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Semi-arid playas are important to grassland ecosystem species as an important
source of global dust emissions. However, there is a lack of data on dust emissions
during the different drying stages of grassland playas. In this study, we initially
conducted the field experiments on two types of surfaces (intermittently dried
and permanently dried) in playas located in semi-arid regions in northern China,
and we measured dust emissions at five wind speeds in spring when wind erosion
was frequent. The results showed that the intermittently dried surface was more
prone towind erosion, whichwas primarily due to the formation of a loose and fragile
salt crust on the surface. In addition, the proportion of salt in the dust was higher than
that for the permanently dried surfaces. Nevertheless, the total horizontal dust flux
(1.13–2.3 g/cm2·min) from the intermittently dried surface was only 5%–15% that of
the permanently dried surface (7.47–42.86 g/cm2·min). The dust content varied
linearly with the height of the intermittently dried surface, and varied
exponentially with the height of the permanently dried surface. The particles
collected on the intermittently dried surface were larger (<63 μm) than those
collected on the permanently dried surface (<10 μm), and the unit mass
concentration of each ion (mainly Na+, Cl−, and SO4

2−) in the salt dust was also
higher for the intermittently dried surface than for the permanently dried surface.
Although salt dust was continuously released from the intermittently dried surface,
the total amount released each time was limited. These results indicate that to
attenuate the damage of salt dust storms, priority should be given to protecting
permanently dried surfaces and reducing the supply of salt dust particles at the
surface.
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Introduction

Wind erosion caused by the drying of salt lakes is one of the sources of dust release in arid
and semi-arid regions and even globally (Gill et al., 2002; Abuduwaili et al., 2010; Baddock
et al., 2011; Motaghi et al., 2020; Van Pelt et al., 2020), accounting for about 30% of global
dust emissions (Sweeney et al., 2016). According to current studies on dust emissions,
landscapes that exist in semi-arid and arid regions such as the Gobi Desert (Wang et al.,
2006b; Wang et al., 2008), salt and dry lakes, ephemeral stream depressions, seasonal
marshes, and alluvial fans (Derbyshire et al., 1998), emit dust in different seasons (Varga,
2012). About 100–300 million tons of dust are emitted into the atmosphere each year (Varga
et al., 2014). These landform units are commonly found in the western United States (Bowen
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and Johnson, 2015; Collins et al., 2018), North Africa (Prospero
et al., 2002; Mahowald et al., 2006), Central Asia (Ziyaee et al., 2018),
and northern China (Tao et al., 2020; Hao and Li, 2021). There are
hundreds of lakes with areas of greater than 50 km2 in northern
China, and under the drastic climate change and unreasonable
human development, a large number of these lakes have shrunk
and become dry lake beds. These lake beds are generally flatter and
have lower slopes (Chun et al., 2017), no vegetation cover, and a
surface composed of loose salt-rich sedimentary particles (Yang L.-
R. et al., 2007; Liu et al., 2010). These surfaces are exposed to windy
conditions year-round and are highly susceptible to wind erosion,
leading to unavoidable air pollution and environmental problems in
arid and semi-arid regions (Shao et al., 2011; Von Holdt et al., 2017).
The chemical composition and particle size composition of salt dust
storms are different from those of ordinary dust storms. Salt dust
storms contain high concentrations of sulfate, chloride, and some
harmful metal particles with strong adsorption (Abuduwaili et al.,
2010), which usually lead to a decline in soil productivity, affect
plant photosynthesis and cause respiratory diseases in animals and
humans (Liu et al., 2010; Ziyaee et al., 2018). The chemical
composition and particle size of the dried salt lake surface
sediments also lead to the formation of aerosols that are
suspended in the air for long periods, which have a serious
impact on the local environment and can even be carried farther
away before deposition, affecting a much wider area (Wang et al.,
2012b). Therefore, the threat of such dust is greater than that of
normal dust storms originating in the desert and Gobi regions.
Based on previous studies, salinized particles play an important role
in the atmospheric, climatic and biogeochemical cycles (Stout et al.,
2009; Lee et al., 2012; Cheng et al., 2022), and the emission and
dispersion of salt dust have become a hot research topic (Liu et al.,
2010).

Numerous studies have been conducted on dry lakes using
methods such as surface sampling (Shahabinejad et al., 2019),
wind tunnel simulations (Liu et al., 2021), and remote sensing
techniques (Cheng et al., 2022); however, these studies mainly
focused on areas such as palm lakes in deserts, saline areas in
degraded agricultural lands, and alluvial fans in the Gobi Desert
(Gill et al., 2002; Yang L.-R. et al., 2007), as well as surface sediment
characteristics. Wind erosion of dry lakes in grassland areas has been
insufficiently studied, especially the horizontal flux transport of
sediments at different heights. Grassland lakes, as an important
part of grassland ecosystems, are now facing serious challenges, and a
large number of these lakes have degraded and dried up (Meng et al.,
2018). QeHan Lake dried up in 2002. Wind erosion of the surface
consisting of loose salt-containing particles provides a sufficient
source of sand, seriously damaging the local pasture and greatly
affecting the lives and productivity of herders. However, due to the
lack of pollution monitoring stations around the dry lakes in QeHan,
there is limited information about how the area is directly affected by
dust events. Therefore, we selected the dry salt lakes in QeHan,
located on the Inner Mongolia Plateau, as the research area.
Furthermore, we measured the surface sediment transport
characteristics and wind erosion material in two different stages
(intermittent drying and permanent drying) to reveal the wind
erosion law in the different drying stages of grassland lakes. In
addition, we aimed to provide reference data for soil wind erosion
vacancies and desertification control of degraded lakes in grassland
areas.

Materials and methods

Study area

QeHan Lake (114°45′–115°04′E, 43°22′–43°29′N) is a closed salt
lakes located in the northern part of the Otindag sandy land region on
the Inner Mongolia Plateau. QeHan relies on the Engel River for
recharge, and the ecological environment is very fragile and sensitive
to global climate change (Niu et al., 2005). Due to the influence of
long-term high temperatures, the arid climate and excessive human
economic activities during the past 40 years (Wang et al., 2006a; Yang
X. et al., 2007), the grassland has been severely degraded, the sandy
land has intensified, and the lakes have shrunk severely, making this
one of the most serious areas of desertification in northern China
(Chun et al., 2018). The study area is influenced by the East Asian
summer monsoon and the East Asian winter monsoon (Tada et al.,
2016; Li et al., 2017). The summer has maximum temperature of
39.1°C and winter has a minimum temperature of −42.2°C. The annual
average temperature is 2.3°C. The annual precipitation is around
280 mm, and is mainly concentrated in July–September. The
evaporation is around 2000 mm, the annual average wind speed is
3.5 m/s, and the number of windy days reaches 45 days. QeHan West
Lake completely dried up in 2002, and a large area of the lake bed is
now exposed. This area is rich in sand-sourced material, and high
winds occur frequently every year, making it a huge source of sand
and dust.

Method

The field data were collected on 25–26 April, 2021 in the area
where strong dust storms occurred, and almost all of northern China
received dust storms during this period, so our results are
representative of the dust transport in this region.

Surface sampling

We randomly selected five locations and collected surface
(0–5 cm) soil samples from two types of ground surfaces before the
windy day on April 25, these two surfaces were defined according to
the local river recharge. The first type of surface, seasonal alternation
of wetting and drying as intermittently dried surface, and the other
surface far away from the center of the lake and near the lake shore, the
surface always keep dried loose situation as permanently dried surface.
A total of 10 samples were collected. As shown in Figure 1, on the
intermittently dried surface, a significant amount of salt frosts was
attached to the top of the soil crust, while the permanently dried
surface was composed of loose sediments without significant salt
particles. The water content, ion contents, and particle size of the
surface samples were measured to provide basic data for investigating
wind and sand transport in the region.

Wind speed

The wind speed was measured five times using a three-cup
anemometer at heights of 10, 30, 50, 100, and 200 cm at the two
sampling sites, and the duration of each observation was up to 60 min.
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Sediment transport

To determine the sediment transport characteristics on the playa
surface, we used a homemade rotatable step sediment sampler to
continuously measure the sediment transport within 50 cm, The
sampler collected blowing sand in 2 cm × 2 cm sections. An
electronic balance with a precision of .01 g was used to weight the
collected sediment, and the field measurements were conducted five
times during the occurrence of a severe sandstorm on 26 April 2021.
Because the intermittently dry surface contained crusts and the
sediment transport was limited, we combined the sand transport
during periods one and two into one, and the sand transport
during periods three, four, and five into a total of two sets of
transport data. Five transport datasets were collected for the
permanently dry surface.

Particle size and ion determination

We analyzed the particle size distribution and salt content of the
collected sediments at the Key Laboratory of the State Forestry and
Grassland Administration for the Conservation and Restoration of
Desert Ecosystems, Inner Mongolia Agricultural University, using a
German Flying laser grain size meter and a Swiss Aptar 930 ion
chromatograph. One surface sample was collected from each site, and
the samples collected at a height of 50 cm were analyzed. We classified
the particle size into five classes: PM10 (<10 μm), clay and silt
(<63 μm), very fine sand (63–125 μm), fine sand (125–250 μm) and

sand (>250 μm); we analyzed the contents of 10 soluble salt ions: Li+,
Na+, Mg2+, K+, Ca2+, F−, Cl−, NO3

− PO4
2−, and SO4

2−.

Data processing

The vertical profile of uz, the horizontal wind velocity (m/s) at
height z (cm), can be described by the law of the wall (Zhang et al.,
2017):

uz � u*
K

ln
z

z0
(1)

uz � a + b lnZ (2)
z0 � exp −a/b( ) (3)

u* � Kb (4)
where uz is the velocity at height z (m/s); K is the von Karman’s
constant (.4); z is the measurement height (cm); a and b are regression
coefficients; u* is the shear velocity (m/s); and z0 is the aerodynamic
roughness (cm).

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.

QT � ∑
50

i�2
qZ (5)

Q � az + b (6)
Q � ae−bz (7)

FIGURE 1
Location of the study region.
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where QT is the total sediment transport rate at a height of 50 cm; qz is
the sediment transport at height z in sediment collection chamber i.Q is
the amount of sand transported in a certain height layer (g/cm2min−1); z
is the height (cm); a and b are the wind and sand circulation coefficients.

Result

Characteristics of surface soil

The surface characteristics of the two soils are presented in Table 1
and Figure 2. The intermittently dry surface was entirely composed of clay
and chalk, and the permanently dry surface contained a small proportion
of sand and gravel. The soil moisture content of the intermittently dry
surface was slightly higher. The ions on both surfaces were mainly Na+,
Cl−, and SO4

2−, and the contents of the other ions were low. The contents
of all of the ions were greater on the intermittently dried surface than on
the permanently dried surface (Liu et al., 2010).

Wind velocity during the field measurement
periods

The surface characteristics affect the near-surface wind speed and
also dust emissions, and the wind speed profiles in the study area all
conform to a log-linear function (R2 > .95), and all these
measurements in Figure 3 were performed during sediment

transport events (i.e., sediment was being transported during the
time of the measurements of u*) (Table 2). The roughness of the
intermittently dried surfaces was calculated as .05–.07 cm, and it was
only slightly affected by wind speed changes. The roughness of the
permanently dried surfaces was .06–.37 cm and changed with the wind
speed. Similarly, the friction velocity of the intermittently dried surface
was .60–1.16 m/s, which was greater than that of the intermittently
dried surfaces. The friction velocity increased with increasing wind
speed from both types of surfaces. This indicates that the intermittent
dried surface was more prone to wind erosion.

Horizontal sediment flux at different heights

The vertical distribution of the horizontal fluxes of the sediment
from the intermittently dry and permanently dry surfaces at different
wind speeds differed significantly (Figure 4). The measured dust
fluxes from the permanently dry surfaces were 6.62–18.64 times
higher than those from the intermittently dry surface (Figure 4A).
Less dust was emitted from the intermittent drying surface in a lower
height range, and it varied little with height. The dust transport
varied linearly with wind speed for the intermittently dried surface
(R2 > .92), while the dust emission from the permanently dried
surface decreases varied significantly and exponentially with height
at different wind speeds (R2 > .91) (Figure 4B; Table 2). This
indicates that the erodible surface particle supply was an
important factor controlling the horizontal dust flux at different
heights, and the permanently dried surface provide more dust during
salt dust storms.

Grain size frequency of aeolian sediment

Figure 5 shows the distribution characteristics of the sediments at
different heights for both surfaces in the field. The frequency curves of
the sediments were multi-peaked during the dust storms, and the
particle size characteristics of both surfaces did not vary significantly
with height. The main particles transported from the intermittently
dried surface were clay <10 μm (49.93%–74.52%), followed by
gravel >250 μm (mean of 22.56%) (Figure 5A), and the main
particles transported from the permanently dried surface sediments
were clay <10 μm (72.87%–87.83%), followed by 10–63 μm powder
particles (mean of 15.61%) (Figure 5B). This indicates that the
particles released from the intermittently dried surface were more
dispersed and coarser than those released from the permanently dried
surface. This means that the unstable secondary particles produced by
the aggregation of fine salt particles were easily polished and
decomposed during wind-blown sand activity and more suspended
particles (<63 μm) were released.

TABLE 1 Characteristics of surface soil grain size distribution and moisture content.

Surface type Grain size content (%) Soil moisture (%) pH

<10 μm 10–63 μm 63–125 μm 125–250 μm >250 μm

Intermittent dry surface 70.24 ± 8.11 29.76 ± 6.55 — — — .32 ± .1 8.83 ± .04

Permanently dried surface 80.13 ± 7.29 15.03 ± 3.21 .05 ± .07 2.55 ± 2.23 2.24 ± 1.49 .29 ± .07 8.80 ± .02

FIGURE 2
Characteristics of soil surface ions.
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Salt content of sediments

The water-soluble salt ions in the sediment transported from the
two types of surfaces were emitted at different horizontal heights
(Figure 6). The ions contained in the horizontal transport flux of the
surface sediments in the study area were mainly Na+, Cl−, and SO4

2−,
and the contents of the water-soluble ions such as Li+, Mg2+, K+, Ca2+,
F−, NO3

−, and PO4
2− were much lower than those of the above three

ions. By comparing the sediment ion transport fluxes from the two
surfaces, we found that the ion contents, as well as the total salinity, of
the sediment released from the intermittently dried surface, were
greater than that of the sediment released from the permanently dried
surface at almost all height. The ion contents from the intermittently
dried surface initially increased and then decreased (Figure 6A) within
the measurable height (16 cm), and the highest salt content
(182.93 mg/kg) was measured at a height of 10 cm. The ion
contents from the permanently dried surface (Figure 6B) initially
decreased within a height of 14 cm, increased from 14 to 22 cm, and
decreased from 22 to 33 cm, and the maximum salt content was

152 mg/kg. This indicates that the horizontal sediment released from
the intermittently dried surface contained a high concentration of salts
and that the soluble salt particles were released before the soil particles
during the drying process.

Discussion

Friction threshold velocity of surface
characteristics

The physical characteristics of the surface, texture, and structure
and the presence of undisturbed crust at the test site have a strong
influence on both the friction velocity and roughness (Van Pelt et al.,
2020). The friction velocity is generally considered to be the dominant
factor controlling the horizontal deposition fluxes during wind erosion
events and is generally influenced by surface roughness, soil moisture,
soil particle size, and crusting (Buyantogtokh et al., 2021). In this
study, we found that the frictional velocity and roughness of the

FIGURE 3
Five field observations of wind speed profiles on two types of surfaces, R2 > .95, p < .05.

TABLE 2 Aerodynamic roughness length (z0, cm), calculated shear velocity (u*, m/s), and total transport rate (QT) at the two field measurement sites.

Sites Wind speed (m/s) at 2 m z0 (cm) u*(m/s) QT (g/cm2·min) Sediment model

Intermittent dry surface 11.86 .07 .60 1.13 Q � −.0004 z0 + .01113

11.97 .05 .58

14.22 .05 .68 2.30 Q � −.0004 z0 + .0189

14.48 .05 .70

15.67 .05 .76

Permanent dry surface 11.09 .11 .60 2.98 Q � .5927e−.223z0

11.96 .06 .60 4.49 Q � .8374e−.22z0

13.11 .14 .73 7.04 Q � 1.2157e−.181z0

14.31 .24 .86 17.74 Q � 2.3025e−.135z0

14.82 .37 1.16 18.07 Q � 2.719e−0.173z0
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intermittently dried surface (crusted) were smaller than those of the
permanently dried (activated) surface, which is inconsistent with the
common finding that crusting can increase the surface roughness and
the frictional threshold velocity (Webb et al., 2016). We speculate that
this inconsistency is related to the salt material on the surface, which
was composed of sulfate, chloride, and sodium salts that formed a
loose (McCord et al., 2001; Nield et al., 2016) and a fluffy thin layer of
crust. These relatively low mass salt particles were more susceptible to
wind erosion. When the loose particles on the surface were blown
away, a relatively hard surface crust remained (Bu et al., 2015), so the
friction velocity and roughness of the intermittently dried surface were
smaller. The friction velocity and roughness are important factors
controlling the horizontal sediment flux (Sankey et al., 2009; Baddock
et al., 2011), but their importance varies in different systems (Webb
et al., 2016). On the intermittently dried surface, there was a limited
supply of salt dust, so the friction velocity and roughness played a
secondary role in determining horizontal sediment flux (O’Brien and

McKenna Neuman, 2012). The sediment flux can be increased by
interference (Baddock et al., 2011), and changes in the size of sediment
particles on the soil surface affect the friction velocity and roughness
(Tegen et al., 2002).

Characteristics of surface dust emission

Grain size has a strong influence on dust emission and transport
(Zhang et al., 2022). Particle removal from the surface and transport is
influenced by surface wind forces and properties (Zobeck et al., 2013;
Cheng et al., 2017). Finer soil particles generally either remain
suspended in the air or are carried further away (Mahmoodabadi
and Ahmadbeigi, 2012), while coarser particles remain on the soil
surface (Mahmoodabadi and Cerdà, 2013), Based on analyzed of both
the surface particles and the transported sediment particles, we found
that the >250 μm particles collected from the intermittently dried land

FIGURE 4
Horizontal sediment flux at different heights, (B) The squares represent salt dust emissions from the intermittently surface at wind speeds and the
triangles represent salt dust emissions at five wind speeds.

FIGURE 5
Grain size frequency of aeolian sediment on two surfaces.
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surface were not found in the surface sampling, so they must have
come from the transit airflow. (Kok et al., 2012). showed that
63–500 μm particles move in a transmigratory manner at the
surface, and this movement is extremely destructive to the surface,
Sand-carrying winds carry gravel, causing the initial release of the
fragile salt aggregates from the surface by polishing the crust surface.
The limited supply of dust in the sand-carrying winds cause
coarsening of the particles, but for the permanently dry surface,
where the dust supply is sufficient, the effect of such limited
particles on the dust coarsening is not significant. Alternatively,
some of the larger particles in the sand-carrying winds produce a
higher effective recovery factor on the rigid bed surface due to collision
with the surface, and these particles can reach higher heights, whereas
the permanently dried surface (loose particles) weakens kinetic energy
and was converted to release of smaller particles to higher heights, so
that there was no gravel on the intermittently dried surface and large
particles are found in sediment transport, whereas permanently dried
surface dust has fewer large particles (Kamath and Parteli, 2021).

The difference in the salt and dust emissions from the two surfaces
clearly indicates that intermittently dried surfaces have limited
material available for wind erosion due to the presence of crusts,
greatly reducing the sediment carryover and thus weakening the
intensity of the wind erosion and dust storms (Zhang et al., 2016),
The functional relationship in the dust emission model of
incompletely erodible bed (intermittently dried surface) was a
linear function, and the slope is the same at different wind speeds,
so that the flux of sediment was in a stable state, and the dust emission
of completely erodible bed (permanently dried surface)was

exponential model. This was consistent with Sandesh Kamath’s
(Kamath et al., 2022) numerical simulation results and
experimental conclusions. The number of sand available on the
ground has a great influence on the dust flux (Kamath and Parteli,
2021). However, we found that the sediments released from the
intermittently dry surfaces had higher salt concentrations than
those released from the permanently dried surface, which
corresponds to the salt concentrations of both surfaces.
Evaporation is the main factor affecting the mineral composition of
the surface in arid and semi-arid regions, and continuous dryness and
wetness lead to the formation of mineral surfaces that are unstable and
continuous dryness and wetness lead to the formation of mineral
surfaces that are unstable and are changed by wind and precipitation,
varying at different times and in different regions (Liu et al., 2010).
Evaporation transports the solution to the soil surface. As water
evaporates, ions remain on the surface and crystallize when the ion
concentration was saturated (Dai et al., 2015; Altausen et al., 2019)
where salt-rich surface was formed, and the frequency of
intermittently dried surface water transport was higher than that of
the permanently dried surface, so the surface salt concentration was
higher. In general wind erosion mainly cause salt dispersion from the
crustal surface (Dai et al., 2022); however, wind erosion and salt
accumulation occur simultaneously, especially on intermittently dried
surfaces, where water-soluble ions continuously replenish the salt loss
due to wind erosion through epilimnion aggregation, providing an
inexhaustible source for salt dust storms (Liu et al., 2010; Motaghi
et al., 2020), so, the concentration of salt dust collected on
intermittently dried surface was higher. We measured the salt

FIGURE 6
Vertical horizontal ion flux of sediment.
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concentration in the dust from the intermittently dried surface of
2.67%–5.25%. The results of the permanently dried surface releasing
salt dust concentration of .03%–2% were similar to the results
measured in the Wang wind tunnel (Wang et al., 2012a). Although
intermittently dried surfaces continuously release high concentrations
of salt dust, their salt dust emissions are only 5%–15% of those from
permanently dried surfaces; thus, priority should be given to
protecting permanently dried surfaces during the windy season to
reduce dust emissions.

Conclusion

Our results confirm that the characteristics and mechanisms of
surface sediment transport are different during the different phases of
playa surface drying, which is crucial because lakes are important
landscapes in northern China. Previous studies have shown that the
Gobi Dessert is an important source of dust in northern China, and
our results confirm that dry lakes are also major sources of dust, thus
filling the previous knowledge gap. The main conclusions of this study
are as follows.

1. The wind speed curve of the playa surface during the dust storm
can be expressed as a logarithmic linear function. The friction
velocity of the intermittently dried crust surface was .58–.76 m/s,
and the aerodynamic roughness was .05–.07 cm. The friction
velocity of the permanently dried surface was .6–1.16 m/s, and
the aerodynamic roughness was .06–.37 cm. The fragile salt crust
on the intermittently dried surface was more prone to wind erosion
than the permanently dried surface.

2. During the observation period, the two sediment transport fluxes
from the intermittently dried surface were 1.13 g/cm2·min and
2.3 g/cm2·min, respectively, and the sediment transport flux
conformed to a linear function. The sediment transport fluxes
from the permanently dried surface were 7.47 g/cm2·min and
42.86 g/cm2·min, respectively, and the sediment transport flux
conformed to an exponential function. The salt dust released
from the permanently dried surface was 6.62–18.64 times
greater than that released from the intermittently dried surface.

3. The sand-carrying wind had a great influence on the salt particles
released from the intermittently dried surface, but it had little effect
on the soil particles released from the permanently dried surface.
Although the two types of surface sediment particles were
mainly <63μm, accounting for about 71.45%–96.02%, the salt
dust particles released from the permanently dried surface were
finer. The salt ions were mainly Na+, Cl−, and SO4

2-, and the
concentrations of salt dust released from the intermittently surface
were higher than that those of the permanently dry surface.

Our results showed that the transport rate and salt
concentration of weathered sediments on the surface of a playa
were very high, especially under strong wind conditions. Due to the
limited height of our sand sampler, if particles were collected at a
higher height, we believe that a better explanation for the emission
of surface dust particles and the salt concentration could be
obtained.
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