 
crust surface may have affected the wind speed below 
100 cm, the broken and activated loose surfaces mainly 
affected the wind speed below 50 cm, and the sandy 
surface mainly affected the wind speed below 30 cm.

Sediment Mass Flux Due to Wind Erosion

The largest sediment fluxes were recorded at 
site B (627.55 g) and site D (587.43 g), the smallest 
sediment flux was recorded at site A (30.51 g), and the 
sediment flux recorded at site C was medium (520.79 g)  
(Fig. 4a). This indicates that the sand transport  
of the crust surfaces was lower than that of the loose 
surface. Fig. 4b) compares the sediment transport  
rates at height of 4-10 cm, 10-20 cm, 20-30 cm,  
and 30-40 cm. It was found that if the 0-4 cm sediment 
at sites B and C was not lost, a larger sediment  
flux was recorded. The sediment flux at site C could 
exceed that at site D, and the sediment transport  
at a height of 50 cm was greater at site C more than  
at the other sites. 

was located at 9.61-47.41 μm, and the third peak was 
located at 142.06-285.58 μm. The main peak of site 
D was located at 0.72-10.62 μm, the secondary peak 
was located at 11.73-78.08 μm, and the third peak was 
located at 105.31-574.19 μm. The particle sizes of soils 
A and C were relatively concentrated and were evenly 
mixed. The particle sizes of sites B and D were relatively 
dispersed and the aggregation was poor, indicating that 
soils B and D were more susceptible to wind erosion. 
The frequency accumulation curve can reflect the soil 
transport and dynamic wind characteristics. The steeper 
the curve is, the better the sorting is, and the stronger 
and more frequent the wind and sand activity is [17, 18]. 
The evaluation rate of the accumulation curve of each 
site is shown in Fig. 2b). The most suspended mass at 
site B was about 28.01%, and the most creeping mass at 
site D was about 6.57%. According to the steepness and 
straightness of the curve, the wind and sand activity 
was the strongest at sample site B.

Threshold Wind Friction Velocity 
and Wind Profile

It is generally accepted that the frictional wind 
velocity occurs when the frictional velocity exceeds the 

Fig. 2.  Soil particle characteristics of the four sample sites.
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returned to the original stable content at 22-26 cm for 
all of the sites. The content of >63 μm particles above 
a height of 22 cm seemed to increase, but the increase 
was not obvious. The quantities of the salinized 
particles of different sizes in each sample site were less 
than 2.5 μm>2.5-10 μm>10-63 μm>larger than 63 μm, 
except for site A where the order was larger than  
63 μm>2.5-10 μm>10-63 μm. As can be seen from 
Table 1, the surface soil at site A was entirely composed 
of <63 μm clay and silt particles, whereas during  
the sediment transport, 28.51% of the particles were  
>63 μm, indicating that the supply of sand and dust at 
the crust surface was much lower.

Particle Size Parameters of Sediment Flux

The mean particle size, sorting coefficient, 
skewness, and kurtosis within the height range of up 
to 50 cm in the sand collector are shown in Fig. 7.  
The mean particle size (φ) value at site A was mainly 
5-7, which is classified as silt. It decreased with height 
up to 10 cm and remained basically unchanged above 
10 cm height. The mean particle sizes at sites B, C, D 
were primarily 7-9, which is classified as clay. The mean 

Commonly the sediment flux near the surface 
was significantly greater than the amount of sediment 
sampled from the surface. This finding was confirmed 
by the good fit of the data used to calculate the vertically 
integrated sediment mass fluxes with a linear function for 
site A (R2 = 0.99), a power function for site B (R2 = 0.96),
and exponential functions for sites C (R2 = 0.96) and 
D (R2 = 0.93) (Fig. 5).

Particle Size Distribution of Sediment Flux

Fig. 6 shows the changes in the regulation of the 
playa sediment particle size in the vertical direction. For 
all of the sites, based on the Udden-Wentworth scale, 
silt and clay were the predominant particle sizes in the 
horizontal sediment flux. An interesting phenomenon 
was observed: the quantity of material with a particle 
size of greater than 63 μm in each height interval at 
the four sampling sites was very small. Based on the 
results for the dust storm events, the wind erosion of 
>63 μm particles was the greatest at site A (28.51%), 
followed by site D (11.1%), and site C (9.06%), and it 
was the lowest at site B (3.67%).The number of >63 μm 
particles increased significantly at 8-10 cm and then 

Sites Mean Wind speed (m/s) at 2 m a b u* (m/s) z0(cm) R2

A

9.83 8.61 3.76 1.50 0.10 0.98
10.28 9.55 3.05 1.22 0.04 0.91
11.34 10.66 3.18 1.27 0.04 0.84
12.64 11.90 3.37 1.35 0.03 0.83
13.86 13.03 3.60 1.44 0.03 0.8

Average value 11.59 10.75 3.39 1.36 0.05 0.87

B

9.41 8.63 3.30 1.32 0.07 0.96
10.73 9.81 3.64 1.46 0.07 0.95
11.56 10.55 3.60 1.44 0.05 0.93
12.52 11.42 3.67 1.47 0.04 0.87
13.37 12.15 3.73 1.49 0.04 0.78

Average value 11.52 10.51 3.59 1.44 0.06 0.90

C

9.28 8.21 3.06 1.22 0.07 0.98
11.05 10.1 3.46 1.38 0.05 0.98
11.51 10.28 3.53 1.41 0.05 0.98
12.64 11.36 3.91 1.56 0.05 0.98
13.96 12.32 4.58 1.83 0.07 0.98

Average value 11.68 10.45 3.71 1.48 0.06 0.98

D

8.66 7.96 2.36 0.94 0.03 0.95
9.55 8.71 2.32 0.93 0.02 0.97
10.76 9.78 2.54 1.02 0.02 0.97
12.11 10.95 2.86 1.14 0.02 0.97
13.86 12.4 3.43 1.37 0.03 0.95

Average value 10.99 9.96 2.70 1.08 0.03 0.96

Table 2. Roughness and friction speed of the sample plot during the experimental test.
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particle size decreased with a height 22 cm. The mean 
particle size at all heights was as follow: B (8.17)>C 
(7.74)>D (7.41)>A (6.30). The sorting value at each 
sample site was 1-4, and the sorting was relatively poor. 
The sorting at site A was the worst, indicating that the 
particles transported by wind erosion were chaotic, but 
more uniform. The skewness was negative at all of the 
sites. The skewness of site A was the smallest, and the 
skewness increased with height; while it decreased with 
height at sites B, C, and D were opposite. The kurtosis 
values revealed that site A was platykurtic, while the 
other three sites were mesokurtic to leptokurtic. The 
above particle size parameters indicate that the wind 
erosion species at site A were mixed with foreign 

substances, while the wind erosion species at sites B, 
C, and D mainly came from the salinization of surface 
particles, and the particles transported via wind erosion 
became finer with increasing height.

Discussion

Under natural conditions in the field, the factors 
controlling the flow of wind and sand mainly include 
wind speed, sand source abundance, and surface 
stability. The playa consisted entirely of bare land 
without any vegetation cover during the wind and 
sand prevalence measurement, so the effect on the 

Fig. 3.  Wind speeds at various heights above the surface of four study sites.
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Fig. 4.  Variation of horizontal sediment fluxes with height at 4 sites.

Fig. 5.  Functional relationship between the aeolian sediment flux and height at the four observation sites.

Fig. 6.  Distribution characteristics of the soil grains at various heights for all of the sites.
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sand flow due to wind was only controlled by the wind 
characteristics of the surface soils and the characteristics 
of the ground surface [21]. We discovered that soil 
moisture is the key factor in surface crust formation. 
The soil particles in the study area were generally fine 
and clay particles. The crust formed in the wetland 
at the beginning of the drying process had a strong 
resistance to wind erosion, but the surface was gradually 
weakened by weathering and abrasion. In particular, 
particles carried by high-energy wind impacted the 
surface, and the crusts were destroyed due to long-term 
exposure to such impacts, so the surface formed more 
loose particles in the low wind energy environment. The 
wind erosion of the surface was further strengthened, 
and a large number of dust particles was released [22, 
23]. Finally, the surface was fully activated (Fig. 8). 
Numerous studies have demonstrated that soils with a 
low organic matter content and low fine particle content 
are more vulnerable to wind erosion [24]. Shahabinejad 
et al. [10] reported a positive exponential relationship 
between the sand content and wind erosion; whereas, 
clay and silt particles are inversely correlated with wind 
erosion. Similarly Colazo et al. [25] believed that the 
soil loss rate due to wind and the soil clay content are 
negatively correlated. A height clay content can reduce 
wind erosion because the existence of clay particles 
enhances the binding force of the soil and clay [26]. 
Therefore, it can be concluded that the size of the soil 
aggregates is very important in surface erosion and 

controls the horizontal migration of sediments. During 
the observation period, it was observed that it was easy 
for the aggregates in the playa to become completely 
dispersed particles after drying and to be eroded by 
wind. The primary particle size and wind erosion rate 
of the soil may be related to other hidden characteristics 
of the soil, especially the secondary particles (soil 
aggregates) formed [26]. The soils at all of the sites were 
mainly clay and silt and easily formed aggregates and 
crusts of secondary particles when exposed to water. As 
the inter-aggregate cohesion of the particles increase, 
the wind erosion resistance of the surface increases 
[27]. However, the study area has a semi-arid climate 
and has been disturbed by the monsoon for a long time. 
In addition, the ground surface is dry and contains an 
abundance of salt, soil aggregates, and other erosion-
resistant materials, and the aggregate forces among 
particles have been reduced by soil moisture evaporation 
[21]. Thus, the stable surface structures have been 
destroyed, causing the crust to be quickly eroded and 
broken up and producing a large amount of dust [28, 
29], Near-surface wind speeds and dust emissions vary 
among land use types and are influenced by gravel, 
vegetation, the silt and clay content, and crusts [30, 31]. 
Deserts are widespread but contain only <5% clay and 
silt. Such sediments are transports over limited distances 
and are not a major source of dust [23, 32]. The Gobi 
Desert was found to contain mainly 63-125 μm particles  
and to be finer than the average desert particle size  

Fig. 7.  Distribution characteristics of the soil particle size parameters at various heights for all of the sites.
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(125-250 μm), leading to the generation of more dust 
[30]. Gravel contributes to dust reduction at certain 
cover levels, and dust emissions are constant when the 
gravel cover exceeds 50% [33]. The wind speed at site A  
(Fig. 2) was significantly greater than those of the 
other three sites with increasing height. Because 
gravel, vegetation, and soil crusts can protect the 
surface by increasing the cohesion of the surface and 
as the roughness, the threshold shear velocity of the 
crust increases [34], and the wind passing through 
the playa activation surface contains a large number 
of salt dust particles, which collide with each other, 
weakening the kinetic energy of the particles and 
reducing the variation in the wind velocity with height 
[35]. The larger soil aggregates in the initial stage of 
crust crushing and activation of the playa increased 
the aerodynamic roughness and the resistance to wind 
erosion [36]. In addition, the erodible particles on the 
surface greatly increase with creep or overrun on the 
ground, and the kinetic energy is consumed. The 
friction speed and roughness values also demonstrated 
that the changes in the wind speed at the four sites 
were consistent with this principle. However, our 
results suggested that for the surface of the playa, 
the frictional velocity and roughness may not always 
play a dominant role in determining the magnitude 
of the horizontal mass flux. In a limited sediment 
supply system, the roughness plays a secondary role 
in determining sediment flux [20, 37]. The wind-sand 
flow allows the crust to overcome the resistance to do 
work. This causes the ground surface of the to produce 
a large number of erodible particles [38]. The particles 
at sites C and D had been activated through wind and 
sand grinding to produce more fine particles (<63 μm), 
which could migrate directly upward and can migrate 
farther relative to particles from deserts (125-250 μm) 
and the Gobi desert (63-125 μm) [39, 40]. For the wind 
erosion samples we collected, the particle size of the 
wind erosion was greater above a height of 20 cm than 

below 20 cm. This was presumably because the wind 
erosion flow carried a certain amount of coarser sand on 
its entry, but the <63 μm sand was much larger than the 
sand carried in the wind erosion flow in the height up to 
20 cm near the surface, resulting in a relative increase in 
the coarse particle content of the wind erosion particles 
above a height of 20 cm. In addition, the particle size 
parameters also revealed that the sorting performance of 
the wind erosion became poorer from site A to site D, the 
skewness became extremely negative, and the kurtosis 
changed from wide and flat to sharp and narrow, which 
is also consistent with the principle.

Conclusions

In this study, the natural wind conditions at four 
field sites were explored to characterize the salt dust 
emissions from a crusted activated playa surface in 
a typical steppe, including four types of soil surfaces 
in a clay-rich playa. We discovered that the salinized 
particles on the surface of the study area were 
extremely fine clay and powder particles, accounting 
for about ≥90%, while the sand particles accounted  
<11%; from the lake’s center to the shore, the salinized 
particles gradually became coarser. The surface at the 
lake’s center was a crust with salt frost. Moreover, 
with decreasing distance from the shore, the surface 
transitioned to broken crusts, then to a loosely activated 
surface, and finally to an activated sandy surface. The 
wind speed, friction velocity, and roughness decreased 
in the following order: sandy surface<crust<broken 
crust<activated surface. The sand transport was 
concentrated within the height of up to 30 cm height for 
all four types of surfaces. At site A, the sand transport 
exhibited a linear function with height (R2 = 0.99), which 
was visibly different from the exponential function 
at site B as an (R2 = 0.96) and the Power functions 
at sites C, and D (R2 = 0.96, R2 = 0.93). Site A had the 

Fig. 8.  Formation and activation processes of the playa surface.
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lowest total sand transport, and the sand transport at the 
activated sites (C, and D) was slightly lower than that 
for the broken crust, but the sediment transport rate of 
the activated surface above a height of 20 cm exceeded 
that of the broken crust surface. The collected wind 
erosion materials revealed that the salt dust particles 
were generally fine. In addition, the mean particle size 
at site A decreased within the height of up to 10 cm and 
remained basically unchanged above 10 cm. At sites B, 
C, and D, the mean particle size increased above 22 cm. 
The skewness values of all of the sites were negative, 
and the kurtosis values showed that from sites A-D 
the kurtosis changed from platykurtic to mesokurtic 
to leptokurtic. As such, lakes in typical steppes may 
undergo a similar process, continuously releasing a 
large number of fine particles and becoming a source of 
dust storms.
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