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Editorial on the Research Topic
Understanding soil wind erosion and control practices in arid and semiarid
environments

Soil wind erosion is a serious problem in arid and semiarid regions globally because of
removal of nutrients and finer soil particles from the soil surface, reduction of soil productivity,
suppression of crop growth by sandblasting seedlings, damage to infrastructure, and impacts on
air quality, human health, and visibility from dust emission, among other negative
consequences. In this Research Topic, wind erosion is studied by various approaches such
as field observations, wind tunnel testing, and laboratory measurements. Here, we present a
brief review and summary of these articles.

Dong et al., Tan et al., Tian et al., and Chen et al. conducted field experiments to test how
land management practices influence wind erosion parameters or reduce erosion in the field.
Dong et al. present long-term observations that indicate both rotational grazing and long-term
grazing exclusion can significantly enhance soil aggregate stability and analyze and discuss the
relative effectiveness of these management practices. Tian et al. present results from a field
experiment to explore effective slope management practices to control soil erosion from large
mine dumps, which is a serious environmental problem for their study region and others. They
found that microtopography modifications and vegetation treatments provided sufficient
protection to prevent erosion of soils with added benefits of increasing soil organic matter
content and biodiversity. Similarly, Chen et al. conducted a field experiment to test how
different tillage practices reduce wind erosion in the corn belt, northern China. Similar to
previous studies such as Sharratt and Feng (2009, https://doi.org/10.1002/esp.1812), they found
wind erosion from no-tillage (NT) treatment significantly lower than that from conventional
tillage (CT) treatments. However, their observations suggested direct creep was a dominant
process for the corn belt landscape rather than suspension or saltation. Xu et al. present a
laboratory experiment to test how salt crust character was influenced by salt type and content.
Soil crust is an important limiting factor for wind erosion, and salt crusts can be prevalent in dry
areas because of strong evaporation and high salt concentrations of irrigation water. They found
that CaCl2 produced crusts with greater compressive strength than did other salts, whereas
Na2SO4 appeared to reach the maximum strength earlier than other salts with a smaller increase
of salt content. They concluded that, because of their compressive strength and toughness,
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crusts of KCl, CaCl2, NaCl, and Na2SO4 could be useful to control
wind erosion as long as their content was around 3%.

Like other geomorphologic processes, wind erosion is also
characterized by high spatiotemporal variability among regions.
Tan et al., Zhang et al., and Funk et al. report on observations of
wind erosion and dust emissions in different regions and found
differing results from previous studies. Tan et al. measured wind-
blown sand over a Gobi surface. Transport below 0.6 m accounted
for >99 per cent of the total amount, suggesting direct saltation may be
a much more important process for Gobi surfaces than suspension or
creep. Zhang et al. monitored airborne dust concentrations in the
Mogao Grottoes, Northwest China, and indicated that particulate
matter less than 10 μm (PM10) dominated total suspended particle
(TSP) concentrations with a mean ratio (PM10/TSP) of 0.82.
Maximum TSP real-time concentrations (16,000–21,000 μg m−3)
observed from the Mogao Grottoes were greater than the
concentrations observed from Kennewick, WA (600 μg m−3) and
most hotspot dust source areas of China (10,000 μg m−3),
comparable to the concentrations observed from Israel, and Inland
Delta region of Mali, but smaller than from Sahara, North Africa, or
Tel Aviv, Israel (Ganor and Foner, 2001, https://doi.org/10.1029/
2000JD900535). Generally, the composition in PM observed in the
air is different from that in soil, but few studies have identified
phytoliths in the PM. Funk et al. used Scanning Electron
Microscopy and Energy Dispersive X-Ray analysis (SEM-EDX) to
investigate the existence of phytoliths in the observed dust. They found
that the fraction of phytoliths in the PM was up to 8.3%, and the
fraction of organic origin was up to 25%. In contrast, the fraction of
phytoliths in the soil varied from 0.01% to 3%. As an important plant
nutrient and source of Silicon (Si), a sink for organic carbon (Schaller
et al., 2021, https://doi.org/10.3390/plants10020295), and a reliable
indicator in palaeovegetation and palaeoenvironment reconstruction
(An et al., 2015, https://doi.org/10.1038/srep15523), loss of phytoliths
should be highlighted in land management practices.

Wind tunnels are a useful tool in wind erosion studies because they
allow researchers to control conditions. Wang et al. evaluate a
Concrete Plate-Insert Sand Fence in decreasing sediment transport
from a Gobi surface along the Lanzhou-Xinjiang High-Speed Railway
under various wind conditions. Although the fences adequately
reduced wind velocity, considerable sand may be deposited
gradually on both leeward and windward sides of the sand fence
because of the two wide row spacing between the double-row fences
and porosity of the sand fences. As a result, the sand fences along
Railway may lose their transport-limiting capacity as more sand is

deposited. Risks in potential sand deposition on the Railway should be
considered alongside fence effectiveness by managers to avoid losses
due to sand transport in the future. Plant-based sand prevention is
another popular mitigating practice. Zhang et al. test the performance
of windbreak forest belts in controlling sand transport from the Gobi
Desert surface along the Lan-Xin Railway, Northwest China. While
sand was also deposited on both leeward and windward sides of the
windbreak forest belts, the three shelterbelt rows appeared to perform
better than the concrete sand fence, with an efficiency up to 90%
compared to <72% efficiency of the sand fence.

This Research Topic aimed to advance our understanding of soil
wind erosion and control practices in arid and semiarid environments.
As a research community, we have made significant progress in
understanding wind erosion processes and impacts over the last
few decades. Despite this progress, wind erosion continues to be a
national, regional, and international problem, especially in the context
of uncertainty associated with global climate change. Future research
employing a variety of approaches—including field observations, wind
tunnel and laboratory experiments, remote sensing, and
modeling—will continue to be needed to meet the challenges of
mitigating negative impacts of soil wind erosion into an uncertain
future.
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Effect of Grazing Exclusion and
Rotational Grazing on Soil Aggregate
Stability in Typical Grasslands in Inner
Mongolia, China
Lei Dong1,2, Ying Zheng1,2, Vegard Martinsen3, Cunzhu Liang4 and Jan Mulder3*

1Yinshanbeilu Grassland Eco-hydrology National Observation and Research Station, China Institute of Water Resources and
Hydropower Research, Beijing, China, 2Institute of Water Resources for Pastoral Area Ministry of Water Resources, Hohhot,
China, 3Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life Sciences, Aas,
Norway, 4School of Ecology and Environment, Inner Mongolia University, Hohhot, China

Soil aggregate is extremely important for soil health and sustainable land management.
Overgrazing has caused serious degeneration of grassland in the past decades and how
to restore the degraded soil through grazing management is urgently needed. In this
research, we investigated effects of long-term grazing exclusion and short-term rotational
grazing with different grazing intensities on aggregate stability in the upper 10 cm of soil at
two grazing sites in Xilinhot, Inner Mongolia. Treatments included long-term (34 years)
exclusion, moderate-term (21 years) exclusion, and continuous grazing at adjacent
reference plots. In addition, effects of rotational grazing under different grazing intensity
[i.e., no grazing (0 days/month), light grazing (3 days/month), moderate grazing (6 days/
month) and high grazing (12 days/month)] were investigated after 5 years. Stability of
aggregate fractions were determined using wet sieving. Our results showed that the stable
aggregates fraction were significantly increased under grazing exclusion for both fine
(0.25–1mm) and coarse (1–2mm) size fractions. At the rotational grazing site, stability of
fine aggregates was significantly enhanced under grazing compared with no grazing, while
there was little influence on stability of coarse aggregates. Our results showed that grazing
exclusion significantly increased soil aggregate stability and the peak appeared in
moderate-term exclusion, meanwhile, rotational grazing had little influence on
aggregate stability. We suggest that rotational grazing rather than long-term grazing
exclusion is a better way for soil aggregate stability and soil health, and current grazing
prohibition policies may need to be adjusted.

Keywords: aggregation, grazing management, long-term exclusion, steppe, suitability

INTRODUCTION

The steppe in arid and semi-arid of northern China is among the largest remaining natural grassland
in the world (Kawamura et al., 2005). However, overgrazing has caused serious grassland soil
deterioration in the past decades (Tong et al., 2004). Researchers have shown that grazing exclusion is
effective to restore the degraded grassland soil (Mekuria et al., 2007; Cheng et al., 2011). Recently,
several policies (e.g., Prohibiting Grazing Policy and Returning Grazing Lands to Grasslands) were
implemented to restore the degraded grassland in northern China. When grazing is excluded, as the
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input of organic matter increases, it may have a beneficial effect
on soil organic carbon (SOC) and physical structure, but
excessive litter accumulation on the surface soil immobilizes
organic carbon (Reeder and Schuman, 2002) and inhibits
plant growth (Xiong and Nilsson, 1999; Dong et al., 2021). So,
long-term absence of grazing may inhibit important ecosystem
functions. The positive effects of controlled livestock grazing and
prohibiting grazing on grassland ecosystems are widely reported,
however, its potential negative effects on soil quality is rarely
mentioned in Inner Mongolia.

Rotational grazing, also known as multi-paddock grazing, has
been proposed as a potential alternative grazing management
option to maintain ecosystem sustainability and enhance
grassland productivity (Sanjari et al., 2010; Teague et al., 2011).
Compared with continuous grazing, rotational grazing provides a
short period of high intensity grazing, followed by a long recovery
period, which is particularly important for herbs (Teague et al.,
2011), and which could supply higher forage production (Gourlez
et al., 2018). Rotational grazing has been well studied in Oceania
andNorth America andwas found to be valuable in practice (Sovell
et al., 2000; Chan et al., 2010; Sanjari et al., 2010). In Inner
Mongolia, however, previous studies are more focused on
continuous grazing or seasonal grazing (e.g., Steffens et al.,
2008; Kölbl et al., 2011; Reszkowska et al., 2011). The influence
of rotational grazing has received little attention resulting in limited
information about the effects of rotational grazing on soil in Inner
Mongolia. Aggregate stability is of special importance for soil
health and the stability of the SOC pool (Herrick et al., 2001),
as it determines soil’s resistance to degradation and erosion (Six
et al., 2000). Moreover, increased aggregate stability reduces SOC
loss by hindering microbe accessibility and increasing interaction
between mineral surfaces and SOC (Wu et al., 2012).

In this study, we assess the impact of 1) 34- and 21-years
grazing exclusion vs ambient grazing and 2) 5 years rotational
grazing with different grazing intensities on grasslands soils of
Inner Mongolia on aggregate stability. The goal of this research is
to evaluate the effect of grazing exclusion and rotational grazing

on soil aggregate stability. We hypothesize that rotational grazing
enhances aggregate stability, while both long-term grazing
exclusion and continuous grazing tend to exert negative
effects. This research will provide theoretical basis for
grassland management and grazing system arrangements.

METHOD AND MATERIALS

Site Description and Experimental Design
The Exclusion Site and Rotational Grazing Site are both located in
Xilinhot, Inner Mongolia (Figure 1). The climatic condition is a
semiarid temperate continental climate, with more than 60% of
precipitation occurring from July to September. Soils are
classified as Kastanozem (IUSS Working Group, 2014).

The Exclusion Site (ES) is located near the Inner Mongolia
Grassland Ecosystem Research Station (IMGERS, 43°38′ N,
116°42′ E). The mean annual precipitation and mean annual
temperature are about 343 mm and 0.7°C, respectively (Steffens
et al., 2008). In 1983, a fenced area of 24 ha was set up to exclude
grazing (long-term exclusion, LTE). In 1996, an additional fenced
area of 2 ha was established adjacent to the former (medium-term
exclusion, MTE). The area outside the fences had continuous free
grazing by sheep from local herdsmen (ambient grazing, AG)
(Kölbl et al., 2011). The grassland was moderately to heavily
degraded. At the time of sampling, in autumn 2017, the plots had
been enclosed 34 and 21 years, respectively.

The Rotational Grazing Site (RGS) is located at the Xilinhot
National Climate Observatory (44°08′ N, 116°20′ E). The mean
annual precipitation and mean annual temperature are about
281 mm and 2.4°C, respectively. For the rotational grazing
experiment, fenced plots with four treatments according to
grazing gradients were set up in 2012, with three replications
for each treatment. Since 2013, the grazing experiment has been
conducted in growing season (i.e., from June to September). Each
plot covers an area of 1.44 ha (120m × 120 m) where 28 sheep
grazed for 0 days (no grazing, NG), 3 days (light grazing, LG),

FIGURE 1 | Location of the two experimental sites.
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6 days (moderate grazing, MG) and 12 days per month (high
grazing, HG), respectively (Figure 2). The unfenced (free
grazing) area keeps continuous free grazing with low intensity.
Soil samples were collected in July 2017, the 5th year of grazing
experiment.

An overview of belowground biomass and soil characteristics
tested by related researchers at the same experimental plots is
shown in Table 1.

Soil Sampling and Pretreatment
At each plot, five points were chosen randomly and the distance
between each two points was greater than 15 m. About 250 g soil
from 0 to 10 cm was sampled at each point using a small spade
and the five soil samples were bulked prior to drying and further
treatment. After air-drying for 2 weeks, the soil samples were
sieved at 2 mm. All samples were stored at room temperature
until analysis.

Aggregate Stability
About 200 g air-dried soil was added to a set of nested sieves with
sieve openings of 1 and 0.25 mm, respectively, to obtain aggregate

fractions of 1–2 mm (coarse aggregates), 0.25–1 mm (fine
aggregates).

The aggregate content was calculated according to:

%A � ma

m
(1)

where %A is the percentage of coarse/fine aggregate in bulk soil,
ma is the mass of coarse/fine aggregate, m is the total mass of all
size fractions.

Aggregate stability of the coarse and fine aggregate fractions
was determined using wet sieving (Five Star Scientific, Twin Falls,
United States). Both aggregate size classes (4 g), placed on the
sieve (mesh 0.25 mm), were pre-moistened with distilled water
for 5 min. Next, the sieve moved up and down for 3 min (stroke is
1.3 cm, at about 34 strokes/min), while immersed in a container
with 80 ml distilled water. Unstable aggregates disintegrated and
were collected in the container. Subsequently, the container with
distilled water was replaced with a container having 80 ml
dispersing solution (2 g L−1 sodium hexametaphosphate
(NaPO3)6). The material remaining on the sieve was wet-
sieved, while immersed in (NaPO3)6 solution, until only roots

FIGURE 2 | Experimental design at the rotational grazing site (NG: No grazing. LG: Light grazing. MG: Moderate grazing. HG: High grazing. Others: Other
experiments which were not relevant to this research. Ambient grazing: Free ambient grazing).

TABLE 1 | Vegetation and soil characteristics (0–20 cm) at grazing exclusion sites and rotational grazing sites.

Exclusion site Rotational grazing site

Long-term
exclusion

Medium-term
exclusion

Ambient
grazing

Ref No
grazing

Light
grazing

Medium
grazing

High
grazing

Ref

Belowground biomass
(g/m2)

1,386.69 A 1,459.88 A 1,299.32 B Shi, (2016) 1,366.0 b 1,594.0 a 1,229.7 b 1,311.2 b Shi,
(2016)

Bulk density (g/cm3) 1.20 B 1.23 B 1.43 A Wang,
(2010)

1.22 — — — Xie,
(2018)

SOC (g/kg) 16.6 B 18.6 A 12.2 C Liu, (2016) 17.91 a 17.85 a 16.98 a 18.22 a

Note: Different letters represent significant differences at p < .05.
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and mineral particles >0.25 mm were left on the sieve. The
(NaPO3)6 container (with accumulated sediment from the
stable aggregates, now disintegrated in the (NaPO3)6 solution)
and the distilled water container (with unstable aggregates) were
dried in an oven (at 65°C, for about 20 h) after which, the weights
were determined. More details about the procedure are presented
in Kemper and Rosenau (1986).

The aggregate stability of both the coarse and fine fractions
was calculated according to:

%WSA � ws

ws + wus
× 100% (2)

where %WSA is the percentage of water stable aggregate in coarse/
fine aggregate size fractions, ws is the mass of coarse/fine stable
aggregate, wus is the mass of coarse/fine unstable aggregate.

The percentage of both the coarse and fine water stable
aggregate in bulk soil was calculated according to:

%WSAB � %WSA × %A (3)
where %WSAB is the percentage of coarse/fine water stable
aggregate in bulk soil.

Statistics
Statistical analyses were done using R version 3.4.5. To compare
the significance of differences between different treatments,
Duncan’s multiple comparison (significance level p < .05) was
calculated using Agricolae package (De Mendiburu, 2014).

RESULTS

At the exclusion site, after 34- and 21-years grazing exclusion, the
fraction of coarse aggregate was significantly greater in the
exclusion than under ambient grazing. On the contrary, the

TABLE 2 | Percentage of aggregate content at grazing exclusion site and rotational grazing site.

Exclusion site Rotational grazing site

Long-term
exclusion

Medium-term
exclusion

Ambient
grazing

No
grazing

Light
grazing

Medium
grazing

High
grazing

Fine aggregate/% of bulk soil 39.13 C 43.46 B 50.74 A 12.97 a 14.72 a 15.07 a 14.43 a
Coarse aggregate/% of bulk
soil

15.18 A 15.32 A 11.84 B 4.07 b 5.51 a 4.43 ab 4.20 b

Note: Different letters represent significant differences at p < .05.

FIGURE 3 | Aggregate content and aggregate stability (mean ± SD) in response to grazing exclusion in the fine fraction (A–C) and the coarse fraction (D–F).
Different letters represent significant differences at p < .05. NOTE: LTE: Long-term exclusion; MTE: Medium-term exclusion; AG: Ambient grazing. %A: the percentage of
coarse/fine aggregate in bulk soil; %WSA: the percentage of water stable aggregate in coarse/fine aggregate size fractions; %WSAB: the percentage of coarse/fine
water stable aggregate in bulk soil.
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fraction of fine aggregates decreased significantly by 22.89 and
14.34%, respectively, compared with ambient grazing (Table 2;
Figure 3A). Rotational grazing had little influence on aggregate
content except that light grazing enhanced the content of coarse
aggregate (Table 2; Figure 4A).

Aggregate stability of both size fractions increased significantly
after 34- and 21-years of grazing exclusion as compared to
continuous grazing (Figures 3B,E). There was no significant
difference in the percentage of stable aggregates (i.e., %WSA)
in the fine size fractions between long-term exclusion and
medium-term exclusion (Figures 3B,C). Yet, the stability of
the coarse fraction was significantly greater under medium-
term than under long-term grazing exclusion (Figure 3E).
Meanwhile, the difference between the percentage of stable
aggregates (i.e., %WSAB) in the coarse fractions was not
significant (Figure 3F).

Relative to no grazing, rotational grazing significantly enhanced
the fine aggregate stability (i.e., %WSA) irrespective of grazing
density (Figure 4B) and further increased the proportion of fine
stable aggregates (i.e., %WSAB) in the bulk soil (Figure 4C). On the
other hand, in the coarse size fraction, the aggregate stability (i.e., %
WSA) decreased significantly under light grazing compared to no
grazing (Figure 4E), however, light grazing enhanced the percentage
of coarse aggregate in the bulk soil (i.e., %A), as a result, the
proportion of coarse stable aggregates in the bulk soil (i.e., %
WSAB) did not change (Figure 4F and Eq. 3).

DISCUSSION

Effect of Grazing Exclusion on Grassland
Soil
Our results showed that, both medium-term and long-term grazing
exclusion significantly increased the number of soil aggregates and
the soil aggregate stability. Grassland soil is tightly related to plant
productivity (Wang, 2010). Increased above- and belowground
biomass, mainly functioning as plant litter inputs, may have
multiple beneficial effects on soil physical and chemical
properties (McSherry and Ritchie, 2013) in semi-arid grassland
(Steffens et al., 2011). Previous researches showed that aggregate
stability was highly related to root activity (Obia et al., 2016), and that
soil organic matter (SOM) might function as a binding agent in the
formation of aggregates (Bronick and Lal, 2005). Belowground
biomass and SOC at long-term and medium-term exclusion were
significantly higher than that at ambient grazing at the end of the
2016 growing season (Table 1). Higher primary productivity
produces more root exudates (Wilson et al., 2018) and enhances
aggregate stability. Combined with destruction of soil structure by
livestock trampling in ambient grazing, which resulted in a negative
effect on soil physical and chemical properties (i.e., higher bulk
density, lower aggregate stability and SOC content; Table 1)
(Steffens et al., 2008).

It is worth to note that, although livestock exclusion is commonly
found to be positive to soil aggregate stability in Inner Mongolia (Su

FIGURE 4 | Aggregate content and aggregate stability (mean ± SD) in response to rotational grazing in the fine fraction (A–C) and the coarse fraction (D–F).
Different letters represent significant differences at p < .05. NOTE: NG: No grazing; LG: Light grazing; MG: Medium grazing; HG: High grazing. %A: the percentage of
coarse/fine aggregate in bulk soil; %WSA: the percentage of water stable aggregate in coarse/fine aggregate size fractions; %WSAB: the percentage of coarse/fine
water stable aggregate in bulk soil.
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et al., 2005; Steffens et al., 2008; Kölbl et al., 2011), our results suggest
that coarse aggregate stability shows a non–linear response to the
length of exclusion period (Figure 3E). Specifically, we found that
there was a peak in coarse aggregate stability after medium-term
exclusion, whereas these properties declined in long-term exclusion
experiments. Wu et al. (2008) found that aboveground biomass and
SOC were the highest after 24 years of grazing exclusion (although
not significant when compared with 28 years grazing exclusion and
ambient grazing). This was because excess litter accumulating on the
ground might influence plant growth, and litter accumulation
decreased rainfall infiltration resulting in reduced soil water
availability (Wu et al., 2008). In addition, Reeder and Schuman
(2002) suggested that the accumulation of litter on the soil surface
might restrict litter decomposition and thus C cycling and nutrient
turnover in the ecosystem. Lower SOC content in long-term
exclusion site [See (Dong et al., 2021)] decreased aggregate
stability, and lower proportions of aggregate-occluded SOC in
turn enhanced the risk of organic matter degradation and further
decreased the aggregate stability (Wu et al., 2012).

Effect of Rotational Grazing on Grassland
Soil
Our results showed that rotational grazing significantly increased the
fine aggregate stability but had little influence on stability of coarse
aggregates with the exception of a significant reduction under light
grazing (Figure 4E). Due to the increased belowground biomass (see
Table 1), light grazing significantly increased the total content of
coarse aggregates in bulk soil, but it had little influence on the
percentage of coarse stable aggregates in the bulk soil (Figure 4F).
The reason might be that light grazing increased the unstable coarse
aggregates rather than stable coarse aggregates, then, the percentage
of coarse stable aggregates was relatively decreased (Figure 4E). By
contrast, medium and high grazing did not increase the percentage
of coarse aggregates (Table 2 and Figure 4D). This might be because
higher grazing pressure under medium and high grazing also
accompanied by more disturbances especially trampling, which
could crush the aggregates. As a result, medium and high grazing
offset the increased aggregates stimulated by grazing. Our result is
consistent with Wang et al. (2020) who also found light grazing
promoted the formation of coarse aggregates and higher grazing
intensity caused the disintegration of soil aggregates. Our results also
showed that coarse aggregate stability was lower than fine aggregate
stability (Figures 3B,E, Figures 4B,E). Puget et al. (1998) showed
that coarse aggregates (>1mm) were more sensitive to grazing
interference. As a result, more coarse aggregates were crushed by
trampling, which might offset the enhancement of belowground
biomass increase and lead to no increase in coarse aggregate stability
(Wu et al., 2012).

In addition, rotational grazing did not result in significant
differences between grazing intensities. Badgery et al. (2017)
found that rotational grazing supported 7–22% higher stocking
rate compared with continuous grazing. This was supported by
Fang and Xie’s earlier findings at the same study site suggesting that
rotational grazing had a slight influence on aggregates and organic C
content (Fang, 2017; Xie, 2018). Considering that grassland had
higher capacity under rotational grazing than continuous grazing of

herbivores (Gourlez et al., 2018), even high grazing in this study was
still within the carrying capacity of the ecosystem. This may suggest
that grassland under rotational grazing has a higher resistance to the
impact of grazing. In general, our results provided some evidence
that rotational grazing, at least in a short-term, has little, if not
positive, influence on aggregate stability.

CONCLUSION

Our results showed that grazing exclusion significantly increased soil
aggregate stability, compared with continuous grazing. However, the
peak appeared in moderate-term exclusion, whereas long-term
exclusion tended to decrease these indicators compared with
moderate-term exclusion (although the differences were not
significant in some indicators). To restore the degenerated
grassland, 2 decades of grazing exclusion was the best period.
Five years of rotational grazing increased fine aggregate stability.
Rotational grazing intensities had slight impact on soil. We suggest
that a sustainable utilization (e.g., rotational grazing) rather than
long-term exclusion is a better way to maintain soil health and
livelihoods of the local herdsmen.
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Dust storms bring a large quantity of dust aerosols from arid and semi-arid regions of the
Earth. However, real-time dust concentration data for dust storms in arid regions,
important for wind erosion studies, are still limited. Here, temporal variation of airborne
dust concentrations in the Mogao Grottoes, Northwest China, during the monitoring
period from February to October 2012 and typical dust storms under different wind
directions were analyzed. Results reveal that the monthly mean total suspended particle
(TSP), particulate matter less than 10 μm (PM10), and particulate matter less than 2.5 μm
(PM2.5) concentrations gradually decreased from February to October. The daily mean
dust concentrations fluctuated with the day, with extreme values occurring mainly on
February, March, and April. The daily mean PM10/TSP ratio ranged from 0.67 to 0.98
(mean of 0.82), and the PM2.5/PM10 ratio ranged from 0.31 to 0.73 (mean of 0.55),
indicating PM10 dominated in TSP. In typical dust storms, the maximum real-time
concentrations can reach 16, 000–21, 000 μg TSP m−3, ~11, 000 μg PM10 m−3, and
3000–3500 μg PM2.5 m−3, and extreme real-time dust concentrations of 50358.03 μg
TSP m−3, 33100.86 μg PM10m−3, and 7502.59 μg PM2.5 m−3 were recorded.
Coincidence of the dry climate and windy season and sufficient dust sources in the
surrounding environment contributed to the high dust concentrations in the Mogao
Grottoes. To achieve the goal of minimizing the damage of falling dust to the murals
and statues, establishing a dust storm early warning system and improving the existing
sand control system are recommended.

Keywords: dust storms, particulate matter, dust concentration, temporal variation, dust hazards, Mogao Grottoes

INTRODUCTION

Dust storms raise large quantities of dust from arid and semi-arid regions on Earth, which contributes
more than half of the total global aerosol burden, and the dust can be transported over 1000s of kilometers
and deposited downwind by wet and dry processes (Choobari et al., 2014). Mineral dust affects the Earth
and Mars systems through a large variety of interactions (Kok et al., 2012). As an important kind of
catastrophic weather, dust storms not only cause great losses to industrial and agricultural production and
people’s lives and property, but also pollute the environment and have an important impact on climate
change (Goudie, 2009; Choobari et al., 2014). In China, dust storms are common, especially in north and
north-west regions (Zhang et al., 1997; Wang X. et al., 2008) and mainly in spring (Zhou and Wang,
2002), which is one of significant global dust sources. For example, from March 14 to 16, 2021, an
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extremely strong dust storm occurred in the northern region of
China, with a distribution area ofmore than 3.8million km2, and the
peak concentration of PM10 reached over 5000 μgm−3 in many
areas of northern China (Yang et al., 2021; Zhang et al., 2022). In
addition to Mongolia, the northern and northwestern sandy regions
of China are also important dust sources (Liu et al., 2022). As
estimated, an annual dust quantity of approximately 800 Tg Chinese
desert dust was injected into the atmosphere, and it was almost as
much as half of the global production of dust (Zhang et al., 1997).

Much recent advances have been made in our understanding
of global dust sources, transport paths, their impacts both on
humans and the environment, and their mass concentration,
chemical composition, and optical properties (Goudie, 2009), of
which the variation characteristics of airborne dust
concentrations during dusty weathers is very important in
aeolian research, which can help to identify dust source areas
(Goudie and Middleton, 2006). However, limited studies have
examined the variation of dust concentrations during dusty
weathers in arid regions (Gillies et al., 1996; Ganor and Foner,
2001; Shen et al., 2004; Rashki et al., 2012; Dahmardeh Behrooz
et al., 2017). Furthermore, due to the limitation of dust
concentration measuring instruments, the data of dust
concentrations, particularly the real-time monitoring data in
northwest of China during dust storm episodes was scarce,
especially in dust source areas (Wang Y. Q. et al., 2008). For
example, vacuum pump-based devices or high volume samplers
(HVS), which can collect the total range of particles in the air,
were usually used to measure dust concentrations in wind erosion
studies; however, data of dust concentrations are time-integrated
over the total sampling period, while real-time dust
concentrations cannot be provided by these instruments
(Baddock et al., 2014). As a whole, the real-time dust
concentrations data during dust storms in arid regions of the
world are still limited.

The Mogao Grottoes, Dunhuang, China, one of Buddhism’s
most revered shrines (Stone, 2008), and surrounded by Sandy and
Gobi Deserts, is a typical study area of extremely arid regions
where dust storms are common and severe (Figure 1A).
Furthermore, dust hazards caused by dust storms have
threatened the protection of murals and statues in the caves.

The falling dust particles cause serious discoloration and
crispness of murals, which seriously affects their artistic
effects. The extremely fine dust particles are easy to invade the
gaps of murals and plastic pigments (Figure 1B), which are
difficult to be removed without damaging the murals. Dust
storms are the dominant source of falling dust in the grottoes.
As a famous cultural heritage in China and even in the world, dust
hazards have become an urgent and severe problem in the
protection of Mogao Grottoes murals. Preliminary studies
have been performed on the size and mineral composition of
falling dust (Qu et al., 1992), TSP concentration (Wang et al.,
2006), and the composition of water-soluble ions of aeolian dust
in the Mogao Grottoes (Zhang et al., 2007). However, the
monitoring data of dust concentrations during dust storms in
the Mogao Grottoes district are limited, and at present, studies
regarding aeolian research in the Mogao Grottoes mainly focus
on aeolian transport over gobi (Zhang et al., 2014; Liu et al.,
2011b; Tan et al., 2013, 2016) and dynamic processes of pyramid
dunes atop the Mogao Grottoes (Liu et al., 2011a). Consequently,
characteristics of the temporal variation of dust (TSP, PM10, and
PM2.5) concentrations in the Mogao Grottoes, especially during
dust storms, and the controlling factors are still poorly
understood.

This study conducted continuous and synchronous
observations of wind speeds and total suspended particle
(TSP), particulate matter less than 10 μm (PM10), and
particulate matter less than 2.5 μm (PM2.5) concentrations
from February to October 2012. Temporal variation
characteristics of airborne dust concentrations during the
monitoring period (monthly and daily means) and typical dust
storms with different wind directions (real-time values) in the
Mogao Grottoes were analyzed. Factors influencing dust
concentrations in the Mogao Grottoes have also been discussed.

MATERIALS AND METHODS

Aeolian Environment
The Mogao Grottoes is located approximately 25 km southeast of
Dunhuang City, which is an important way station of the ancient

FIGURE 1 | A severe dust storm in the Mogao Grottoes (A) and the painted sculptures in caves are covered by falling dust particles (B).
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Silk Road in western China (Stone, 2008). The 492 decorated
caves with 45,000 square meters of murals were excavated on the
vertical cliff surface of the alluvial fan terrace on the west bank of
the Daquan River in a length of 1680 m between the 4th and 14th
centuries C.E., which are also called the “Museum on the Wall.”
TheMogao Grottoes was designated as aWorld Cultural Heritage
site by UNESCO in 1987.

The Mogao Grottoes is adjacent to Sanwei Mountain in the
east, Mingsha Mountain in the west, Daquan River in the south,

and the open gobi in the north (Figure 2 A, B). The grottoes were
built on the west bank of the Daquan River, the length of the cliff
body was approximately 1680 m, and the height of the cliff body
was generally 10–45 m (Figure 2B). The average annual
precipitation in Dunhuang City was 37.9 mm, with an average
annual potential evaporation of 2087.3 mm (Ba andWang, 2010).
The multi-year average number of dust days in Dunhuang City
was 46.5 days, which mainly occurred in spring (Zhou andWang,
2002). Gobi and mega-dunes are two main landforms in the

FIGURE 2 | Location of the study areas (A,B), the average sand drift potential during 2005–2007 (C), and the seasonal DP over 10 m s−1 (D).
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surrounding area of the Mogao Grottoes. Mingsha Mountain,
composed of huge and complex mega-dunes, is located to the
west side atop the grottoes, and it is the main sand source
threatening the grottoes.

The annual sand drift potential (DP) was calculated using the
method proposed by Fryberger and Dean (1979), and the average
annual DP on the top of the Mogao Grottoes in 2005–2007 was
136.8 vector units (VU), indicating a low wind energy
environment (Figure 2C) (Tan, 2015). There were three main
wind directions atop the Mogao Grottoes, that is, easterly,
westerly, and southerly winds. Among them, the DP of
westerly winds (W, WSW, WNW, and NW) was 28.3 VU, the
DP of easterly winds (NNE, NE, ENE, and E) was 48.8 VU, and
the DP of southerly winds was 51.5 VU, accounting for 20.7, 35.7,
and 37.6% of the annual DP, respectively. The average annual
compound sand drift potential (RDP) at the top of the Mogao
Grottoes was 21.0 VU, the compound sand drift direction (RDD)
was 299.4°, and the RDP/DP value was 0.15, which was a
compound wind regime. However, though the southerly winds
have the largest frequency, they were mainly in the speed range of
6–10 m s−1. In the speed range of >10 m s−1, the DP of easterly
and westerly winds accounted for 57.9 and 24.3% of the total DP
in this speed range, respectively, indicating that easterly winds
had the strongest power, and the second was westerly winds.
Westerly and easterly winds are twomain strong winds that cause
dust storms dominating in the spring of each year. The largest DP
over 10 m s−1 occurred in spring, accounting for 54.6% of the total
DP over 10 m s−1, and it was followed by summer, accounting for
28.2% of the total DP over 10 m s−1 (Figure 2D).

Instrumentation
A Metstn weather station on the top of the Mogao Grottoes
(Figure 2B) was used to measure wind velocity/direction at a
height of 2 m above the ground and precipitation (Figure 3A),
which were logged synchronously with data of dust concentrations.

Dust concentrations were measured using the Thermo Scientific
Partisol 2025i Sequential Air Sampler (Figure 3B), which was sited
in front of Grotto 72 (Figure 2B). The Partisol 2025i was configured

to sample a wide range of ambient PM sizes, including TSP, PM10,
and PM2.5. The Partisol has a fully automatic filter exchange
mechanism that provides unattended monitoring for up to 16
consecutive days for 24-h sampling prior to filter change, and
quartz fibre filters have been used for the collection of particulate
matter (Charron et al., 2004). Dust concentration datawere logged in
2min, and the pumping inlet of the Air Sampler was mounted at a
height of 1.2 m above the ground. Dust concentrations in front of
Grotto 72 during February 2012 to October 2012 were continuously
monitored. Unfortunately, due to the harsh aeolian environment
and strong dust storms in the study area, the Partisol 2025i
Sequential Air Sampler malfunctioned and could not continue to
work after October 2012.

RESULTS

Temporal Variation of the Mean Dust
Concentrations During the Monitoring
Period
Monthly Variation
The monthly mean TSP, PM10, and PM2.5 concentrations
during the monitoring period were 4.90–544.63 μg m−3,

FIGURE 3 | The Metstn weather station on the top of the Mogao Grottoes (A) and Thermo Scientific™ Partisol™ 2025i Sequential Air Sampler in front of the
Grotto 72 (B).

TABLE 1 | The monthly average dust concentrations in the Mogao Grottoes.

Month Monthly average dust concentrations (μg.m−3)

TSP PM10 PM2.5

February 544.63 477.92 234.61
March 371.71 316.18 197.97
April 117.83 90.42 53.24
May 45.54 34.56 17.56
June 35.80 29.15 16.51
July 25.63 20.59 10.91
August 17.47 13.60 6.53
September 7.44 6.43 4.00
October 4.90 4.29 2.78
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4.29–477.92 μg m−3, and 2.78–234.61 μg m−3, respectively
(Table 1). The monthly mean value of dust concentrations
gradually decreased from February to October, and showed a
maximum in February, with TSP, PM10, and PM2.5
concentrations of 544.63, 477.92, and 234.61 μg m−3. The
second high concentration value occurred in March, with
the TSP, PM10, and PM2.5 concentrations of 371.71,
316.18, and 197.97 μg m−3. In April, the third high
concentration value occurred, and the concentration values
of TSP, PM10, and PM2.5 were 117.83, 90.42, and
53.24 μg m−3, respectively. Zhou and Wang (2002) revealed
that severe dust storms in northwest China usually occurred in
spring, especially in April, and winter was the second high
season. Cao et al. (2013) showed that the seasonal variation of
PM10 concentration at the Dunhuang station during
2007–2011, and it indicated that the PM10 concentration
was the highest in spring, lowest in autumn. The monthly
mean dust concentrations in the Mogao Grottoes were
consistent with this conclusion, and dust concentrations in
summer and autumn significantly decreased compared with
those in spring.

Daily Variation
The daily variations of TSP, PM10, and PM2.5 concentrations
show fluctuation with the day, with extreme peaks on certain days
(Figure 4). The extreme values of dust concentrations occurred
mainly on February, March, and April, when dusty days were
common in the Mogao Grottoes district. The daily mean TSP,
PM10, and PM2.5 concentrations were in the range of
2.36–3585.53, 1.95–3056.88, 0.69–1368.60 μg m−3, respectively.
However, the daily mean background concentration values of
TSP, PM10, and PM2.5 were 14.74, 11.99, and 6.12 μg m−3,
respectively. Thus, the maximum daily dust concentration
values in dusty days could reach approximately 70 times of
those during dust-free days. The maximum daily
concentration values occurred in February, while the
minimum values in October. Furthermore, the maximum daily

mean dust concentrations deceased with each month. For
example, the maximum daily mean TSP, PM10, and PM2.5
concentrations in February were 3585.53, 3056.88,
1368.60 μg m−3, respectively, while in March they deceased
to 2442.60, 2111.78, and 1495.91 μg m−3, and in April, they
decreased to 1185.84, 861.77, and 344.69 μg m−3. Based on
daily observations from air quality monitoring stations,
Filonchyk et al. (2019) analyzed the PM10 and PM2.5
concentrations in typical cities of the northwest China
during winter-spring period of dust storms in 2014–2017,
and it showed that the peak daily average PM10 and PM2.5
concentrations exceeded 380 and 150 μg m−3, respectively, and
the extreme PM10 concentration value of 977 μg m−3 was
recorded on 23 April 2014 in Lanzhou, and in Urumqi, the
PM10 concentrations reached to 400 μg m−3. Obviously, the
daily mean PM10 concentrations in the Mogao Grottoes
district were larger than those values in these cities during
dusty days, while the daily dust concentrations in this study
were comparable with those during dust storms in Iran, such as
Zabol, located in the Sistan basin of southeast Iran
(Dahmardeh Behrooz et al., 2017) and Ahvaz, southwestern
Iran (Shahsavani et al., 2012).

Correlation Among the Mean Concentrations of TSP,
PM10, and PM2.5
The relationship among the daily mean concentrations of TSP,
PM10, and PM2.5 shows that there was a significant positive
correlation between TSP, PM10, and PM2.5, that is, PM10 =
0.84TSP, PM2.5 = 0.42TSP, and M2.5 = 0.50PM10, with a
determination coefficient R2 over 0.93 (Figure 5). The PM10/
TSP ratio ranged from 0.67 to 0.98 with a mean value of 0.82, and
the PM2.5/PM10 ratio ranged from 0.31 to 0.73 (mean of 0.55).
This result indicates that PM10 is the main component of TSP,
and PM2.5 is dominant in PM10 in the Mogao Grottoes.
Gholampour et al. (2016) reported that the daily mean PM10/
TSP ratios at two sampling sites in Urmia Lake, Northwest Iran,
the second great saline lake in the world, ranged from 0.38 to 0.90
and 0.57 to 0.96, respectively, with mean values of 0.64 and 0.75,
which was consistent with the ratios in this study. Dahmardeh
Behrooz et al. (2017) analyzed TSP and PM10 concentrations in
dust events in Zabol, Southeastern Iran and revealed that the
PM10/TSP ratio ranged from 0.27 to 0.99 with a mean of 0.37,
indicating that particles above 10 μm were dominant in TSP,
which were coarser than those in this study. They attributed the
higher fraction of coarse particles to the influence of soil-crust
material on the airborne samples.

Variation Characteristics of Real-Time Dust
Concentrations in Typical Dust Weathers
A Typical Dust Storm Under Westerly Winds
Westerly and easterly winds are two main strong winds that
cause dust storms in the Mogao Grottoes district. An episode of
dust storms under westerly winds occurring at 11:50–18:10 on 1
April 2012 in the Mogao Grottoes was selected to show the
variation characteristics of real-time dust concentrations
(Figure 6). During this dust storm, the average wind

FIGURE 4 | Variation of daily mean dust concentrations in the Mogao
Grottoes.
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direction at 2 m above the ground was 286.2°, belonging to
WNW winds. The average wind speed at 2 m above the ground
was 11.11 m s−1, and the maximum wind speed was 13.37 m s−1

(Figure 6A). When converting it into the wind speed at 10 m
according to the wind profile, the maximum wind speed was
15.78 m s−1, indicating that it reached moderate gale. The
average TSP, PM10, and PM2.5 concentrations were 3528.81,
2465.49, and 869.22 μg m−3, respectively. Among them, the
average ratio of PM10 to TSP concentration was 0.70, and
that of PM2.5 to PM10 concentration was 0.35, implying that
PM10 was the main composition of TSP during dust storms of
westerly winds. The maximum dust concentrations were
21483.32 μg TSP m−3, 11085.17 μg PM10 m−3, and
3028.08 μg PM2.5 m−3 (Figure 6B).

A Typical Dust Storm Under Easterly Winds
A dust storm under easterly winds occurred at 14:00–19:00 on 13
March 2012 in the Mogao Grottoes, and the variation
characteristics of real-time dust concentrations during this
period were shown in Figure 7. During this dust storm, the
average wind direction at 2 m above the ground was 85.4°,
belonging to E winds. The average wind speed at 2 m above
the ground was 11.33 m s−1, and the maximum wind speed was
14.09 m s−1 (Figure 7A). The corresponding maximum wind
speed at 10 m was 16.93 m s−1, and thus it reached the level of
moderate gale. The average TSP, PM10, and PM2.5
concentrations were 5002.71, 3745.33, and 1297.48 μg m−3,
respectively. Among them, the average PM10/TSP ratio was
0.75, and the average PM2.5/PM10 ratio was 0.35, showing

FIGURE 5 | Correlation among the mean concentrations of TSP, PM10, and PM2.5.

FIGURE 6 |Wind speeds at the height of 2 m atop the Mogao Grottoes (A) and the corresponding dust concentrations (B) changing with time under a typical dust
storm of westerly winds on 1 April 2012.
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that PM10 was also dominant in dust storms of easterly winds.
The maximum dust concentrations in this episode were
15959.97 μg TSP m−3, 11363.59 μg PM10 m−3, and 3591.52 μg
PM2.5 m−3 (Figure 7B).

A severe dust storm under easterly winds occurred at 21:00–22:00
on 21 February 2012. During this dust storm, the maximum wind
speed at 2 m was 15.46 m s−1 (Figure 8A), which was the maximum
wind speed in the whole measurement period. The corresponding

wind speed at 10m was 18.75 m s−1, and it reached the level of fresh
gale. The extreme dust concentrations reached 50358.03 μg TSPm−3,
33100.86 μg PM10 m−3, and 7502.59 μg PM2.5 m−3 (Figure 8B).
The data of real-time dust concentrations during dust storm
episodes in China was scarce due to the limitation of PM
concentration measuring instruments. The recorded extreme
values of TSP concentration over 20,000 μgm−3 and PM10 over
10,000 μgm−3 in dust storms on Earth was relatively limited in the

FIGURE 7 |Wind speeds at the height of 2 m atop the Mogao Grottoes (A) and the corresponding dust concentrations (B) changing with time under a typical dust
storm of easterly winds on 13 March 2012.

FIGURE 8 | Wind speeds at the height of 2 m (A) and dust concentrations (B) changing with time in an extreme dust episode on 21 February 2012.
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literature. Ganor and Foner (2001) reported one dust storm in Tel
Aviv when a TSP concentration of 24,000 μgm−3 was recorded.
Gillies et al. (1996) reported a measured peak dust concentration
13735 μgm−3 during an intense dust plume in the Inland Delta
region of Mali. Dahmardeh Behrooz et al. (2017) revealed that an
extreme daily TSP concentration could reach 10780 μgm−3 over
Sistan, Iran during the summer dusty period. Thus, the dust
concentrations reported in this study were comparable to those
previously obtained in dust storm events over other arid regions in
the literature.

DISCUSSION

The Mogao Grottoes is located in the extremely arid region,
surrounded by Gobi and Sandy Deserts, and suffered from severe
dust storms. Due to the harsh aeolian environment and

instrument limitation, real-time dust concentration data in
dust storm episodes in the Mogao Grottoes were not easy to
obtain. In this study, synchronous observations of wind speeds
and concentrations of TSP, PM10, and PM2.5 were performed in
the Mogao Grottoes from February to October 2012 using a
Partisol 2025i Sequential Air Sampler. This study provides
significant real-time concentration data of TSP, PM10, and
PM2.5 in a typical dust source area of northwest China, which
is important for wind erosion research in arid regions.
Meanwhile, the monitoring period is representative because in
the latest 10 years the variation of the occurrence frequency of
dust storms in Dunhuang, northwest China is limited (Luo et al.,
2021). In the following Discussion section, the main factors
influencing airborne dust concentrations in the Mogao
Grottoes have been discussed.

FIGURE 9 | The relationship between the concentrations of TSP, PM10 and PM2.5 and wind speed during dust storms.

FIGURE 10 | Monthly DP (>10 m s−1) and precipitation in the Mogao
Grottoes district in 2012. FIGURE 11 | The size composition of falling dust particles in the caves of

the Mogao Grottoes.
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Factors Influencing Dust Concentrations in
the Mogao Grottoes District
Wind Speed
Wind speed is a dynamic factor influencing dust concentrations.
The relationship between the concentrations of TSP, PM10, and
PM2.5 and wind speed at 2 m can be expressed by a power
function (Figure 9):

C � aub

Where C is dust concentrations (μg m−3), u is wind speeds at a
height of 2 m above the ground (m s−1), and a and b are regression
coefficients. Under the two dust storms, the power exponents in
the power functions for TSP, PM10, and PM2.5 were 2.99, 2.73,
and 2.42, respectively. Ta et al. (2003) analyzed the relationship
between TSP concentration and wind speed in seven cities of
Gansu Province, China and concluded that TSP concentration
increased with wind speed. Wang and Zhang (2021) revealed that
the PM10 concentration during a dust storm over a gobi surface
was positively correlated with wind speed, and compared with
that near the surface the correlation at the heights of 60 and
200 cm was weakened by the PM10 from non-local sources.
These results are consistent with the results in this study.

Coincidence of Dry Climate and Windy Season
The area of the Mogao Grottoes is under an extremely dry
climate, and the annual precipitation in 2012 was 37.1 mm
(Figure 10). Meanwhile, the precipitation was mainly
concentrated in summer (August, July and June), accounting
for 73.3% of the total value. Spring was the driest season in a
year, and there was no precipitation recorded in March and
April of the study period. Furthermore, the frequency and
strength of wind in these months were the highest
(Figure 10). As a result, dust concentrations under dust
storms in these months are usually the largest, contributing
to the falling dust particles in the caves.

Sufficient Dust Sources
The landforms atop the Mogao Grottoes are of four types,
namely, sandy gobi, gravel gobi, flat sand sheets, and mega-
dunes (Zhang et al., 2014). Mingsha Mountain is composed of
huge and complex mega-dunes, located to the west side atop
the grottoes, and it is the main sand source threatening the
grottoes. Dust particles (<63 μm) can account for 1.5 and 8.1%
in mass percentage for sand dunes and gobi surfaces,
respectively (Tan, 2015). Under westerly winds, these
landforms atop the Mogao Grottoes supply abundant dust
particles to the caves. While in the upwind of easterly winds,
sandy gobi is the main landform, and during dust storms of
easterly winds, it is the main source for falling dust in the caves.
The falling dust in the caves mainly comes from the short
distance transport of dust in Mingsha Mountain (Qu et al.,
1992) and sandy gobi atop the Mogao Grottoes (Zhang et al.,
2014). In addition, aeolian dust transported in a long distance
within dust storms from southern Xinjiang and Inner
Mongolia partly contributes to aeolian dust in the Mogao
Grottoes (Gao et al., 2010).

Implications and Strategies for Grotto Dust
Hazards Control
The falling dust particles in the caves have threatened to the
protection of murals and statues. Dust storms are the main
sources for these falling dust. In the Mogao Grottoes district, dust
storms are mainly caused by westerly and easterly winds (Zhang
et al., 2014). In order to control dust hazards, first, the dust storm
monitoring and warning system should be established to realize the
early warning. A suggestion is thatmaking full use of the resources of
the local meteorological department and providing professional real-
time forecast services for the dust disaster early warning system in
the Mogao Grottoes. Once the dust storm comes, as the
concentration of the dust in the caves reaches a certain threshold,
the caves should be closed in time. According to the wind speed
monitoring at the top of theMogaoGrottoes, when the wind reaches
the level of moderate gale and lasts for 30min, it can usually be
identified as a dust storm process, which takes 2–20 h to complete.
According to this study, the real-time PM10 concentration in front
of Cave 72 reaching 6000 μgm−3 (mean of peak real-time dust
concentrations) can be used as the threshold for dust stormwarning,
and the caves should be closed at this moment. Second, the falling
dust in the caves was mainly composed of particles in size of
10–30 μm, accounting for 70–75% of the total falling dust, and
this coarse dust particles also indicate the proximity of dust sources
(Figure 11). To achieve the goal of minimizing the damage of falling
dust to the Mogao Grottoes, improving the existing sand control
system is the right thing to do. The previous wind tunnel study
showed that the artificial gobi surface with 30% coverage and 30-
mm-high gravels was optimal for sand drift control engineering atop
theMogao Grottoes (Zhang et al., 2014). This technique is suggested
to control dust emission from gobi surrounding theMogaoGrottoes,
especially for gobi in upwind of easterly winds. Besides, further
building sand fences and straw checkerboards atop the Mogao
Grottoes to control dust emission from mega-dunes is also
recommended.

CONCLUSIONS

Continuous and synchronous observations of wind speeds and
dust concentrations in the Mogao Grottoes were performed from
February to October 2012, and temporal variation characteristics
of dust concentrations have been analyzed. The following
conclusions can be drawn:

(1) The monthly mean TSP, PM10, and PM2.5 concentrations
during the monitoring period gradually decreased from
February to October. The daily mean TSP, PM10, and
PM2.5 concentrations in the Mogao Grottoes area are in the
range of 2.36–3585.53, 1.95–3056.88, 0.69–1368.60 μgm−3,
respectively, and the maximum daily mean dust
concentrations occur mainly on February, March, and April.

(2) PM10 is the main particle size composition of TSP in dust
storms of the Mogao Grottoes. The PM10/TSP ratio ranges
from 0.67 to 0.98 with a mean value of 0.82, and the PM2.5/
PM10 ratio ranges from 0.31 to 0.73 with a mean value of 0.55.
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(3) The average TSP, PM10, and PM2.5 concentrations in a dust
storm of westerly winds are 3528.81, 2465.49, and
869.22 μg m−3, respectively, with a maximum dust
concentration of 21483.32 μg TSP m−3, 11085.17 μg
PM10 m−3, and 3028.08 μg PM2.5 m−3. During a dust
storm of easterly winds, the average TSP, PM10, and
PM2.5 concentrations are 5002.71, 3745.33, and
1297.48 μg m−3, respectively, and the maximum dust
concentrations are 15959.97 μg TSP m−3, 11363.59 μg
PM10 m−3.

(4) Coincidence of the driest and windy season of spring and
sufficient dust sources, such as Mingsha Mountain and the
surrounding sandy gobi contribute to the high dust
concentrations in the Mogao Grottoes.

(5) A dust storm monitoring and warning system in the Mogao
Grottoes should be established to realize the early warning.
As the PM10 concentration in front of Cave 72 during dust
storms reaches the threshold of 6000 μg m−3, the caves
should be closed to prevent dust hazards. Improving the
existing sand control system to control dust emission from
mega-dunes and sandy gobi is also recommended.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

GZ and LT designed the experiment and wrote the manuscript.
WZ, HZ, and FQ conducted statistical analysis. All authors
contributed to the writing-reviewing and editing.

FUNDING

This work was founded by the National Natural Science
Foundation of China (41871018), Key Research and
Development Program of Gansu Province (20YF8WF016), and
Scientific Research Project of Dunhuang Research Academy
(2020-KJ-YB-12).

REFERENCES

Ba, J., and Wang, X. (2010). Analysis of Climate Character in Dunhuang in Recent
56 Years. J. Arid Meteorology 28, 304–308. (in Chinese).

Baddock, M. C., Strong, C. L., Leys, J. F., Heidenreich, S. K., Tews, E. K., and
McTainsh, G. H. (2014). A Visibility and Total Suspended Dust Relationship.
Atmos. Environ. 89, 329–336. doi:10.1016/j.atmosenv.2014.02.038

Cao, L., Cao, H., Yu, H., Yang, Q., Wang, K., and Wang, X. (2013). Concentration
Distribution Characteristics of PM10 and the Relation with Meteorological
Element in Extreme Arid Areas of the West Part in Hexi Corridor. Ecol.
Environ. Sci. 22 (11), 1807–1813. (in Chinese).

Charron, A., Harrison, R. M., Moorcroft, S., and Booker, J. J. A. E. (2004).
Quantitative Interpretation of Divergence between PM10 and PM2.5 Mass
Measurement by TEOM and Gravimetric (Partisol) Instruments. Atmos.
Environ. 38 (3), 415–423. doi:10.1016/j.atmosenv.2003.09.072

Choobari, O. A., Zawar-Reza, P., and Sturman, A. (2014). The Global Distribution
of Mineral Dust and Its Impacts on the Climate System: A Review. Atmos. Res.
138, 152–165. doi:10.1016/j.atmosres.2013.11.007

Dahmardeh Behrooz, R., Esmaili-Sari, A., Bahramifar, N., and Kaskaoutis, D. G.
(2017). Analysis of the TSP, PM10 Concentrations and Water-Soluble Ionic
Species in Airborne Samples over Sistan, Iran during the Summer Dusty Period.
Atmos. Pollut. Res. 8 (3), 403–417. doi:10.1016/j.apr.2016.11.001

Filonchyk, M., Yan, H., Shareef, T. M. E., Yang, S. J. T., and Climatology, A. (2019).
Aerosol Contamination Survey during Dust Storm Process in Northwestern
China Using Ground, Satellite Observations and Atmospheric Modeling Data.
Theor. Appl. Climatology 135 (1), 119–133. doi:10.1007/s00704-017-2362-8

Fryberger, S. G., and Dean, G. (1979). “Dune Forms andWind Regime,” inA Study of
Global Sand Seas. Editor E. D. McKee, 1052, 137–169. USGS Professional Paper.

Ganor, E., and Foner, H. A. (2001). Mineral Dust Concentrations, Deposition
Fluxes and Deposition Velocities in Dust Episodes over Israel. J. Geophys. Res.
106 (D16), 18431–18437. doi:10.1029/2000JD900535

Gao, Z., Shao, L., and Li, G. (2010). Characteristics Analysis of the Sand-Dust
Weather in Dunhuang Area. J. Arid Meteroology 28 (1), 59–64. (in Chinese).

Gholampour, A., Nabizadeh, R., Hassanvand, M. S., Taghipour, H., Rafee, M.,
Alizadeh, Z., et al. (2016). Characterization and Source Identification of Trace
Elements in Airborne Particulates at Urban and Suburban Atmospheres of Tabriz,
Iran. Environ. Sci. Pollut. Res. 23 (2), 1703–1713. doi:10.1007/s11356-015-5413-7

Gillies, J. A., Nickling, W. G., and McTainsh, G. H. (1996). Dust Concentrations
and Particle-Size Characteristics of an Intense Dust Haze Event: Inland delta

Region, Mali, West Africa. Atmos. Environ. 30 (7), 1081–1090. doi:10.1016/
1352-2310(95)00432-7

Goudie, A. S., and Middleton, N. J. (2006). Desert Dust in the Global System.
Springer Science & Business Media.

Goudie, A. S. (2009). Dust Storms: Recent Developments. J. Environ. Manage. 90
(1), 89–94. doi:10.1016/j.jenvman.2008.07.007

Kok, J. F., Parteli, E. J. R., Michaels, T. I., and Karam, D. B. (2012). The Physics of
Wind-Blown Sand and Dust. Rep. Prog. Phys. 75 (10), 106901. doi:10.1088/
0034-4885/75/10/106901

Liu, B., Peng, W., Liu, S., and Yang, T. (2022). Estimation on the Dust Lift Amount
and Source Contribution of the Heavy Dust Weather in Mid-march 2021 over
Central East Asia. J. Desert Res. 42 (13), 79–86. (in Chinese).

Liu, B., Qu, J., Zhang, W., and Qian, G. (2011a). Numerical Simulation of Wind
Flow over Transverse and Pyramid Dunes. J. Wind Eng. Ind. Aerodynamics 99
(8), 879–888. doi:10.1016/j.jweia.2011.06.007

Liu, B., Zhang, W., Qu, J., Zhang, K., and Han, Q. (2011b). ControllingWindblown
Sand Problems by an Artificial Gravel Surface: A Case Study over the Gobi
Surface of the Mogao Grottoes. Geomorphology 134 (3), 461–469. doi:10.1016/j.
geomorph.2011.07.028

Luo, X., Li, Y., Yan, Z., Yang, M., and Nie, X. (2021). Evolution Characteristics of
Sandstorm and Meteorological Influence Factors in Hexi Corridor in
Recent 60 Years. Reserch of Soil and Water Conversation 28 (5),
254–267. (in Chinese).

Qu, J., Ling, Y., Zhang, W., and Wang, X. (1992). Preliminary Studies of
Atmopheric Dustfall in Mogao Cave, Duhuang. Sci. Conversation
Archeoglogy 4 (2), 19–24. (in Chinese).

Rashki, A., Kaskaoutis, D. G., Rautenbach, C. J. d., Eriksson, P. G., Qiang, M.,
and Gupta, P. (2012). Dust Storms and Their Horizontal Dust Loading in
the Sistan Region, Iran. Aeolian Res. 5, 51–62. doi:10.1016/j.aeolia.2011.
12.001

Shahsavani, A., Naddafi, K., Jaafarzadeh Haghighifard, N., Mesdaghinia, A.,
Yunesian, M., Nabizadeh, R., et al. (2012). Characterization of Ionic
Composition of TSP and PM10 during the Middle Eastern Dust (MED)
Storms in Ahvaz, Iran. Environ. Monit. Assess. 184 (11), 6683–6692. doi:10.
1007/s10661-011-2451-6

Shen, Y. B., Shen, Z. B., Du, M. Y., and Wang, W. F. (2004). Studies on Dust
Emission in Gobi and Oasis of Northwest China. China Environ. Sci. 24 (4),
390–394.

Stone, R. (2008). Shielding a Buddhist Shrine from the Howling Desert Sands.
Science 321 (5892), 1035. doi:10.1126/science.321.5892.1035

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 87846610

Zhang et al. Dust Concentrations During Dust Storms

22

https://doi.org/10.1016/j.atmosenv.2014.02.038
https://doi.org/10.1016/j.atmosenv.2003.09.072
https://doi.org/10.1016/j.atmosres.2013.11.007
https://doi.org/10.1016/j.apr.2016.11.001
https://doi.org/10.1007/s00704-017-2362-8
https://doi.org/10.1029/2000JD900535
https://doi.org/10.1007/s11356-015-5413-7
https://doi.org/10.1016/1352-2310(95)00432-7
https://doi.org/10.1016/1352-2310(95)00432-7
https://doi.org/10.1016/j.jenvman.2008.07.007
https://doi.org/10.1088/0034-4885/75/10/106901
https://doi.org/10.1088/0034-4885/75/10/106901
https://doi.org/10.1016/j.jweia.2011.06.007
https://doi.org/10.1016/j.geomorph.2011.07.028
https://doi.org/10.1016/j.geomorph.2011.07.028
https://doi.org/10.1016/j.aeolia.2011.12.001
https://doi.org/10.1016/j.aeolia.2011.12.001
https://doi.org/10.1007/s10661-011-2451-6
https://doi.org/10.1007/s10661-011-2451-6
https://doi.org/10.1126/science.321.5892.1035
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Ta, W., Xiao, Z., Qu, J., Yang, G., and Wang, T. (2003). Characteristics of Dust
Particles from the desert/Gobi Area of Northwestern China during Dust-Storm
Periods. Env Geol. 43 (6), 667–679. doi:10.1007/s00254-002-0673-1

Tan, L. (2015). Aeolian Sand/dust Flux over Near-Surface Gobi: A Case Study Atop
the Mogao Grottoes. Beijing: Doctoral thesis, University of Chinese Academy of
Sciences. (in Chinese).

Tan, L., Zhang, W., Qu, J., Wang, J., An, Z., and Li, F. (2016). Aeolian Sediment
Transport over Gobi: Field Studies Atop the Mogao Grottoes, China. Aeolian
Res. 21, 53–60. doi:10.1016/j.aeolia.2016.03.002

Tan, L., Zhang, W., Qu, J., Zhang, K., An, Z., and Wang, X. (2013). Aeolian Sand
Transport over Gobi with Different Gravel Coverages under Limited Sand
Supply: A mobile Wind Tunnel Investigation. Aeolian Res. 11, 67–74. doi:10.
1016/j.aeolia.2013.10.003

Wang, W., Wang, T., Shen, Z., Xie, J., and Xing, J. (2006). Pollution Status of
Harmful Components to Frescos in Dunhuang Mogao Grottoes. Plateau
Meteroology 25 (1), 164–168. (in Chinese).

Wang, X., Xia, D., Wang, T., Xue, X., and Li, J. (2008). Dust Sources in Arid and
Semiarid China and Southern Mongolia: Impacts of Geomorphological Setting
and Surface Materials. Geomorphology 97 (3–4), 583–600. doi:10.1016/j.
geomorph.2007.09.006

Wang, X., and Zhang, C. (2021). Field Observations of Sand Flux and Dust
Emission above a Gobi Desert Surface. J. Soils Sediments 21 (4), 1815–1825.
doi:10.1007/s11368-021-02883-5

Wang, Y. Q., Zhang, X. Y., Gong, S. L., Zhou, C. H., Hu, X. Q., Liu, H. L., et al.
(2008). Surface Observation of Sand and Dust Storm in East Asia and its
Application in CUACE/Dust. Atmos. Chem. Phys. 8, 545–553. doi:10.5194/acp-
8-545-2008

Yang, X., Zhang, Q., Ye, P., Qin, H., Xu, L., Ma, L., et al. (2021). Characteristics and
Causes of Persistent Sand-Dust Weather in Mid-march 2021 over Northern
China. J. Desert Res. 41 (3), 245–255. (in Chinese).

Zhang, E., Cao, J., Wang, X., Zhang, G., Zhang, Z., Du, N., et al. (2007).
Apreliminary Study of Characterizationof Indoor and Outdoor Airquality

inDunhuang Mogao Grottoes. J. Graduate Sch. Chin. Acad. Sci. 24 (5),
612–618. (in Chinese).

Zhang, W., Tan, L., Zhang, G., Qiu, F., and Zhan, H. (2014). Aeolian Processes over
Gravel Beds: Field Wind Tunnel Simulation and its Application Atop the
Mogao Grottoes, China. Aeolian Res. 15, 335–344. doi:10.1016/j.aeolia.2014.
07.001

Zhang, X. Y., Arimoto, R., and An, Z. S. (1997). Dust Emission fromChinese Desert
Sources Linked to Variations in Atmospheric Circulation. J. Geophys. Res. 102
(D23), 28041–28047. doi:10.1029/97jd02300

Zhang, X., Zhao, S., Mei, H., Zou, Y., Zhou, Z., Zhang, X., et al. (2022). Analysis of
Airport Risk Propagation in Chinese Air Transport Network. J. Adv.
Transportation 2022 (5), 1–13. (in Chinese). doi:10.1155/2022/9958810

Zhou, Z., and Wang, X. (2002). Analysis of the Severe Group Dust Storms in
Eastern Part of Northwest China. J. Geographical Sci. 12, 357–362. (in Chinese).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Tan, Zhang, Zhan and Qiu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 87846611

Zhang et al. Dust Concentrations During Dust Storms

23

https://doi.org/10.1007/s00254-002-0673-1
https://doi.org/10.1016/j.aeolia.2016.03.002
https://doi.org/10.1016/j.aeolia.2013.10.003
https://doi.org/10.1016/j.aeolia.2013.10.003
https://doi.org/10.1016/j.geomorph.2007.09.006
https://doi.org/10.1016/j.geomorph.2007.09.006
https://doi.org/10.1007/s11368-021-02883-5
https://doi.org/10.5194/acp-8-545-2008
https://doi.org/10.5194/acp-8-545-2008
https://doi.org/10.1016/j.aeolia.2014.07.001
https://doi.org/10.1016/j.aeolia.2014.07.001
https://doi.org/10.1029/97jd02300
https://doi.org/10.1155/2022/9958810
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Vertical Sand Flux Density and
Grain-Size Distributions for
Wind-Blown Sand Over a Gobi Surface
in Milan, Southern Xinjiang, China
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Sciences, Lanzhou, China, 2Dunhuang Gobi Desert Research Station, Northwest Institute of Eco-Environment and Resources,
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Vertical sand flux density and grain-size distributions of wind-blown sand over gobi are an
essential way for examining the complex grain-bed collisions over gobi surfaces and then
understanding aeolian saltation dynamics. However, compared with sand surfaces,
relatively few studies have reported regarding how sand flux density and grain size
vary with elevation for wind-blown sand over gobi, especially in a field scale. Here,
vertical sand flux density and grain-size distributions for wind-blown sand over a
typical gobi surface during three transport events were revealed. The results show that
the sand flux density exponentially decreased with elevation, which is different from the
previous wind tunnel studies, and 99% of the sand transport amount was concentrated in
the near-surface layer of 0.6 m. The mean grain size (Dm) first increased with elevation until
an inflection in grain-size trends occurred at 0.175 m or 0.285m above the ground, and
then Dm decreased with height, which is significantly different from the vertical grain-size
profile patterns of sand surfaces. The grain-bed collision process of medium sand over the
gobi surface caused the increase of the mean grain size with height. Sorting was
dominated by moderately sorted, skewness by symmetrical or fine skewed, and
kurtosis by mesokurtic. The results of this study are significant for future numerical
modeling studies of aeolian saltation over rough surfaces on Earth and even on Mars.

Keywords: gobi, wind-blown sand, sand flux density, grain-size distribuition, saltation

1 INTRODUCTION

The vertical distribution of sand flux density and grain-size for wind-blown sand has always been a
hot spot in aeolian research, because it is essential for modeling aeolian saltation, especially for grain
trajectory calculations (Sherman and Ellis, 2021). Over the past 80 years, many studies on the vertical
distribution of sand flux density and grain-size for wind-blown sand, especially for sand surfaces,
have been performed not only by field observations (e.g., Greeley et al., 1996; Arens et al., 2002;
Farrell et al., 2012; Rotnicka, 2013; Swann et al., 2021), but by wind tunnel experiments (e.g., Dong
et al., 2006; Xing, 2007; Li et al., 2008; Tan et al., 2014; Yang et al., 2019). Generally, the sand flux
density decreases exponentially with height (e.g., Greeley et al., 1996; Dong et al., 2002; Namikas,
2003; Farrell et al., 2012; Rotnicka, 2013). The main grain-size profile patterns for wind-blown sand
over sand surfaces can be summarized as the following three types. The first one is that grain size
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decreases with increasing elevation (e.g., Chen et al., 1995; Arens
et al., 2002; Li et al., 2008). The second is that the particle size
increases with increasing height (e.g., Bagnold, 1941; Greeley
et al., 1996; Van der Wal, 2000). The third is that the mean grain-
size first decreases with increasing height, and then increases,
with a maximum occurring at a finite height, approximately
several or dozens of centimeters above the ground (e.g., Farrell
et al., 2012; Tan et al., 2014; Zhang et al., 2017; Yang et al., 2019),
which is a dominant vertical profile pattern of grain-size
distribution in recent studies. However, compared with sand
surfaces, fewer studies have reported the vertical grain-size
profiles of wind-blown sand over gobi.

Gobi is a regional name of stone pavements in central Asia
(Livingstone and Warren, 1996), and the stone pavements are
defined by Cooke and Warren (1973) as ‘‘armored’’ surfaces, and
usually comprise gravels or boulders in the thickness of only one
or two stones, underlain by deposits of sand, silt, or clay. Gobi is
widely distributed in northwest China. It covers an area of
approximately 661,000 km2, and accounts for 6.9% of the total
land area, which is roughly equal with the area of sand surfaces in
China (Zhang et al., 2014). This kind of surfaces are common on
Earth and even ubiquitous on Mars (Lancaster et al., 2010).
Aeolian saltation processes over gobi surfaces, however, are
more complex than those of sand surfaces (e.g., Zhang et al.,
2014; Tan et al., 2020). The presence of nonerodible gravels
creates a nearly elastic collision between them and sand grains
(Qu et al., 2005), and the sand flux profiles show a nonmonotonic
curve pattern, with a maximum flux density occurring a specific
height above the ground (e.g., Dong et al., 2004; Qu et al., 2005;
Tan et al., 2013; Zhang et al., 2014). However, these results have
usually been investigated by wind tunnel experiments. Due to the
harsh natural conditions in gobi areas, field studies on the vertical
distribution of the sand flux density and grain size for wind-
blown sand over gobi are still limited. Sharp (1964) conducted
field observations on characteristics of wind-blown sand over a
bouldery alluvial plain in Coachella Valley, California,
United States, and it revealed that the mean grain size
achieved a maximum at heights of 0.25–1 m above the
ground; however, it was the cumulative results of several
events of aeolian transport. Zhang and Dong (2014) showed
that the grain-size distribution of aeolian transport over an
artificial gravel bed presented a monotonically deceasing
pattern, while they used only four traps at a height range of
0.25–2 m. In contrast, field observation results of aeolian
transport over gobi atop the Mogao Grottoes revealed that
grain size first increased from the surface and then decreased
after the occurrence of a maximum at heights of 0.22–0.24 m
above the ground (Tan et al., 2016), while the saltation trap could
only examine the grain size distribution of 0.5 m above the gobi
surface. Thus, there is still no consensus regarding what the
vertical distribution pattern of the grain size of wind-blown sand
over gobi should be. Revealing the vertical profiles of sand flux
density and grain size is an effective way to understand the
collision process between saltating sand grains and the gobi
bed, which is helpful to further reveal the dynamic mechanism
for aeolian saltation over gobi or similar rough surfaces.

In this work, based on arrays of Big Spring Number Eight
(BSNE) traps, vertical distributions of sand flux density and
grain-size for wind-blown sand over a typical gobi surface in
southern Xinjiang, China under three transport events were
examined. The main purpose of this paper was to examine the
vertical structures of the sand flux density and grain size for wind-
blown sand over gobi, and then to shed light on the processes of
aeolian saltation of mix-sized grains. The results of this study can
also provide insights into the dynamics of aeolian saltation over
gobi or similar rough surfaces.

2 MATERIALS AND METHODS

2.1 Study Area
Field measurements were performed in the gobi region of Milan,
Southern Xinjiang, China (39°8.062′N, 88°59.967′E) (Figures 1A,
B). The gobi surface was located on a plain of alluvial-proluvial
gobi in northern front of the Altun Mountains. The gobi surface
has a gravel coverage rate ranging from 40 to 50%, and is
composed mainly of fine gravels (<6 cm), underlain mainly by
fine sand (median grain size d50 202 μm) (Figure 1C). The main
sand-driving wind directions in the study area were ENE and E,
and the annual sand drift potential (DP) in 2018 reached 1,160
vector units, indicating a high wind-energy environment.
Detailed information on the aeolian environment has been
described in Tan et al. (2020).

2.2 Instrumentation
Sand particles in wind-blown sand over gobi during the three
transport events were collected by a vertical array of Big Spring
Number Eight (BSNE) traps (Fryrear, 1986), including seven
traps at different heights (Figure 1D). The seven BSNE sand traps
were placed at mid-inlet heights of 0.025, 0.175, 0.285, 0.585, 1.16,
1.79, and 3 m, and the direction of the spanwise layout was NW-
SE, which was almost orthogonal to the main sand-driving wind
direction (ENE) in the study area (Tan et al., 2020). Wind data
used in this study were obtained from a meteorological
observation tower with three 2D ultrasonic anemometers at
heights of 2, 6, and 10 m, and recorded as 1 min averages,
located approximately 150 m west of the saltation
observation site.

2.3 Methods
All grain-size data of wind-blown sand samples in this study were
measured by a Malvern Mastersizer-2000 grain-size analyzer.
Grain-size statistics of mean, sorting, skewness, and kurtosis were
calculated using the method of Folk and Ward (1957). Friction
velocity u* was computed from the logarithmic slope between the
two instruments at the heights of 2 and 10 m using the following
equation (Martin et al., 2013).

up � k(u2 − u1)
ln(z2/z1) (1)

where u1 and u2 were the wind velocities at the heights of 2 m (z1)
and 10 m (z2).
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3 RESULTS

3.1 Sand Transport Events
Three sand transport events (20180502, 20180504, and 20180507,
all the following descriptions regarding the three transport events
are in this order) were observed during the fieldwork from 1 May
2018 to 8 May 2018. The variation of wind speed and direction at
10 m above the ground with time is shown in Figure 2. The
measurement duration fell in between 110 and 420 min. The
values of wind speed at a height of 10 m for the three transport
events ranged from 8.35 to 19.27 m s−1, 8.28–19.82 m s−1, and
11.90–23.55 m s−1, respectively, and the corresponding average
wind speeds were 13.92, 13.70, and 18.78 m s−1. At the same time,
the values of wind direction at a height of 10 m for the three

transport events ranged from 54.2° to 91.2°, 40.5° to 97.0°, and
19.5° to 75.3°;, respectively. The corresponding average wind
directions were 80.6°, 69.7°, and 54.9°, which belonged to E,
ENE, and NE winds, respectively. During the three transport
events, the values of friction velocity u* ranged from 0.11 to
0.79 m s−1, 0.01–0.72 m s−1, and 0.10–1.28 m s−1, respectively,
and the corresponding average values of u* were 0.40, 0.28,
and 0.66 m s−1 (Figure 2). The measured threshold friction
velocity for sand entrainment u*t was 0.30 m s−1 in the study
area. During the transport event 20180504, the average u* was
smaller than u*t, and intermittent aeolian sand transport
occurred, especially in the period of 13:00–16:59 (Tan et al.,
2020). In contrast, during the transport event 20180507, almost
all the values of u* were over u*t in the whole measurement period,

FIGURE 1 | (A) The gobi distribution map of Northwest China [this figure is revised from Zhang et al. (2019)]. (B) Location map for the study site (the regional map is
from Google Earth). (C) Typical gobi surface in the study site. (D) In-situ field layout of instrument.
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and strong aeolian sand transport occurred (see Figure 3A in the
next part).

3.2 Sand Flux Profiles of Wind-Blown Sand
Over Gobi
Vertical sand flux profiles show that the sand flux density
decreased exponentially with increasing height during the
three transport events (Figure 3A). The proportions of the
transported sand particles caught at the lowest trap (with a
mid-inlet height of 0.025 m) were 40.04, 36.14, and 34.39% for
the three transport events, respectively. 90% of the total sand flux
for the three transport events was concentrated within layers of
0.20, 0.23, and 0.25 m above the ground, respectively. The sand

particles caught within a height of 0.585 m above the surface
accounted for less than 1% of the total, and thus, 99% of the sand
particles in wind-blown sand over gobi were transported in the
layer of 0–0.585 m (Figure 3B).

3.3 Vertical Grain Size Distribution of
Wind-Blown Sand Over Gobi
3.3.1 Vertical Grain-Size Frequency Distribution
To ensure the accuracy of data, we excluded samples with
altitudes higher than 0.585 m in the analysis of grain-size
distribution. The variation of the grain-size frequency of
blown sand samples with height is shown in Figure 4. The
results show that the variation trend of the mode grain size

FIGURE 2 | Variation of wind speed and direction at a height of 10 m and friction velocity with time during the three transport events. (A) 20180502 event, (B)
20180504 event, and (C) 20180507 event. The dash line refers to the threshold friction velocity u*t (0.30 m s−1).
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(the grain size which corresponded to the maximum grain-size
frequency) as a function of height was consistent among the three
transport events, that is, the mode grain size first increased with
height then decreased. At 0.025 m, the values of the mode grain
size in the three transport events were 182, 158, and 182 μm,
respectively, and the corresponding frequencies were 11.65,
10.44, and 11.23%, respectively. At 0.175 m, the values of the
mode grain size in the three transport events were 182, 240, and
240 μm, respectively, and the corresponding frequencies were
9.58, 9.89, and 10.02%, respectively. At 0.285 m, all mode grain
size increased to 275 μm, and the corresponding frequencies were

10.84, 9.69, and 7.74%, respectively. However, as the height
increased to 0.585 m, all mode grain size decreased to 105 μm,
and the corresponding frequencies changed to 8.46, 8.57, and
7.91%, respectively.

3.3.2 Grain-Size Statistics
3.3.2.1 Mean Grain Size
The vertical profile patterns of the mean grain size of wind-blown
sand over gobi were consistent among the three measured
transport events, that is, Dm first increased almost linearly
with elevation until a reversal in grain-size trends occurred,

FIGURE 3 | Variation of the sand flux density (A) and cumulative sand flux (B) with height above the ground during the three transport events.

FIGURE 4 | The grain-size frequency of wind-blown sand samples changing with height in the three transport events. (A) 20180502 event, (B) 20180504 event,
and (C) 20180507 event.
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and then Dm decreased, with a maximum occurring at a finite
height above the ground (Figure 5A). Specifically, the inflection
points in the vertical mean grain size profile occurred at a height
of 0.175 m or 0.285 m above the ground during the three
transport events, with Dm values ranging from 200 to 221 μm.

3.3.2.2 Sorting
For the three transport events, sorting values increased with
increasing height within the layer of 0–0.585 m, which ranged
from 0.64 to 0.98 (Figure 5B), and they changed frommoderately
well sorted to moderately sorted with increasing height according
to the categorization of Folk and Ward (1957).

3.3.2.3 Skewness
The pattern of skewness changing as a function of height was similar
to that of themean grain size. Sk first increased with elevation until a
reversal in grain-size trends occurred, and then Sk decreased, with a
maximumoccurring at a finite height above the ground (Figure 5C).
According to the categorization of Folk and Ward (1957), the
skewness changed from symmetrical on the surface to fine
skewed with increasing height to 0.285m, and then changed back
to symmetrical or coarse skewed at the height of 0.585 m.

3.3.2.4 Kurtosis
The kurtosis increased with the increase of height above the
ground, with values ranging from 0.85 to 1.07 (Figure 5D), and

they belonged to the category of mesokurtic according to Folk
and Ward (1957) at the lower three traps, while it changed to
platykurtic for the sand trap at the height of 0.585 m.

4 DISCUSSION

4.1 The Saltation Flux Profile Pattern for the
Gobi Surface
Many previous studies, mostly through wind tunnel tests, show that
the sand flux density varies with height in a non-monotonic curve,
with a maximum occurring at a certain height above the ground
(e.g., Dong et al., 2004; Qu et al., 2005; Tan et al., 2013; Zhang et al.,
2014). In contrast, this study shows that sand flux density decreases
exponentially with increasing height among all the three measured
transport events. Furthermore, the field study of Tan et al. (2016)
also reveals that the sand flux density decreases exponentially with
increasing height, which is different from the results of previous
wind tunnel studies. Meanwhile, the recent field study of Tan et al.
(2021) shows that the particle flux density of wind-blown sand over
gobi decreases exponentially with height, which is consistent with the
exponential decay model of the sand flux density against height
determined using BSNE traps. The difference in results of wind
tunnel tests and field observation can be attributed to the fact that the
blocking effect of gravels on sand transport near the gobi surface is
not as pronounced in the field as that in the wind tunnel. The scale of

FIGURE 5 | Variation of the grain-size statistics with height during the three transport events. (A) Mean grain size, (B) Sorting, (C) Skewness, (D) Kurtosis.
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gravels cannot be reduced in wind tunnel tests, which, in turn,
increases their blocking effect, while in the field, the relief of the
terrainmakes the function of gravels in inhibiting near-surface wind-
blown sand less obvious than that in the wind tunnel.

This study shows that 99% of the sand transport amount over gobi
is concentrated in the near-surface layer of 0.6m. Comparatively, it
shows that 99% of the sand transport amount over gobi atop the
Mogao Grottoes is concentrated in the near-surface layer of 0.3m
(Figure 6), and thus the height of the saltation layer in this study is
nearly two times of that atop the Mogao Grottoes. However, in the
Hundred Miles windy area along the Lanzhou-Xinjiang High-Speed
Railway, 99% of sand particles are transported in the layer of 3m
above the gobi surface (Wang et al., 2022). This can be attributed to the
difference in the wind speed and grain size, and Zhang et al. (2017)
revealed that the cumulative sand flux is controlled more by the mean
grain size of sand surfaces than wind speed. For example, the
maximum mean grain size of wind-blown atop the Mogao
Grottoes is 150 μm, while that of in this study is 220 μm, and
larger saltating particles can reach higher in the process of aeolian
saltation over gobi. In contrast, sand transport on sand surfaces is
mainly concentrated in a height range of 0–0.2m. This indicates that
the grain-bed collision over gobi facilitates aeolian saltation by
increasing saltation heights, in which sand particles can retain a
higher proportion of their impact energy. In addition, Nield and
Wiggs (2011) revealed that compared with dry, rippled sand surfaces,
the saltation cloud height increased over slightly damper and harder
sand surfaces.

4.2 Vertical Distributions of Grain-Size
Statistics for Wind-Blown Sand Over Gobi
Vertical mean grain-size profiles of gobi wind-blown sand show that
the mean grain size increases with height above the ground until a
reversal occurs, and then themean grain size decreases with height. It
indicates that the coarsest grains are found at a finite height above the
ground rather than on the surface. The field work atop the Mogao

Grottoes also revealed a reversal in the variation of grain size with
height, with an inflection occurring at 0.22 and 0.24m for the two
transport events of 20130415 and 20130417, respectively (Tan et al.,
2016). Below the inflection, the mean grain size also increased with
height; however, above the inflection, it showed a linear decrease in
mean grain size with height, in which only 0.3 m above the inflection
had been measured, while in this study an approximate 0.6m
transport layer had been considered (Figure 5A). The reason is
that the study area of Mogao Grottoes belongs to a low wind-energy
environment (Zhang et al., 2014), while the study areas in this study
indicates a highwind-energy environment (Tan et al., 2020), resulting
in a relatively thicker saltation layer in this study. Zhang and Dong
(2014) also used BSNE traps to examine characteristics of grain-size
distribution for an artificial gobi bed; however, only four traps at 0.25,
0.5, 1, and 2m above the ground had been used. As a result, they
showed that the mean grain size decreased monotonically with
height, yet the change in mean grain size with height could not
be examined below 0.25m. The field study of Sharp (1964) revealed
that themean grain size for wind-blown sand over a bouldery alluvial
plain in Coachella Valley, California, United States, achieved a
maximum at heights ranging from 0.25 to 1m above the ground.
Wang et al. (2022) revealed that the inflection point in the vertical
median grain size profile of wind-blown sand over a gobi surface in
the HundredMiles windy area, China reached 2m above the ground
surface. The heightswhere the inflection occurred in these two studies
were larger than those of this study. This may be caused by the
difference in wind power and the grain-size composition of sand
sources for wind-blown sand over the rough surface.

Apparently, the vertical mean grain-size profile over gobi is
significantly different from those of sand surfaces, in which the
dominant profile pattern is grain size first decreases till to an
inflection and then increases with elevation. This can be
attributed to the difference in grain-bed collisions between gobi
beds and sand surfaces. The collision between saltating particles and
gravels on the gobi surface is nearly elastic, and thus, saltating sand
particles will rebound and maintain a higher proportion of
momentum; however, those of sand surfaces will transport
momentum to new particles and the momentum has been
consumed mainly on bed deformation. Liu et al. (2021) reveals
that for the same gobi bed and at the same experimental particle
speed, the larger the sand particle size, the higher the bounce height
of sand particles after colliding with gravels. This is because gravity
and the drag of the wind are the main influencing factors for the
trajectory of rebounding sand particles, and as grain size increases,
the ratio of inertia to drag force becomes larger. As a result, larger
grains can travel in higher and farther trajectories than smaller
grains. Figure 7 shows the variation of frequencies for three grain-
size groups (very fine, fine, and medium sand) with height in the
three transport events. The results demonstrate that below the height
of the inflection point, both the frequencies of very fine and fine sand
in the three transport events decreased with height (Figures 7A, B),
while that of the medium sand increased with height (Figure 7C),
resulting in the increase of the mean grain size with height. In
contrast, above the inflection points, the frequency of very fine sand
increased (Figure 7A), while that of the medium sand decreased
(Figure 7C), resulting the decrease of the mean grain size with
height. This indicates that larger grains like medium sand particles

FIGURE 6 | Variation of the cumulative sand flux with height above the
gobi surface atop the Mogao Grottoes during the transport event 20130417
(Tan et al., 2016).
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participate in the grain-bed collision process over gobi and the
rebound medium sand particles can reach a higher layer.
Comparatively, very fine sand is more notably affected by
turbulence, and the frequency only increases in the upper
saltation layer where wind momentum is less affected by saltating
particles. However, in regard to sand surfaces, bed deformation
consumes more energy of saltating grains, resulting in the reduction
in the available energy for grain ejection. Larger grains are relatively
more difficult than smaller grains to reach the same launch speed,
and thus larger particles willmove close to the bed in reptation rather
than saltation (e.g., Rice et al., 1995; Farrell et al., 2012).
Consequently, the coarse fraction of the transport sand
population is distributed within near-bed elevations, while the
finer fraction is at higher elevations. Thus, the mean grain size
decreased with height in the saltation layer over sand surfaces.

Studies of quantifying the variation of sorting, skewness, and
kurtosis with height are relatively few for sand surfaces. Williams
(1964), Li et al. (2008), and Farrell et al. (2012) found that sorting
improved with height. Zhang et al. (2017) revealed that sorting of
sand surfaces composed of fine or medium sands improved with
increasing height, while both profile patterns of sorting
improving and declining with height presented for coarse sand
surfaces. However, the sorting of gobi wind-blown sand in this
study shows a decreasing trend with increasing height, which is
consistent with the result of Tan et al. (2016).

5 CONCLUSION

Vertical flux density and grain-size profiles of wind-blown sand
over a typical gobi surface during three transport events were
measured using arrays of BSNE traps. The results show that in
contrast with the nonmonotonic flux profiles over gobi beds
measured in wind tunnel studies, the sand flux density decreased

exponentially with elevation in the field. 90% of sand transport
amount is concentrated in the height range of 0.22–0.27 m, while
99% of saltating sand particles are transported in the near-surface
layer of 0.6 m. The mean grain size (Dm) first increased with
elevation until a reversal in grain-size trends occurred, and then
Dm decreased, with a maximum occurring at a finite height above
the ground (0.175 or 0.285 m). In the whole saltation layer,
sorting mainly belongs to moderately sorted, skewness is
symmetrical or fine skewed, and kurtosis is mesokurtic.

This study provides grain-size data of wind-blown sand over gobi
to the modeling community for saltating grain trajectories and also
sheds light on the complex grain-bed collision on gobi surfaces, which
is helpful for understanding aeolian saltation dynamics over gobi.
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Protective Efficiency of Railway
Arbor-Shrub Windbreak Forest Belts
in Gobi Regions: Numerical Simulation
and Wind Tunnel Tests
Kai Zhang1,2, Jianjun Qu1*, Xingxin Zhang2, Liming Zhao2 and Sheng Li2

1Key Laboratory of Desert and Desertification/Dunhuang Gobi and Desert Research Station, Northwest Institute of Eco-
Environment and Resources, Chinese Academy of Sciences, Lanzhou, China, 2College of Civil Engineering, Lanzhou Jiaotong
University, Lanzhou, China

The railways in the Gobi area have serious sand hazards. To prevent these hazards and
ensure operational safety, plant-based sand prevention is a fundamental measure for the
prevention and control of railway wind-sand hazards. This study considers the protective
windbreak forest belts along the Lan-Xin Railway, Northwest China as the study area and
evaluates its protective benefits from the perspectives of windproof efficiency and sand
control efficiency using numerical simulations and wind tunnel testing. Our results show
that the disrupting effect of the three shelterbelt rows on the airflow was significantly
enhanced, and the wind velocity profile began to change at 2H. As the airflow continued to
move forward, the wind velocity profile gradually deviated from the logarithmic law, and an
obvious turning point appeared at 13H behind the forest belt. Under different incoming
wind velocities, the maximum wind protection efficiency of the three shelterbelt rows
appeared at 5H on the leeward side. The maximum wind protection efficiencies in the
numerical simulation were 95.1, 90.4, and 88.6%, respectively. The minimum value
appeared at 15H on the leeward side, and the minimum wind protection efficiencies
were 58.3, 53.1, and 47.1%, respectively. The maximumwind protection efficiencies in the
tunnel test were 94.3, 90.1, and 86.5%, and the minimum value appeared at 15H on the
leeward side. As the wind velocity increased, the efficiency of wind protection tended to
decrease. The sand control efficiencies of the shelterbelt were 93.8, 91.6, and 88.1%, and
as the wind velocity increased, the sand control efficiency continued to decrease. In
general, the forest belt had a significant effect on reducing the sand flux density, especially
below the forest belt height, which can effectively control the wind and sand disasters in
some Gobi areas along the Lan-Xin Railway.

Keywords: railway, gobi, wind-blown sand, shelterbelt, protective benefit

1 INTRODUCTION

Aeolian sand is a typical sand transport method in desert areas, which has a profound impact on
desert topography and landform formations (Huang et al., 2020). Sand transported by wind is a
process of lifting and spreading from the ground, and finally depositing back to the ground
(Baniamerian and Mehdipour, 2019). Severe wind-sand hazards have brought great trouble to
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the construction, development, and safe operation of railways in
sandy areas (Zhang et al., 2010; Wang et al., 2018; Zhang et al.,
2020). In recent decades, scholars have summarized three types of
sand control measures in the engineering practice of sand
prevention and control: mechanical, chemical, and plant
measures. Among them, plant measures are one of the most
fundamental, economical, and effective methods for controlling
sand disasters.

As an important part of plant-based sand prevention
measures, windbreak forest belts are widely installed on the
windward side of transportation facilities, such as railways and
highways. By increasing the wind-sand flow resistance, enhancing
energy consumption, and promoting sand deposition, they can
intercept the passing wind-sand flows. Different types of
protective windbreak forest belts have different effects in sand-
wind prevention. For permeable protection forest belt, multiple
“ventilation holes” are formed inside the forest belt, whichmake it
easy for quicksand to penetrate the protection forest belt and
cause sand damage. For tight protection forest belt, the quicksand
is blocked as far as possible at the edge of the protection forest belt
and cannot penetrate it, which is effective in preventing
sandstorms. Field observations (Tuzet and Wilson, 2007;
Amichev et al., 2015; Li et al., 2016), theoretical analyses
(Takahashi et al., 1998; Ucar and Hall, 2001) and wind tunnel
tests (Schwartz et al., 1995; Judd et al., 1996; Lee et al., 2002) have
always been effective means to evaluate the benefits of the wind
and sand resistance of forest belts. With recent advances in
computer technology, numerical simulations have become
widely used in the field of fluid dynamics owing to their high
efficiency, accuracy, and convenience. For example, based on
numerical simulation, Wang et al. (2003) developed the
numerical model and simulation procedure systematically to
describe the influence of the permeability, width, and direction
of the incoming wind of the shelterbelt on the flow field, and to
explain the relationship between the structure of the shelterbelt
and the wind choke effect. Santiago et al. (2007) used three
different turbulence models to analyze the flow characteristics of
the airflow on the leeward side of the shelterbelt on a flat surface,
and then selected an appropriate numerical model to analyze the
optimum permeability of the shelterbelt as 35%. Zhan et al.
(2017) using a two-dimensional Computational Fluid
Dynamics (CFD) model numerically simulated and evaluated
the impact of sand-fixing windbreak forests on wind-sand flows.

However, in these studies, there are two main limitations.
First, the numerical simulations are limited to two spatial
dimensions, ignoring the structural changes in the shelterbelt
along the spanwise dimension. For windbreak forest belts
composed of different tree species, the canopy has strong
heterogeneity and complexity, making the spanwise dimension
an important parameter that should not be neglected when
describing the aerodynamic characteristics of the shelterbelt
(Zhou et al., 2005; Bourdin and Wilson, 2008; Rosenfeld et al.,
2010). Second, the research area is mostly concentrated on the
sandy surface, with relatively little research under the Gobi
surface. This has always been a weak link in this field.
Compared with general desert areas, sand particles have a
large initial velocity, large bounce angle, and high jump height

under the Gobi surface. The sand particles can fully move due to
the energy of the airflow, and the wind-sand flow often presents
an unsaturated transport state (Dong et al., 2004; Zhang et al.,
2011; Tan et al., 2016), making it difficult to fully visualize the
wind-sand flow field around the vegetation using wind tunnel
tests. Additionally, the Gobi area is uninhabited, with harsh
natural conditions and heavy traffic restrictions, making field
observations very difficult. Therefore, it is necessary to use three-
dimensional numerical simulation technology to study the
protective benefits of Gobi forest belts.

The Lan-Xin Railway crosses the Gobi Desert in Northwest
China, with plant protection measures installed in some sections
to prevent wind and sand hazards and ensure driving safety.
Shelterbelts along the Lan-Xin Railway consist of trees and
shrubs, which are Populus bolleana Lauche approximately
12 m high, and Haloxylon ammodendron approximately 3 m
high, respectively, with a total of three rows and a row spacing
of 72 m. In this study, numerical simulations are used to construct
a three-dimensional physical model of the shelterbelt to study the
change law of the wind velocity profile and wind resistance
efficiencies at different positions of the shelterbelt. This study
aims to make an effective scientific assessment of the wind and
sand resistance effect of the shelterbelt. Additionally, the results of
the numerical simulation were verified through wind tunnel tests,
and the sand flux density and sand blocking effect of the
shelterbelt were studied. The research results provide
theoretical support for the wide application of windbreak
forest belts and are of great significance to the application of
plant protection measures along the railway in the Gobi area.

2 MATERIAL AND METHODS

2.1 Numerical Simulation
2.1.1 Governing Equation
In the numerical simulation, a steady-state method was used to
solve the problem. The solution model used the standard k–ε
model, and the airflow at the inlet was an incompressible airflow.
During the solution process, the continuity equation, RANS
equation, and two standard k-ε turbulence closed equations
were solved. The control equation is as follows:
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where ui and uj are the components of the velocity along the i and
j directions, respectively; t is time; ρ is the air density; k is the
turbulent kinetic energy; ε is the turbulent dissipation rate; μ is the
dynamic viscosity; μt is the turbulent viscosity; gi is the
gravitational acceleration along the i directions; Gk is the
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turbulent kinetic energy produced by the average velocity
gradient of the air phase; σk and σε are the Trump constants
corresponding to the turbulent kinetic energy and its dissipation
rate, respectively, σk = 1.0, σε = 1.3; and Cμ, C1ε, and C2ε are the
empirical constants, Cμ � 0.09, C1ε � 1.44, C2ε � 1.92.

2.1.2 Porous Media Model
Forest belts are usually composed of multiple rows of trees; thus,
the shelterbelt area was regarded as a porous medium area in the
numerical simulation. In ANSYS Fluent, the porous medium
model adds a source term to the momentum equation to simulate
the resistance of the porous area to the fluid flow. The governing
equation is as follows:

Si � −(μ
α
ui + C2

1
2
ρ|u|ui) (5)

C2 � kr
W

(6)

Where α is the permeability; C2 is the coefficient of inertial
resistance; u is the overall velocity; W is the width of the
windbreak forest; and kr is the pressure loss coefficient.

2.1.3 Geometric Modeling
To ensure modeling accuracy, the SCDM 2019R3 software, which
has an intelligible interface for Fluent, was used to establish a
three-dimensional solid model of the shelterbelt plants. The
layout method used was high in the front and low in the back,
arranged in a “product” shape, with a belt spacing of 72 m (6HB,
HB = 12 m). The overall layout consisted of regions with one belt
and two rows (referred to as a row), two belts and four rows
(referred to as two rows), and three belts and six rows (referred to
as three rows). Through reasonable trial calculations, the size of
the calculation domain was determined to be X × Y × Z = 360,
432, and 504 m (30, 36, and 42HB) × 84 m (7HB) × 72 m (6HB),
and the model was set at 120 m (10HB) from the entrance. To
avoid backflow, the distance from the model to the outlet was
240 m (20HB). In the model, the canopy was simplified into a

truncated cone, and the trunk was simplified into a cylinder
(Figure 1); a schematic diagram of the 3D finite element model of
the three rows of windbreak forest belts in the numerical
simulation is shown in Figure 2. The distance between A (B)
plants is 6 m in spanwise dimension, and the distance between
plant trunks is 9 m in X dimension. Table 1 shows the
characteristic dimensions of the simplified model of the two
plants in the numerical simulation simultaneously.

2.1.4 Meshing
To ensure the full development of airflow in the flow field, the
model was set 120 m (10HB) away from the entrance. Owing to
the complex structure of the model, it is difficult to generate
structured grids; therefore, the Tetrahedrons method in
Workbench Mesh was used for unstructured meshing of the
entire computational basin. To improve the calculation efficiency,
the size control method is used to locally encrypt the cells near the
model, and 10 boundary layers were set along the bottomwall and
the surface of the model, and the growth rate was set to 1.2. In the
end, the total number of single-, double-, and triple-row
shelterbelt units were 2.58, 3.36, and 4.02 million, respectively.
The maximum inclination rate of the grid was controlled below
0.7, and the quality of the grid was good, which could meet the
accuracy requirements of the calculation.

2.1.5 Boundary Conditions
The boundary conditions of the numerical simulations are listed in
Table 2. A user-defined function (UDF) was used at the entrance
and a C language self-compiled function was embedded, so that the
wind velocity profile was in logarithmic form conforming to wind
tunnel test, the wind velocity at the axis was 8, 12, 16m s−1,
respectively, and the wind velocity profile form was:

v(z) � υ

k
ln

z

z0
(7)

where v(z) represents the velocity at z height, in m·s−1; υ
represents the frictional wind velocity, in m·s−1; k represents

FIGURE 1 | Simplified schematic diagram of plant. (A): The size of plant,
(B): Trunk diameter.

FIGURE 2 | Schematic diagram of the 3D finite element model of the
shelterbelt.
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the von Karman coefficient, k = 0.4; z represents the height, in m;
and z0 is the roughness length, in m.

2.1.6 Solution
The entire solution domain is a fluid domain, in which the
canopy area of the shelterbelt plants was set as a porous
medium area, with porosity set to 30.17%. The velocity in
the simulation was much lower than that of sound, and air was
regarded as an incompressible fluid. The pressure solver was
used for the steady-state solution, the finite volume method

was used for solution control, the solution method was
SIMPLE (Wang and Takle, 1995; Mahgoub and Ghani,
2021), the momentum used the second-order upwind style,
and the turbulence energy and turbulent dissipation rate used
the first-order upwind style. The convergence standard of the
residual was set to 10–6. When the residual was less than 10–6,
the accuracy requirement was met, and the calculations were
terminated.

2.2 Wind Tunnel Tests
2.2.1 Test Design
The wind tunnel used in this test was a direct current downward
blowing wind tunnel with a total length of 38.9 m, of which the
test section was 16.0 m long, the cross-sectional size was 1.2 m ×
1.2 m, the boundary layer thickness was 0.5 m, and the test wind
velocity range was adjustable between approximately 4 and
35 m s−1. This test included two parts: a flow field test and a
sediment transport test. The flow field test used a 10-channel
Pitot tube to measure the wind velocity profile at different
positions. The sand transport test was conducted at a position
1.0 m downwind from the entrance of the test section. A sand bed

TABLE 1 | Plant characteristic size in numerical simulation.

Plant type HA\B (Plant height) Hb (Height of plant trunk) D (Crown width) Dtr (trunk diameter)

A plant 3 m (HA) 1.2 m 3 m 0.5 m
B plant 12 m (HB) 4.8 m 7.8 m 1.2 m

TABLE 2 | Computational domain boundary conditions.

Location Boundary condition

Inflow boundary Velocityv(z) � v
k ln(z/z0)

Downstream boundary Fully developed outflow z
zx (ui , uy , uz , k, ε) � 0

Upper face of computational
domain

Free slip, z
zz (ui , uj , k, ε) � 0, w = 0

Ground surface boundary Wall, KS = 0.017 m, CS = 0.5, z0 =
0.00087 m

FIGURE 3 | The layout of Gobi surface, sand beds, and plants in the wind tunnel test. (A): Gobi bed, (B): Flow field test, (C): Sand bed, (D): Sediment transport test.
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with a width of 1.2 m, a length of 4.0 m, and a thickness of 5.0 cm
was laid. The particle size was between 0.075 and 0.500 mm, the
sand source was supplemented, and the sand surface was leveled
before each test to ensure sufficient sand source supply. The test
site is shown in Figure 3.

In this wind tunnel test, two plants, A and B, were selected
(Table 3 for detailed plant parameters). The arrangement
method was high in the front and low in the back, arranged
in the shape of “product,” with a total of three belts and six
rows (referred to as three rows). The plant spacing was 10 cm
(0.5H2, H2 = 20 cm), the belt spacing was 120 cm (6H2). The
forest belt permeability was estimated by using an
unsupervised classification analysis of crown photographs
using the software ERDAS IMAGINE 9.2 (Tntergraph,
United States). The forest belt permeability was 30.17% (Ma
et al., 2019). To simulate the surface of the Gobi, a layer of
gravel with a length of 12.0 m and a width of 1.2 m was laid in
the wind tunnel. The gravel surface was composed of natural
Gobi gravel with a diameter of 0.5–5.0 cm. Additionally, the
selected test wind velocities were 8, 12, and 16 m s−1 in the
wind tunnel test.

2.2.2 Similarity Criterion
The reliability of wind tunnel test results primarily depends on
the degree of similarity between experimental and field
conditions. To ensure the accuracy of the test results, the
wind tunnel test must meet three similarity conditions:
geometric similarity, similar motion, and similar dynamics
(White, 1996). For geometric similarity, to avoid wall
interference, it is generally required that the ratio of the
turbulent boundary layer of the wind tunnel to the ground-
attached boundary layer does not exceed 6% of obstruction. In
this experiment, the ratio of the plant model to the actual field
was 1:60, which satisfied the geometric similarity. Motion
similarity primarily considers two aspects: the flow state
and the wind velocity profile form. The test verified that the
wind velocity profile form conformed to the logarithmic
distribution law (Figure 4), indicating that the wind tunnel
test meets the motion similarity. As long as the Reynolds
number in the wind tunnel is sufficiently large, a self-
simulation zone independent of the Reynolds number can
be formed (Ma et al., 2019). Three wind velocities of 8, 12,
and 16 m s−1 were selected for this experiment. Under the three
test wind velocities, the Reynolds number was 6.75 ×
105–1.35×106 (Re = ρvl/μ1, ρ: air density, equal to
1.205 kg m−3; v: the characteristic velocity of the flow field;
l: the characteristic length at 0.98 m; μ1: the kinematic viscosity

of air, equal to 1.4 × 10–5 m2 s−1), which is much larger than 1 ×
105. The dynamic similarity is satisfied.

2.2.3 Data Processing
In this wind tunnel test, a Pitot tube was used tomeasure the wind
velocities at different locations in the forest belt (Figure 3B). The
measured heights of the Pitot tube were 1, 2, 3, 5, 8, 13, 20, 30, and
40 cm, and the collection frequency was 0.5 s, the collection time
of each wind velocity was 60 s, and the average value was taken as
the actual wind velocity at that point. The wind protection
efficiency near the forest belt was calculated using the
following formula:

φ(x,z) � ⎛⎝1 − V(x,z)
V(x,z)′

⎞⎠ × 100% (8)

where φ(x,z) is wind protection efficiency, x is the horizontal
position of the test point (m), z is the height of the test point (cm),

TABLE 3 | Selection table of plant parameters.

Type Plant height Crown width Height of
plant trunk

Branch angle Branch length

A plant 5 cm (H1) 5 cm × 5 cm 2 cm 30°–40° 3–4 cm
B plant 20 cm (H2) 13 cm × 13 cm 8 cm 30°–40° 14–15 cm

The height of the plant is the height above the bed.

FIGURE 4 | The change law of the wind velocity profile of the cavity
under different test wind velocities.
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V(x,z) is the horizontal wind velocity at the point (x, z), m·s−1, and
V′

(x,z) is the horizontal wind velocity when the windward side of
the forest belt is undisturbed (m·s−1).

A vertical gradient sand collector was used to test sediment
transport. The height of the sand collector was 50 cm, and the
cross-sectional size of each sand collector was 2 cm × 2 cm. At
test wind velocities of 8, 12, and 16m s−1, the sand collection times
were 3, 2, and 1min, respectively. The collected sand was weighed in
the sandbox at different heights with high-precision electronic peace,
and its weight was represented with q. The sand flux density at
different heights can be obtained by dividing the area and collection

time of a single sand collection port by q. Q was the sand transport
rate through unit spanwise scale (total sum of q*dz). The sand
blocking efficiency near the forest belt was calculated using the
following formula:

δ � (1 − Q

Q′) × 100% (9)

where δ is the efficiency of preventing sand, Q is the sand
transport rate at 10H2 behind the forest belt (kg·m−1·min−1),
and Q′ is the sand transport rate without forest belt
(kg·m−1·min−1).

FIGURE 5 | Distribution characteristics of flow field near forest belts. (A): Single row of forest belts, (B): Two rows of forest belts, (C): Three rows of forest belts.
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3 RESULTS

3.1 Numerical Simulation
3.1.1 Flow Field
Figure 5 shows the distribution characteristics of the flow field near
different rows of windbreak forest belts under different incoming
wind velocities. It can be seen from the figure that under different
incoming wind velocities, the distribution characteristics of the flow
field near the windbreak forest belts were basically the same, and
there were obvious partition characteristics near the forest belts. A
zone of low airflow occurred. When the windbreak forest belts were
arranged in multiple rows, the blocking effect on the airflow was
more obvious, and an obvious low-speed airflow area occurred
between the forest belts. Compared with the single-row forest belt,
the area of the low-speed area on the leeward side of the double-row
and three-row windbreak forest belts was significantly larger. When
the windbreak forest belts were arranged in three rows, the area of
the leeward side deceleration area was the largest, and the
purification effect on the wind and sand flow was the strongest.
In addition, it can also be found that when the windbreak forest belts
were arranged in multiple rows, the low-speed area of airflow
between the windbreak forest belts and that on the leeward side
tended to be integrated.

3.1.2 Variation Law of Wind Velocity Profile
Figures 6–8 show the broken line diagrams of the wind velocity
profile changes under the single-, double-, and triple-row forest belts.
The first row of windbreak forest belts is used as a reference point for
each position on the figure. As seen in Figures 6–8, the wind velocity
profile shows similar changes under different wind velocities. At 2HB

and 5HB before the forest belt, the airflow was not disturbed by the
forest belt, and the wind velocity profile changed logarithmically;
however, the change pattern of the wind velocity profile at different
positions inside the forest belt and on the leeward side was different
from that in front of the forest belt. The wind velocity profiles under
the single- and double-row windbreak forest belts were less

disturbed, with relatively gentle changes, and no obvious turning
point. When the forest belt was arranged in three rows, the
disturbing effect on the airflow was enhanced, and variations in
the wind velocity profile began at 2HB. As the airflow moved
forward, the wind velocity profile gradually deviated from
following a logarithmic law, with a turning point observed at
13HB behind the forest belt. Compared with the wind velocity
profile at the front edge of the forest belt, the horizontal wind
velocity decreased notable below the height of plant A. Additionally,
there were two wind velocity turning points in the disturbed wind
velocity profile, first at approximately 3 m high, which is the top of
plant A, then at approximately 12mhigh, which is the top of plant B.
Between the two wind velocity turning points, the airflow velocity
decreased significantly, and the attenuation amplitude of the airflow
decreased as height increased. Above the height of plant B, the
obstructive effect of the forest belt was lost, and the airflow velocity
slowly recovered.

3.1.3 Windproof Efficiency
Figure 9 shows the windbreak efficiencies at different positions at
a height of 60 cm on the leeward side of the forest belt with
different incoming wind velocities in the numerical simulation.
Each position in the figure is based on the last row of forest belts,
where DLT1HB is 1H away from the leeward side of the third row
of forest belts. Overall, under different incoming wind velocities,
the windbreak efficiencies of different windbreak forest belts rows
showed a trend of increasing and then decreasing. Among them,
at the DLT5HB position, the wind protection efficiency reached
the maximum, then the wind protection efficiency decreased to a
minimum at the DLT15HBposition behind the forest belt. As the
number of windbreak forest belts increased, the windbreak
efficiencies of the windbreak forest belts increased
significantly. When the forest belt was arranged in three rows
belt under the three inlet wind velocities, the wind protection
efficiency was the best at the DLT5HB position, and the maximum
wind protection efficiencies were 95.1, 90.4, and 88.6%,

FIGURE 6 |Wind velocity profile variations at different positions of single-row forest belt under different incoming wind velocities. (A):V = 8 m·s−1, (B): V = 12 m·s−1,
(C): V = 16 m·s−1.
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respectively. Compared with the single-row arrangement, the
maximum wind protection efficiency increased by 23.7, 22.1,
and 23.9%, respectively. Compared with the double-row
arrangement, the maximum wind protection efficiency
increased by 5.7, 4.2, and 3.0%, respectively. At the same time,
as the incoming wind velocity continued to increase, the wind
protection efficiency at the same location showed a
decreasing trend.

3.2 Wind Tunnel Tests
3.2.1 Airflow Field Characteristics
The characteristics of the airflow field around the three rows of
windbreak forest belts under different incoming wind velocities
are shown in Figure 10. Each position in the figure is based on the
first row of windbreak forest belts as a reference point. Generally,
when the airflow encounters obstacles near the forest belt, airflow
deceleration zones, acceleration zones, and vortex zones are

formed. In this study, the airflow produced clear zoning
characteristics near the forest belt, and the changes in the
airflow field were basically the same under different airflows.
When the airflow moved to the vicinity of the forest belt, it was
blocked by the forest belt, and the airflow velocity decreased,
forming a windward side deceleration zone at the front edge of
the forest belt, and some sand particles in the sand-carrying
airflow were deposited here. Part of the airflow crossed the tree
canopy and rose when obstructed, forming a high-speed area of
airflow between 0.5 and 1.5H2 above the canopy. The airflow
continued to move forward and was hindered by the forest belt
twice, continually decreasing the kinetic energy and forming a
large deceleration zone on the leeward side of the forest belt. Ma
et al. (2019) studied the flow field characteristics of windbreak
forest belts through wind tunnel tests. The results show that
under different incoming wind velocities, a local acceleration
zone was formed above the shelterbelt, and there were large

FIGURE 7 | Wind velocity profile variations at different positions of double-row forest belt under different incoming wind velocities. (A):V = 8 m·s−1,
(B): V = 12 m·s−1, (C): V = 16 m·s−1.

FIGURE 8 | Wind velocity profile variations at different positions of three rows of windbreak forest belts under different incoming wind velocities. (A):V = 8 m·s−1,
(B): V = 12 m·s−1, (C): V = 16 m·s−1.
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deceleration zones between the windbreak forest belts and on the
leeward side. We drew the same conclusions as Ma et al. (2019)
during our study; however, They mentioned that there was also a
local acceleration area inside the forest belts, while almost all the
windbreak forest belts were deceleration zones in this study,
which was caused by the difference between the line and the
belt spacing in the experiment. Finally, with the continuous
increase in the incoming wind velocity, the range of the
deceleration zone on the leeward side of the forest belt tended
to gradually shrink, which agrees with the results of them.

We also observed that the streamlines between the windbreak
forest belts and on the leeward side of the windbreak forest belts were
curved rather than smooth. The streamline showed an upward curve
directly above the forest belt, and there was a downward bending
trend between the forest belts, which showed that the airflow velocity
between the windbreak forest belts was greatly attenuated, forming a
low-speed airflow area (Dong et al., 2007). Here, the sand-carrying
capacity of the airflow was greatly reduced, the velocity of sand
particles was reduced below the starting wind velocity, and most of
the sand particles were deposited in the forest belts.

3.2.2 Wind Velocity Profiles
The wind velocity profile changes at different positions of the
three rows of windbreak forest belts in the wind tunnel test are
shown in Figure 11. The first row of windbreak forest belts is used

as a reference point for each position in the figure. As shown in
Figure 11, at 2H2 and 5H2 up the forest belt, the forest belt has no
clear influence on the wind velocity, and the wind velocity profile
obeys the logarithmic distribution law; however the airflow
disturbance by the forest belt stops following the logarithmic
distribution in the lower wind direction of the forest belt. Below
the forest belt height, the airflow resistance decreased, especially
above the height of plant A and below the height of plant B, the air
velocity was significantly reduced, and the decrease in the air velocity
reached a maximum at approximately 22–27H2 in the downwind
direction of the forest belt. Above the height of plant B, without the
obstacle of the forest belt, the airflow velocity began to increase, and
then the airflow slowly returned to the incoming wind velocity. The
change law of the wind velocity profile in the wind tunnel test was
basically the same as that of the three rows of windbreak forest belts
in the numerical simulation; however, the air velocity of the forest
belt downwind above the height of plant B in the wind tunnel test
was slightly lower than that in the numerical simulation. This is
because the wind tunnel test is a scaled test, which has certain
restrictions compared with the prototype test. Additionally, the
presence of collection equipment such as Pitot tubes in the wind
tunnel test will also have a certain impact on the airflow. Therefore, it
is necessary to compare the numerical simulation results and the
wind tunnel test results with each other and verify each other to
enhance the accuracy and rigor of the results.

FIGURE 9 | The relationship between windbreak efficiency and forest belt downwind distance under different incoming wind velocities. (A):V = 8 m·s−1,
(B): V = 12 m·s−1, (C): V = 16 m·s−1.
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FIGURE 10 | The characteristics of the airflow field around the three rows of windbreak forest belts under different incoming wind velocities. The units in parenthesis
for all figures are m·s−1. (A):V = 8 m·s−1, (B): V = 12 m·s−1, (C): V = 16 m·s−1.

FIGURE 11 | Variation law of wind velocity profile at different positions of three rows of windbreak forest belts under different incoming wind velocities.
(A): V = 8 m·s−1, (B): V = 12 m·s−1, (C): V = 16 m·s−1.
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3.2.3 Windproof Efficiency
Figure 12 shows the wind protection efficiencies at different
locations at a height of 1 cm on the leeward side of the forest
belt with different incoming wind velocities in the wind tunnel
test. Each position in the figure is based on the last row of
windbreak forest belts as a reference point, where DLT1H2 is
1H2 from the leeward side of the third row of forest belts. As
shown in Figure 11, when the wind velocity was 8, 12, and
16 m s−1, the wind protection efficiency changed, respectively.
As the wind velocity increased, the efficiency of wind
protection tended to decrease. Additionally, when the wind
velocity was 8, 12, and 16 m s−1, the maximum windbreak
efficiencies of windbreak forest belts occurred at 5H2, which
were 94.3, 90.1, and 86.5%, respectively, while the minimum
windbreak efficiencies all occurred at 15H2, which were 54.6,
48.9, and 44.5%, respectively.

4 DISCUSSION

4.1 Comparison of Wind Tunnel Test and
Numerical Simulation Results
Figure 13 shows a comparison of the horizontal wind velocities at
different heights from the ground surface between the three rows of
windbreak forest belts in the numerical simulation and wind tunnel

test under different incomingwind velocities. The x-axis is normalized
by plant height B, and the y-axis is normalized by the incoming wind
velocity, V0. The curve represents the predicted value of the numerical
simulation, and the data points represent the actualmeasured values of
the wind tunnel test. As shown in Figure 13, at Z/H = 0.15 and Z/H =
0.25, when the airflow moved to the vicinity of the forest belt, it
encountered resistance and decelerated, greatly reducing the velocity.
Later, affected by the acceleration zone, three peaks were formed near
the forest belt, and the airflow gradually stabilized after passing
through the forest belt. At Z/H = 0.40 and Z/H = 0.65, the airflow
decelerated when encountering obstacles, and the velocity quickly
decayed to zero near the forest belt. Affected by the deceleration zone,
three clear depressions were formed near the forest belt, and the
airflow slowly reached equilibrium after passing through the
forest belt.

Additionally, Figure 13 shows that the numerical simulation
results are in good agreement with the measured results in the
wind tunnel test, which can prove the accuracy of the numerical
simulation results to a certain extent. To quantify the error
between the numerical simulation results and the wind tunnel
test results, and enhance the accuracy and rigor of the numerical
simulation results, the statistical model performance indicators
proposed by Chang and Hanna (2004) were used to compare the
results of the numerical simulation and the wind tunnel test, its
calculation formulae are as follows:

FIGURE 12 | The relationship between windbreak efficiency and forest belt downwind distance under different incoming wind velocities. (A): V = 8 m·s−1,
(B): V = 12 m·s−1, (C): V = 16 m·s−1.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 88507011

Zhang et al. Sand Control in Gobi Regions

43

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


FB � Co − Cp

0.5(Co + Cp)
(10)

MG � exp(lnCo − lnCp) (11)

NMSE � (Co−Cp)
2

CoCp
(12)

VG � exp[(lnCo−lnCp)
2
] (13)

R �
(Co − Co)(Cp − Cp)

σCpσCo

(14)

where FB is the score deviation, MG is the geometric mean
deviation, NMSE is the normalized mean square deviation, VG
is the geometric variance, R is the correlation coefficient, Cp is
the predicted value of the numerical simulation, Co is the
measured value of the wind tunnel test, �C is the average value
of the dataset, and σc is the standard deviation of the data set.
When the values of FB and NMSE were closer to 0, the values
of MG, VG, and R were inversely closer to 1, indicating that the
results of the wind tunnel test and numerical simulation are
more consistent.

Table 4 compares the results of the numerical simulation and
wind tunnel test, and calculates the specific values of FB, MG,

NMSE, VG, and R using Eqs 10–14. From the calculation results
in Table 4, under the three incoming wind velocities, the
maximum deviation of FB is 0.1244, the maximum deviation
of MG is 0.1174, the maximum deviation of NMSE is 0.0181, the
maximum deviation of VG is 0.0391, and the maximum deviation
of the correlation coefficient R is 0.3860. Comprehensive analyses
of these five statistical performance indicators show that the
results of the numerical simulation and the wind tunnel test
are in agreement, and the results of the numerical simulation are
reliable.

FIGURE 13 | Comparison of numerical simulation and wind tunnel test results under different incoming wind velocities. (A): Z/H = 0.15, (B): Z/H = 0.25, (C): Z/H =
0.40, (D): Z/H = 0.65.

TABLE 4 | Numerical simulation results and wind tunnel test error analysis table.

Location Velocity FB MG Deviation VG R

NMSE

Z/H = 0.15 8 0.0313 1.0286 0.0051 1.0046 0.8426
12 0.0339 1.0355 0.0017 1.0031 0.8879
16 0.1012 1.0112 0.0031 1.0061 0.7277

Z/H = 0.25 8 0.0351 0.9737 0.0079 1.0094 0.7254
12 0.0263 0.9910 0.0029 1.0077 0.8641
16 0.0399 1.0565 0.0042 1.0391 0.8938
8 0.0134 1.0189 0.0071 1.0078 0.7644

Z/H = 0.40 12 0.0118 1.0157 0.0068 1.0113 0.6140
16 −0.0113 1.0369 0.0022 1.0248 1.0774
8 −0.1244 0.8826 0.0181 1.0186 0.8321

Z/H = 0.65 12 0.0079 1.0065 0.0023 1.0034 0.8521
16 −0.0086 0.9565 0.0038 1.0194 0.7218
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4.2 Comparison of Related Research
Results of Protection Benefits
Compared with the results of the three rows of windbreak forest
belts in the numerical simulation, the windproof efficiency in the
wind tunnel test was slightly lower. The position with the largest
difference was 15H2 away from the forest belt, the deviation was
4.2%, and the deviation of the other positions was within 4%. Ma
et al. (2019) studied the wind protection efficiency of windbreak
forest belts composed of different plant types through the
technical means of wind tunnel tests. The results show that
when the incoming wind velocity was 7 m s−1, the maximum
windproof efficiency of the product glyph shelterbelt was
approximately 80%. In this study, when the incoming wind
velocity was 8 m s−1, the maximum windproof efficiency of the
shelterbelt was 95.1%. This difference was caused by the distance
between forest belts. The distance between windbreak forest belts
as reported by them was 40H, while the distance in this study was

6H, resulting in a higher windproof efficiency obtained in this
study. Lin et al. (2020) conducted wind tunnel tests on Caragana
korshinskii shrubs with different spacings, and the results showed
that when the incoming wind velocity was 10 m s−1 and the forest
belt spacing was 6H, the average windbreak efficiency on the
leeward side of the forest belt was 73.3%. When the incoming
wind velocity was 12 m s−1, the average windbreak efficiency on
the leeward side of the forest belt was 76.1%. The results of them
are consistent with those of this study.

Figures 14, 15 show the variations in the sand transport rate
with height at 10H2 behind the Gobi gravel bed and three rows of
windbreak forest belts under different incoming wind velocities,
respectively. As shown in the figures, under the Gobi gravel bed,
the sand flux density showed a negative exponential change with
the height, and with an increase in the incoming wind velocity,
the sand flux density continued to increase, similar to the results
obtained by Wang et al. (2017), Wang et al. (2020). The results of
the cave tests are consistent. The forest belt has a significant effect
on reducing the sand flux density, especially below the height of
the forest belt. Additionally, an interesting point is that when the
incoming wind velocity was 12 and 16 m s−1, the sand flux density
reached a maximum at 4 cm high, and then gradually decreased.
This is the unique “elephant effect” of the wind-sand flow
structure in the Gobi area proposed by Qu et al. (2005). On
the surface of quicksand, the sand flux density generally reached
its maximum at a height of 2 cm from the surface, while the peak
sand flux density in this study appeared 4 cm from the surface.
This is due to the high hardness, rich gravel, and large surface
roughness of the Gobi surface. There was less energy loss due to
sand-gravel collisions, and the bounce height of sand particles
increased, so that the position of the saturation layer of the wind-
sand flow moved up. Lv et al. (2016) studied the changing laws of
sand flux density under different ground surfaces, and the results
showed that the maximum sand flux density under the Gobi
surface appeared at approximately 2–4 cm, which is the same as
the results of this study. Notably, this unique elephant effect only
occurs under the Gobi gravel bed, but is not present under the

FIGURE 14 | Variation law of sand flux density on Gobi gravel bed under
different incoming wind velocities.

FIGURE 15 | Changes of sand flux density at 10H2 after three rows of
windbreak forest belts under different incoming wind velocities.

FIGURE 16 | Histogram of sand control efficiency at 10H2 behind the
three rows of windbreak forest belts under different incoming wind velocities.
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forest belt. This is because the forest belt has a strong interception
effect on the sand particles in the sandstorm, so that the
sandstorm on the leeward side of the forest belt is completely
in a state of unsaturated transport. Therefore, there is no unique
elephant effect under the forest belt.

Figure 16 shows that when the incoming wind velocities are 8,
12 and 16 m s−1, the sand control efficiencies at 10H2 on the
leeward side of the forest belt were 93.8, 91.6, and 88.1%,
respectively. The efficiency of sand control was inversely
proportional to the incoming wind velocity; that is, the higher
the incoming wind velocity, the lower the corresponding sand
control efficiency.

Gillies et al. (2017) tested the sand control efficiencies of
multiple sand barriers in California, United States. The results of
the study show that when the distance between the sand barriers
was 7H, the sand control efficiency reached a balance at 27H
behind the barrier. At this time, the sand control efficiency at
50H on the leeward side of the sand barrier was reduced by
91.0%. When the distance between the sand barriers was 10H,
the sand transport reached equilibrium at the 93H position, and
the sand transport at the 50H position on the leeward side of the
sand barrier was reduced by 50.0%. Zhang et al. (2020) set up
three sand barriers, and when the distance between the sand
barriers was 20H, the sand control efficiency was 89.6%. From
this, it can be observed that when the incoming wind velocity
was 8 and 12 m s−1, compared with the three sand barriers, the
forest belt sand control efficiency in this study increased by 4.2
and 2.0%, respectively. The results show that the protection
benefit of the forest belt is better than that of the three-row sand
barriers with a spacing of 20H, which can effectively control the
wind and sand hazards along the railway and is suitable for wind
and sand protection in the Gobi area of the Lan-Xin Railway.
Additionally, we found that when the incoming wind velocity
was 16 m s−1, the sand control efficiency of the shelterbelt was
88.1%, which was slightly less than the sand control efficiency of
the three sand barriers. This is because Gillies et al. (2017)
studied the surface of quicksand, while this study focused on the
surface of the Gobi. When the incoming wind velocity was too
high, the initial velocity of the sand jump was high, the jump
angle was high, and some of the sand jumped over the
shelterbelt, which led to a decrease in the sand control
efficiency of the shelterbelt.

5 CONCLUSION

To evaluate the protective benefits of the protective windbreak
forest belts in the Gobi area of some sections of the Lan-Xin
Railway, this study used numerical simulations and wind tunnel
tests to study the protective windbreak forest belts composed of
different numbers of belts. It analyzed the change characteristics
of the flow field around the shelterbelt and the change law of the
wind velocity profile, and conducted a comprehensive evaluation
of its protection benefits from the perspectives of windproof
efficiency and sand control efficiency. The following conclusions
were obtained:

1) Affected by the forest belt, the wind velocity profile on the
leeward side of the forest belt no longer followed a logarithmic
change. Below the height of plant B, the airflow velocity was
significantly reduced, and above the B plant height, the airflow
velocity was slowly restored without the obstacle of the
forest belt.

2) Under different incoming wind velocities, the maximum
windproof efficiency on the leeward side of the forest belt
appeared at 5H2. The maximum windproof efficiency was
approximately 90%, and the minimum windproof efficiency
was approximately 50%.With an increase in wind velocity, the
wind windproof efficiency showed a decreasing trend.

3) In the vicinity of the forest belt, airflow encountered obstacles
to generate velocity zones, forming airflow deceleration zones
and airflow high-speed zones. The streamlines between the
windbreak forest belts bent downwards, the airflow decreased
significantly, and the sand velocity dropped below the starting
wind velocity, causing most of the sand falls and deposits.

4) The forest belt had a significant effect on reducing the sand
flux density. When the incoming wind velocity was 12 and
16 m s−1, a unique “elephant effect” appeared at a height of
4 cm on the Gobi gravel bed. As the wind-sand flow on the
leeward side of the forest belt was in a saturated transport
state, the “trunk effect” disappeared.

5) Under the three test wind velocities, the sand control
efficiency of the forest belt was approximately 90%, which
can effectively alleviate the wind and sand hazards along the
railway. The protection forest belt can play an important role
in the prevention and control of wind and sand disasters along
railways.
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Aerodynamic Properties and Shelter
Effects of a Concrete Plate-Insert
Sand Fence Along the
Lanzhou-Xinjiang High-Speed Railway
in Gobi Regions Under Strong Winds
Tao Wang1,2,3, Jianjun Qu1,2,3, Qinghe Niu1,2,3*, Zhishan An1,2,3, Yang Gao1,2,3,
Hongtao Wang1,2,3 and Baicheng Niu4

1Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Sciences, Lanzhou, China, 2Dunhuang Gobi and Desert Ecology and Environment Research Station, Northwest Institute of Eco-
Environment and Resources, Chinese Academy of Sciences, Dunhuang, China, 3Research Station of Gobi Desert Ecology and
Environment in Dunhuang of Gansu Province, Dunhuang, China, 4Academy of Plateau Science and Sustainability, Qinghai Normal
University, Xining, China

The Lanzhou-Xinjiang High-Speed Railway runs through high-wind areas in the Gobi
Desert, and disasters arising from the effects of blown sand critically endanger the safety of
railway operations. To prevent sand deposition on the rail bed, double rows of sand fences
composed of concrete columns and plates are installed on the windward side of the
railway line. However, the aerodynamic properties and sheltering effects of these fences
remain unclear. In this study, the effects of sand fences on boundary wind patterns and
sand transport were investigated in the field and in a wind tunnel. The following results were
obtained: 1) The wind velocity was efficiently reduced on the leeward side of the first and
second rows of fences by 78% and 87%, respectively. Nevertheless, owing to large
openings in the fence, the sand-trapping efficiencies of the first and second rows of fences
on the leeward sides were only 72 and 63%, respectively. 2) The effective shelter distance
(Ds) of the fence is 10 times the height of the fence; however, the horizontal distance
between the two rows of fences is much larger than the Ds of the fence. This allows the
wind velocity between the fences to rise above the saltation threshold once again, thereby
reducing the overall sheltering effects of the double-row of fences. This study will produce a
theoretical reference for improving the design and installation of blown-sand control
systems in the strong-wind regions of the Gobi.

Keywords: sand fence, wind-blown sand control, Gobi, strong winds, shelter effects

1 INTRODUCTION

The Lanzhou-Xinjiang High-Speed Railway is the first high-speed railway in China that runs through
the high-wind areas of the Gobi, including the “Yandun,” “Hundred Miles,” “Thirty Miles,” and
“Dabancheng” windy areas, from east to west in Xinjiang. These areas have land surfaces
characteristic of Gobi, where sand is commonly driven by strong winds, providing high kinetic
energy to the transported sand particles (Tan et al., 2021; Jiang et al., 2010). The wind-blown sand
seriously threatens the railway by, for example, deeply burying its tracks (Figure 1A), while the high-

Edited by:
Huawei Pi,

Henan University, China

Reviewed by:
Yaping Shen,

Southwest Jiaotong University, China
Andreas Baas,

King’s College London,
United Kingdom

Yongcheng Zhao,
Xinjiang Institute of Ecology and

Geography (CAS), China

*Correspondence:
Qinghe Niu

niuqh@lzb.ac.cn

Specialty section:
This article was submitted to

Drylands,
a section of the journal

Frontiers in Environmental Science

Received: 24 January 2022
Accepted: 07 April 2022
Published: 02 May 2022

Citation:
Wang T, Qu J, Niu Q, An Z, Gao Y,

Wang H and Niu B (2022)
Aerodynamic Properties and Shelter

Effects of a Concrete Plate-Insert Sand
Fence Along the Lanzhou-Xinjiang

High-Speed Railway in Gobi Regions
Under Strong Winds.

Front. Environ. Sci. 10:861063.
doi: 10.3389/fenvs.2022.861063

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8610631

ORIGINAL RESEARCH
published: 02 May 2022

doi: 10.3389/fenvs.2022.861063

48

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.861063&domain=pdf&date_stamp=2022-05-02
https://www.frontiersin.org/articles/10.3389/fenvs.2022.861063/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.861063/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.861063/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.861063/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.861063/full
http://creativecommons.org/licenses/by/4.0/
mailto:niuqh@lzb.ac.cn
https://doi.org/10.3389/fenvs.2022.861063
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.861063


energy saltating particles damage road and traffic equipment
(Xiao et al., 2016). The threats from such wind-blown sand in
these areas endanger the operational safety of the railway (Wang
et al., 2017, 2022; Huang et al., 2019; Dun et al., 2021). To protect
the tracks and road traffic equipment from damage and
destruction by wind-blown sand, a mechanical system to
protect against wind-blown sand was designed by the railway
design department and built on the windward side of the railway
(Wang et al., 2018, 2020). The most important part of this control
system primarily comprises two rows of concrete pillar and plate
wall sections that function as a sand fence (Figure 1B), hereafter
referred to as the concrete plate-insert sand fence.

Sand fences are artificial structures used to control aeolian
erosion and deposition and are one of the most important
structures in aeolian engineering. Fences are constructed using
materials including wood (Ling et al., 1984; Bofah and Al-Hinai,
1986), concrete (Zhang et al., 2010), nylon net (Wang et al., 2005),
plastic (Zhang et al., 2021), metal (Wang et al., 2017, 2018), or
vegetation (Dong et al., 2004), depending on the materials
available in different areas. Common types of sand fence
design-types include horizontal, upright, holed-plank, griddled,
and wind-screened fences (Dong et al., 2007). The aerodynamic
properties and sheltering effects of sand fences depend mainly on
their geometric design and multiple design factors, including
height, length, width, porosity, opening size/shape/distribution,
and row numbers and the spacing between rows (Li and Sherman,
2015; Lima et al., 2020; Xin et al., 2021). The sheltering effect of
multiple rows of sand fences is commonly considered to be more
efficient than that of a single-row sand fence (Fang et al., 2018; Liu
et al., 2018). Additionally, porosity, the ratio of a fence’s open area
to its total area, is the most important structural parameter for
controlling the performance of a sand fence of any given height
(Heisler and Dewalle, 1988; Cornelis and Gabriels, 2005; Mustafa
et al., 2016). Porosity controls not only the wind velocity
reduction efficiency and effective shelter distance of the sand
fence but also determines sand trapping efficiency and the
location of particle deposition. Considering the combination of
both the boundary wind and sediment transport effects of sand
fences, their optimum porosity ranges from 30 to 50% (Perera,
1981; Grant and Nickling, 1998; Boldes et al., 2001; Cornelis and
Gabriels, 2005; Dong et al., 2006) and depends upon fence

material and the size, shape, and distribution of openings (Li
and Sherman, 2015). At constant porosity, increases in pore
diameter increases the rate of penetration of wind and sand
through a sand fence and also lowers wind reduction and sand
trapping efficiencies of the fence (Savage, 1963; Manohar and
Bruun, 1970). Hotta et al. (1987) suggested that the opening size
of a sand fence should exceed 10 times the sand diameter. In
addition, early studies indicated that sand fences with sharp edges
(e.g., square holes, vertical slits, or horizontal slits) have higher
sand-trapping efficiencies than those with round edges (e.g.,
circular holes) (Richards et al., 1984). Height is another
important structural parameter of sand fences and is critical
for determining sand trapping efficiency and the magnitude of
dune deposition (Lima et al., 2020; Ning et al., 2020; Xin et al.,
2021). To trap as many transported particles as possible, fence
heights usually exceed the saltation height of the wind-blown
sand (Phillips and Willetts, 1979). Studies of flow fields (van
Eimern et al., 1964) and sand transport regimes (Hotta and
Horikawa, 1990) have shown that the shelter zone and life
span of a sand fence are proportional to its height. The impact
of a sand fence on local wind regime and sand transport also
depends on the environmental characteristics, including
incoming flow conditions (velocity, turbulence, and direction),
sedimentology, and topography (Li and Sherman, 2015). The
environmental characteristics of Gobi are clearly different from
desert (Pi et al., 2017a; 2017b), and aeolian sediment transport
over the Gobi surface exhibits extremely different characteristics
than that over sand surfaces. On the Gobi surface, an elastic
collision occurs between saltating particles and gravel clasts,
allowing higher energy saltating particles (Tan et al., 2021) to
rebound to greater heights. The bouncing height of coarse
particles over Gobi surfaces under extremely strong winds can
surpass 2 m (Wang et al., 2022), far greater than that over a sand
surface. Therefore, the materials and geometric design of sand
fences in Gobi areas differs from that in desert areas. However,
there are few theoretical studies on sand fences in Gobi regions,
especially in Gobi regions experiencing extremely strong winds.

The concrete plate-insert sand fence is heavy and has a
capacity for high wind-resistance. Consequently, it is widely
used in the high-wind areas along the Lanzhou-Xinjiang High-
Speed Railway. However, the material’s properties and complex

FIGURE 1 | (A) Sand deposition around the rail bed; (B) blown-sand control system built on the windward side of the railway (Wang et al., 2018).
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construction process result in the sand fence having a large
opening size and relatively low porosity (described in
subsections below). Although damage to the railway by wind-
blown sand has been reduced, aeolian sand particles still
accumulate around the railroad. At present, the aerodynamic
properties and shelter effects of the concrete plate-insert sand
fence in the Gobi regions under strong winds remain unclear. In
this study, the results of wind tunnel experiments were compared
with field observations to investigate the wind velocity reduction
efficiency, effective shelter distance, sand-trapping efficiency, and
the volume of sand deposited around the sand fence. This analysis
will highlight deficiencies of fence design and produce a
theoretical reference for improving the design and installation
of blown-sand control systems in the strong-wind regions of
the Gobi.

2 MATERIALS AND METHODS

2.1 Geometric Design of the Concrete
Plate-Insert Sand Fence
The height of the concrete plate-insert sand fence (CPISF) is 2 m.
Each section is made of seven horizontal straight-installed plates
(SIPs) (Figures 2A,B). The length, thickness, and height of the
SIPs are 1.50, 0.05, and 0.25 m, respectively. There are eight
rectangular holes uniformly distributed across each SIP, with
each hole being 0.25 × 0.05 m in size. The porosity of the SIPs is
25%; however, as there are gaps between the SIPs after it is
assembled as a fence, the overall porosity of the CPISF is
increased to 30%. In each wall section, six gaps exist between
the seven SIPs, with each gap being 1.50 × 0.05 m in size. The row
spacing between the double-row CPISFs placed at the forefront of
the wind-blown sand protection systems along the Lanzhou-
Xinjiang High-Speed Railway is 74 m (equivalent to 37H, where
H is the fence height).

2.2 Wind Tunnel Experiments
Experiments were conducted in a wind tunnel at the State Key
Laboratory of the Desertification and Aeolian Sand Disaster

Combating, Gansu Desert Control Research Institute. The
non-circulating blow-type wind tunnel has a total length of
38.9 m and consists of air inflow, power, stabilization, shrink,
test, adjustable, and diffusion sections. The test section is 16 m
long and has a cross-sectional area of 1.2 × 1.2 m. The expected
wind speed in the wind tunnel ranges from 4 to 35 m s−1, and the
boundary layer in the test section has a maximum thickness of
0.5 m (Wang et al., 2018).

To simulate the CPISF more realistically, we used the SIPs
(Figure 3A) as the models in our wind tunnel experiments. Two
groups of models were tested: 1) a single row of SIPs and 2) a
double row of SIPs with a row spacing of 9.25 m (37 H). To
simulate the Gobi surface, gravels sampled from the field were
spread out on the floor of the tunnel test section. Free-stream
wind velocities (U) of 10, 15, 20, and 25 m s−1 were selected for
the measurements of wind velocity profiles in this study. The
wind profiles were measured using an array of pitot-static tubes
at nine heights, from 1 to 40 cm, above the wind tunnel floor; the
pitot-static tubes array was moved throughout the profile along
the direction of inflow, and 27 measurement points were
selected around the sand fences (Figures 3B,C). For each
point where wind velocity was measured, the duration of
wind data acquisition was 30.0 s, with a data acquisition
interval of 0.5 s. The wind data were time-averaged and
interpolated via bilinear interpolation to reconstruct the flow
field around the sand fences using Origin 9.6 drawing software.
The relative wind velocity (u/u0) at each measurement point is
the ratio of the wind velocity u to the reference velocity u0,
which is the inlet velocity at the corresponding height. The
following equation represents the wind velocity reduction
efficiency (Rw) around the sand fences:

Rw � (1 − u

u0
) × 100% (1)

2.3 Field Observations
We observed the wind profiles, sand transport profiles, and
shapes of the sand deposition on the windward and leeward

FIGURE 2 | (A) Concrete plate-insert sand fence and (B) schematic diagram of the fence structure (Shi et al., 2021).
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sides of the double rows of CPISFs in the “Yandun” windy area,
along the Lanzhou-Xinjiang High-Speed Railway.

The wind profiles were measured using 3-D ultrasonic
anemometers (Wind Master Pro, Gill Instruments) at height,
z = 1.0, 1.5, and 3.0 m above the Gobi surface. The ultrasonic
anemometer array was moved throughout the profile
perpendicular to the sand fences, and around the sand fences,
28 measurement points, x = −40, −30, −20, −10, −6, −4, −2, −1, 1,
2, 4, 6, 10, 20, 30, 40, 53, 63, 67, 69, 71, 72, 74, 76, 78, 80, 84, and
94 m, were selected (Figure 4A). Because of the placement
requirements of the ultrasonic anemometer and the principle
of velocity measurement, all ultrasonic anemometers were
aligned in the direction of magnetic north. Therefore, the
positive direction of the horizontal velocity (u) is due north,
the positive direction of the vertical velocity (w) is vertically
upwards, and the positive direction of the transverse velocity (v) is
due west. For each measurement point, the duration of wind data
acquisition was 5 min, with an acquisition interval of 1 s. A 3-D
ultrasonic anemometer, installed at a height of 1 m, was used to
establish a reference point at 60 m (30H), windward of the first
sand fence row. The wind velocity profiles around the sand fences
were measured from 11:00 to 17:50 on 11 November 2016. The
10-min average wind velocity at a height of 2 m during the
observation period varied from 9.32 to 12.15 m s−1, with a
mean of 10.66 m s−1. The wind direction during the whole

measurement period was relatively steady, and the 10-min
average angles ranged from 59.33° to 76.48°, with a mean of
67.43° (ENE winds). Post-processing of data acquired from the
ultrasonic anemometer conducted as described byWalker (2005).
The higher acquisition frequency of 3-D ultrasonic anemometer
allows the analysis of airflow turbulence, and hence, we calculated
the turbulence intensity (Tu) using the following formula
(Bennett and Best, 1995; Venditti and Bauer, 2005):

u′
i � �u − ui (2)

Tu �
[1n∑

n
i�1u

’
i

2
]
0.5

�u
� [1n∑

n
i�1(�u − ui)2]0.5

�u
(3)

where ui’ is the horizontal fluctuating wind velocity, ui is the
horizontal instantaneous wind velocity, and �u is the average
horizontal wind velocity during the observation period.

Sand transport profiles were measured using three
vertically segmented sand samplers. The height and width
of the sand samplers were 2.8 m and 0.03 m, respectively, with
segments at 5 cm and 10 cm intervals in the lower 1.3 m and
upper 1.5 m of the samplers, respectively. The first sand
sampler was located 60 m (30 H) windward of the first sand
fence row (Figure 4B) and was used to measure the quantity
of sand transported over the gravel surface without sand
fences. The second and third sand samplers were located

FIGURE 3 | (A) Horizontally aligned straight-installed plates used in the wind tunnel; (B) wind velocity profiles measured using pitot-static tubes; and (C) the
positions of wind velocity measurement points.
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20 m (10 H) leeward of the first and second rows of sand
fences and were used to measure the quantity of sand
transported over the gravel surface after interaction with
the sand fences. All sand samplers were situated
perpendicular to the prevailing wind direction. The sand
transport profiles were measured from January to March
2016. During the observation period, there were six intense
sandstorms, and the duration of each sandstorm exceeded
18 h (Table 1). Profiles of the rate of sand transport (Q) on the
windward and leeward sides of the fences were obtained by
converting the masses of sand collected at each sampling
height of the sand samplers into rates (kg m−1). The sand

trapping efficiency (Ts) of the sand fences can be represented
by the following equation:

Ts � (1 − Qtl

Qtw
) × 100 % (4)

where Qtl and Qtw are the total rates of sand transport on the
leeward and windward sides of the fences, respectively.

A 3-D laser scanner (Leica Scan Station C10; detailed
information on this device is described in An et al., 2018) was
used to obtain point-cloud data of the shapes of sand deposits on
both sides of the sand fences (Figure 4C). Multistation scanning
was performed at the surveyed sites. Sphere targets were used to

FIGURE 4 | (A) 3-D ultrasonic anemometers used to measure the wind profiles around the sand fences; (B) the sand sampler located windward of the first sand
fence row; (C) scanning image of the deposited sand dune, as captured by a 3-D laser scanner; and (D) DEM model of the dunes deposited, depicted in ArcGIS
software.

TABLE 1 | Basic information for the six sandstorms that occurred during the observation period (January to March 2016) to collect sand transport data (the wind data was
obtained from a meteorological station (Gill MaxiMet GMX600), located approximately 1 km northeast of the observation site; both wind velocity and direction were
measured at a height of 2.0 m).

Period (2016) Duration Average wind velocity (m
s−1)

Peak gust wind
velocity (m s−1)

Wind direction

08:30 1.03–05:40 1.04 21 h 40 min 12.66 21.17 ENE
22:20 1.23–18:40 1.24 20 h 20 min 10.42 17.66 ENE
03:50 1.25–22:20 1.25 18 h 30 min 9.13 15.17 ENE
23:20 1.26–01:10 1.29 50 h 50 min 11.99 24.54 ENE
07:30 2.18–16:30 2.18 09 h 00 min 9.66 15.34 ENE
09:10 3.14–13:50 3.16 53 h 40 min 12.90 26.53 ENE
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join and mosaic the overlapping data frommultiple stations, with
four sphere targets set between every two stations, limiting
alignment errors to no more than 6 mm. Cyclone software was
used to splice the data from different sites and eliminate the
interference from point cloud data. ArcGIS software was used to
establish TIN and DEM models (Figure 4D), and accurate data
for the dynamic deposition of sand were obtained. Field
operations were carried out on 15 September 2015 and 14
September 2016.

3 RESULTS

3.1 Wind Tunnel Experiments
3.1.1 Airflow Field
On the windward side of the single-row SIP fence, wind velocity
decreased gradually as it approached the fence, with a
deceleration zone emerging at x = −1.25–0 m (−5–0H); the
deceleration zone contained a small eddy field at x =
−0.25–0 m (−1–0H) (Figure 5). When airflow approached the

FIGURE 5 | Velocity contours (m s−1) in the vicinity of the single-row straight-installed plate (SIP) under different free-stream wind velocities. The negative wind
velocities represent recirculated airflow, and the dashed line shows the position of sand fences.

FIGURE 6 | Velocity contours (m s−1) in the vicinity of the double-row straight-installed plates (SIPs) under different free-stream wind velocities. The negative wind
velocities represent recirculated airflow, and the dash line shows the position of sand fences.
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fence, the blocking effect of the fence resulted in an upward
vertical velocity component, and thus, an acceleration zone
emerged over the top of the fence. On the leeward side of the
fence, a main deceleration zone emerged below the height of the
fence, located at x = 0–2.5 m (0–10H). The main deceleration
zone contained a larger eddy field at x = 0–1.25 m (0–5H), which
was 0.13 m (0.52H) high. Behind the main deceleration zone (x =
2.5–7.5 m, i.e., 10–30H), the upward acceleration flow reattached
to the ground, and airflow velocity gradually recovered; this zone
can be referred to as the restoration zone.

For double-row SIPs (Figure 6), airflow patterns around the
first sand fence were similar to those around the single fence. For
the second sand fence, wind velocity did not fully recover to the
incoming wind velocity when it was first approaching the fence;
hence, the eddy field leeward of the second fence was slightly
smaller than that leeward of the first fence. In addition, under
different free-stream wind velocities, the airflow patterns were
similar around both the single- and double-row SIPs.

3.1.2 Wind Velocity Reduction and Effective Shelter
Distance
Patterns in the variations in wind velocity at different heights
corresponding to various distances from the fences were similar.
Figure 7 illustrates relative wind velocity, u/u0, in the vicinity of
the single- and double-row SIPs at a height of 13 cm (0.52H),
under different free-stream wind velocities. Variations in wind
velocity at various distances from each sand fence decreased
slightly on the windward side and considerably on the leeward
side. The minimum velocity was close to the fence but gradually
recovered as distance from the fence increased. The reduction and
recovery trends were similar for different free-stream wind
velocities.

For the single-row SIP (Figure 7A), the minimum u/u0
appeared at x = 1.25 m (5H). The average u/u0 was 0.09, and
the velocity recovered to 0.75 u0 at x = 7.5 m (30H). For the
double-rows SIPs (Figure 7B), the minimum u/u0 appeared at x =
1.25 m (5H leeward of the first-row fence) and 10.50 m (5H
leeward of the second-row fence), with average u/u0 being 0.09
and 0.11, respectively. Velocity recovered to 0.75u0 at x = 8.0 m

(32H leeward of the first sand fence row) and 0.70 u0 at x =
14.25 m (20H leeward of the second sand fence row). According
to Eq. 1, the maximum Rw on the leeward side of the single-row
and double-row SIPs were 91 and 89%, respectively.

The effective shelter distance (Ds) of the sand fence is the
distance within which wind velocity is reduced below the
threshold wind velocity (ut) (Dong et al., 2006), which, at a
height of 13 cm over the artificial gravel surface, was 6.54 m s−1 in
our wind tunnel experiment. The corresponding ut/u0 at a height
of 13 cm under free-stream wind velocities of 10, 15, 20, and
25 m s−1 were 0.53, 0.39, 0.31, and 0.25, respectively. According to
the u/u0 at a height of 13 cm in the vicinity of the single-row SIP
(Figure 7A), wind velocity leeward of the fence recovered to the
threshold values at x = 3.75, 2.5, 1.875, and 1.875 m (15, 10, 7.5
and 7.5H), under free-stream wind velocities of 10, 15, 20, and
25 m s−1, respectively, with a mean of x = 2.5 m (10H). Thus, the
average Ds of the SIP was 10H.

3.2 Field Observations
3.2.1 Variations in Airflow
Figure 8 shows variations in airflow at different heights around
the CPISFs measured in the field. Patterns in the variations in
wind velocity at various distances from each sand fence were
similar to those tested in the wind tunnel (Figure 8A). The
horizontal wind velocity (u) was on average reduced to 0.22 uref at
x = 10 m (5H leeward of the first fence), which then recovered to
0.50 uref at x = 67 m (33.5H leeward of the first sand fence row).
However, it was again reduced to 0.13 uref at x = 84 m (5H
downwind of the second sand fence row). This indicates that the
maximum Rw on the leeward side of the first and second CPISF
rows were 78 and 87%, respectively. The vertical wind velocity (w)
accelerated considerably as the airflow approached the fence, and
its upward vertical velocity increased to approximately 10 wref

between the heights of 1.0 and 1.5 m and 20 wref at the height of
3.0 m at x = 1 m (0.5H windward of the first fence) (Figure 8B).
The horizontal wind direction changed to gradually become
parallel to the sand fences as the wind approached the fences
(on the windward sides), which indicates the occurrence of a
transversal displacement flow (Figure 8C). Turbulence was

FIGURE 7 | Relative wind velocity versus distance for the (A) single-row straight-installed plate (SIP) and (B) double-row SIPs at a height of 13 cm (0.52 H) under
different free-stream wind velocities.
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greatly intensified by the fences, with an average value of 0.13
when there was no fence and increased to 0.35 and 0.52 on the
leeward sides of the first and second fences, respectively
(Figure 8D).

3.2.2 Sand-Trapping Efficiency
Figure 9 shows the profiles of the rate of sand transport (Q)
upwind and downwind of the CPISFs during the observation
period. The profiles all obey an exponential decay function.
Below the height of the sand fences, Q downwind of the

sand fences was lower than that over the Gobi surface
without a sand fence, whereas above the height of the sand
fences, it was slightly larger than that over the Gobi surface
without a sand fence. In general, Q was substantially lower
downwind of sand fences. However, it was interesting that Q
downwind of the first CPISF was less than that downwind of
the second CPISF. According to Eq. 4, the Ts on the leeward
side of the first and second CPISF were 72.43 and 62.97%,
respectively.

3.2.3 Morphologies of Sand Depositions
Figure 10 shows the morphologies of the sand deposited on the
windward and leeward sides of the first and second CPISF in
2015 and 2016; it was clear that dunes developed on both sides
of the two fences. On the windward side of the first fence, sand
deposition began at x = −8 m (−4 H), the dune crest was located
at x = −2 m (−1 H), and the height of the crest was 0.7 m
(0.35 H). However, on the leeward side of the first fence, sand
was deposited at x = 0–7 m (0–3.5 H), the dune crest was
located at x = 2 m (1 H), and the height of the crest was 1.3 m
(0.65 H) in 2015, increasing to 1.5 m (0.75 H) in 2016. On
windward side of the second fence, sand deposition began at
x = −6 m (−3 H), the dune crest was located at x = 0.5 m
(0.25 H), and the height of the crest was 0.6 m (0.3 H). On the
leeward side of the second fence, sand deposition began at x =
0–7 m (0–3.5 H), the dune crest was located at x = 1.5 m
(0.75 H), and the height of the crest was 1.0 m (0.5 H).
From 2015 to 2016, the incremental sand deposition
volumes on the windward and leeward sides of the first and
second CPISFs were 0.17 and 1.00 m3 m−1 and 0.11 and
0.08 m3 m−1, respectively (Table 2).

FIGURE 8 | Variations in (A) horizontal wind velocity, (B) vertical wind velocity, (C) horizontal wind direction, and (D) turbulence intensity at different heights around
the concrete plate-insert sand fences (CPISFs), as measured in the field.

FIGURE 9 | Sand transport rate profiles upwind and downwind of the
concrete plate-insert sand fences (CPISFs) during the observation period.
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4 DISCUSSION

4.1 Airflow Field and Wind Shelter Effects
The airflow field in the vicinity of a sand fence determines the
sand transport and deposition regime around the fence (Li
and Sherman, 2015). A deceleration zone containing a small
eddy field appeared in the windward airflow around the SIPs
of the sand fence, while an acceleration zone emerged over
the top of the fence. Additionally, a main deceleration zone
with a larger eddy field appeared leeward of the fence, and a
restoration zone was present behind the main deceleration
zone. This was consistent with the airflow regimes identified
near sand fences in previous studies (Dyunin, 1964; Plate,
1971; Judd et al., 1996; Dong et al., 2007). In theory,
transported sand is deposited in deceleration zones. Our
field measurements demonstrated that sand was
indeed deposited in the windward and leeward
deceleration zones of the double-row CPISFs and that sand
dunes developed on both sides of the fences, indicating that
the fences sufficiently reduced wind velocity. Eddy fields
only appeared when the porosity of the sand fence was
lower than 40% (Gloyne, 1954; Lee and Kim, 1999). Eddy
fields appeared on both the windward and leeward sides of the
SIP, which indicates that the fence induced a strong
disturbance in the airflow field and that turbulence around
the fence was intensified (Lee and Lee, 2012). The field
observations demonstrated that turbulence was greatly
intensified by the presence of the CPISFs and increased 2.7
and 4.0 times on the leeward sides of the first and second rows
of the sand fence, respectively. Owing to the intense blocking
effect of the low-porosity SIP, a vertical displacement

flowfield was present, which formed an acceleration zone
over the top of the fence. This is consistent with field
observations that the upward vertical velocity increased to
approximately 20 wref over the top of the CPISF. In
addition, the direction of horizontal wind gradually
became parallel to the sand fences as the wind approached
the CPISFs, which indicates that a transverse displacement
flow also appeared windward of the fences (Huang et al.,
2013).

Traditionally, the wind-shelter effects of sand fences have
been evaluated based on the wind velocity reduction efficiency
(Rw) and effective shelter distance (Ds). The results of 3D-CFD
simulations have indicated that maximum Rw decreases with
increasing fence porosity (Fang et al., 2018). Our wind tunnel
experiments demonstrated a limit in the maximum Rw of
individual SIPs of 91%, but when they were assembled as a
CPISF in the field, their maximum Rw was reduced to 78%,
owing to the higher porosity of the sand fences in the final
assembly. The optimal spacing between multiple rows of sand
fences is determined by theDs of the fence (Dong et al., 2006; Liu
et al., 2018). Previous studies suggested that the peak value of Ds

occurs with a fence porosity of 30–40%, and the optimal spacing
of double-row sand fences with 30–40% porosity is
approximately 5–7 H (Boldes et al., 2001; Wu et al., 2013;
Fang et al., 2018). Our wind tunnel experiments
demonstrated that the Ds of the SIP decreased as free-stream
wind velocities increased, with an average value of 10 H.
However, the spacing between the double-row CPISFs of the
system installed as protection against wind-blown sand along
the Lanzhou-Xinjiang High-Speed Railway is 37H, which is
much larger than the Ds of the sand fence. Consequently, the

FIGURE 10 |Morphology of the deposited sand on the windward and leeward sides of the (A) first and (B) second concrete plate-insert sand fences (CPISFs) in
2015 and 2016. The red and black dashed lines show the dune shapes in 2016 and 2015, respectively.

TABLE 2 | Volume of deposited sand on the windward and leeward sides of the first and second concrete plate-insert sand fences (CPISFs) in 2015 and 2016.

Locations Sand deposition in
2015 (volume per
width, m3 m−1)

Sand deposition in
2016 (volume per
width, m3 m−1)

Difference in sand
depositions between 2016

and 2015 (m3

m−1)

Winward of the first fence 6.46 6.63 0.17
Leeward of the first fence 8.74 9.74 1.00
Winward of the second fence 3.25 3.36 0.11
Leeward of the second fence 5.89 5.97 0.08
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distance between the first and second sand fence is wide enough
for the wind velocity to recover to velocities above the saltation
threshold velocity. The impact of the first sand fence on the
second sand fence is dissipated, and the two fences function
independently.

4.2 Sand-Trapping Efficiency and Dune
Growth
In field observations, Ts values on the leeward side of the first
and second CPISF fences were 72.43 and 62.97%, respectively.
These observations raise two questions. First, why was the Ts

on the leeward side of the second CPISF fence lower than that
of the first? On the one hand, sand dunes developed in front of
and behind the fences provided ramps for sand to blow over
each fence. Furthermore, as discussed above, the spacing
between the two fences is much larger than the Ds of the
sand fence, allowing the wind velocity between the two fences
to recover above the saltation threshold velocity. Thus, sand on
the ground surface between the two fences becomes entrained
by the wind and transported downwind. Because of these two
effects, the rate of sand transport downwind of the second
fence exceeded that downwind of the first fence. Second, why
was the Rw of the CPISF high but its Ts low? Most previous
studies indicate that the maximum Ts of a sand fence is
obtained with a porosity of 40–50% (Manohar and Bruun,
1970; Bofah and Al-Hinai, 1986; Zhang et al., 2004), and fences
that are spaced too closely will change the wind direction,
causing relatively low Ts (Savage andWoodhouse, 1968). In the
current study, wind velocities were adequately reduced because
of the low porosities of the CPISF; however, the large size of the
openings in the fences allowed more sand particles to be
transported through them and reduced the Ts of the fences
(Savage, 1963; Savage and Woodhouse, 1968; Manohar and
Bruun, 1970; Lee and kim 1999).

Wind tunnel experiments by Hotta and Horikawa (1990)
demonstrated that sand is deposited on both sides of a sand
fence when its porosity exceeds 10% and that dune deposition
leeward of the fence occurs more intensely than that on the
windward side. In addition, sand fences with 40% porosity trap
larger volumes of sand, and lower porosity sand fences are more
easily buried by dunes. Our field measurements showed that
dunes developed on both sides of the double-row CPISFs and that
the leeward dunes were larger than the windward dunes. The
leeward dunes at the first and second fences grew to 75 and 50% of
the fence height in 2016, respectively, and dune deposition
continued at rapid rates each year. The growth of the sand
dunes around the CPISFs is expected to decrease the sand
trapping efficiencies of the sand fences (Ning et al., 2020), and
they may gradually lose their sand-blocking capacity once the
deposited dunes grow to 80% of the height of the fence (Hotta and
Horikawa, 1990).

5 CONCLUSION

We studied the aerodynamic properties and shelter effects of a
CPISF along the Lanzhou-Xinjiang High-Speed Railway in Gobi
regions under strong winds, using wind tunnel experiments and
field observations. The main conclusions are as follows:

1) Deceleration zones appeared on the windward and leeward
sides of the sand fence, and sand was deposited in
corresponding deceleration zones. Eddy fields also appeared
on the windward and leeward sides of the fence owing to the
relative low fence porosity.

2) The Rw of the sand fence was high, and the maximum Rw

values on the leeward side of the first and second fences were
78 and 87%, respectively. However, because of the large size of
the openings in the sand fence, the Ts of the sand fence was
low, that is, only 72 and 63% on the leeward side of the first
and second fences, respectively.

3) The Ds of the sand fence was 10H. However, the row spacing
between the two sand fences constructed in the field is much
larger than the Ds of the fence, which allows the wind velocity
between the double-row sand fences to recover to velocities
above the saltation threshold velocity. Thus, the overall shelter
effects of the double-row sand fences were significantly
diminished.
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Microtopographic
reconstruction improves soil
erosion resistance and
vegetation characteristics on the
slopes of large dump sites in
semi-arid areas
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Bo Cheng1,2, Hu Liu1,2 and Nan Ge1,2

1Yinshanbeilu Grassland Eco-Hydrology National Observation and Research Station, China Institute of
Water Resources and Hydropower Research, Beijing, China, 2Soil and Water Conservation Laboratory,
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In view of the management of slopes in large mine dumps in semi-arid regions,

this study explored different methods for controlling soil erosion and improving

the microenvironment of the surface of such slopes. Focusing on

microtopography modifications and vegetation measures on the slopes of a

large mine dump in a semi-arid region, the soil erosion resistance of the slope

was continuously monitored using installed observation plots. In addition, the

characteristics of plant communities that thrived on the dump were

investigated. The results indicate that the soil erosion resistance, soil organic

matter content, and biodiversity increased to different degrees in the largemine

dump that experienced microtopography modifications and implemented

vegetation measures compared with those of slopes managed only by soil

cover and planting. Compared with that in the control plot, under the same

vegetation restoration measures, the macroaggregate content in the four plots

that implemented microtopography modifications increased by 20%, 24%, 21%,

and 30%; the soil erodibility (K-factor) decreased by 7.8%, 8.5%, 10%, and 10.7%;

and the soil organic matter increased by 2%, 4.5%, 3.4%, and 4.7%.

Microtopography modification consisting of U-shaped blocking boards and

fixed rods embedded in the slope, combined with vegetation measures,

resulted in a protective effect, which in turn induced the highest diversity,

evenness, and richness index values of 2.35, 0.87, and 1.94, respectively. The

study results revealed that a combination of microtopography modifications

and vegetation measures can be used to achieve effective vegetation

restoration, prevent soil erosion, and create different microhabitats,

indicating that our approach is an effective way to control critical issues

affecting large mine dumps in semi-arid regions.

KEYWORDS

semi-arid region, mine dump, microtopography modification, soil erosion, species
diversity
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1 Introduction

Mine dumps are a necessary by-product of surface mining

(Monjezi et al., 2009; Franco-Sepúlveda et al., 2019; Shi et al.,

2021), and the operation and management of such dumps have a

profound impact on soil erosion, surface vegetation, and

landscapes (Chen et al., 2019; Blake et al., 2018; Esmali Ouri

and Kateb 2020). Owing to an increasing emphasis on ecological

conservation in China, the number of studies on soil erosion

control and vegetation restoration techniques associated with

mine dumps has increased. Previous studies have shown that the

biodiversity of mine dumps depends on vegetation restoration

efforts (Feng et al., 2019; Tang et al., 2022). Suitable vegetation

restoration techniques improve the nutrient contents and activity

in the surface soil of mine dumps (Yuan et al., 2018;

Raghunathan et al., 2021). Furthermore, soil aggregates are

the basic structural units of soil. They are closely related to

soil erosion, and their size and stability significantly affect soil

erodibility. Thus, they are an important factor for evaluating the

soil erosion resistance environment (Nie et al., 2018; De

Laurentiis et al., 2019). Composition and stability of soil

aggregates are the main indicators of soil structure and quality

(Hao Wang et al., 2018; Lehmann et al., 2020). The formation of

surface soil aggregates and improvement of erosion resistance of

mine dumps also require appropriate vegetation restoration

(Guo et al., 2020; Ke et al., 2021; Ma et al., 2022).

Large mine dump slopes represent soil erosion and

vegetation restoration sites between platforms (flat sections

(steps) and step slopes), whereby soil erosion and vegetation

restoration have contrasting effects of intensification and

suppression of soil erosion, respectively. Slopes are key

areas of vegetation restoration and soil erosion control in

large mine dumps, but vegetation restoration on the slopes of

mine dumps is difficult to achieve using soil and vegetation

cover alone. Furthermore, these slopes are important for the

ecological conservation of mining areas, and it is important to

overcome chronic soil and water conservation issues in large

mine dumps.

To overcome these shortcomings in soil and water

conservation in mine dumps, experts and scholars have

carried out theoretical and practical analyses covering various

topics, such as vegetation, engineering, and soil improvement

measures to manage mining wastelands (Fischer et al., 2013;

Chen et al., 2018; Luo et al., 2018). Previous studies have

indicated that vegetation restoration and soil improvement

measures can significantly control soil erosion in mining areas

(Ouyang et al., 2018; Neuenkamp et al., 2019), but relying solely

on the natural restoration of soil and vegetation through natural

succession to shrubs and grasses requires 15–30 years, which can

extend to more than 100 years in forest communities (Groninger

et al., 2017; Mander et al., 2017; Chen et al., 2020). Poorly

considered measures can increase the slope erosion more than

that observed on bare land (Vinci et al., 2017; Guo et al., 2019). As

a result, it is important to adopt appropriate measures and

methods during the ecological restoration of large mine

dumps. Some studies have shown that microtopography

modifications affect rainfall infiltration, control soil erosion

(Prosdocimi et al., 2017; Eltner et al., 2018; Zhang et al., 2018;

Caviedes-Voullième et al., 2021), improve surface habitat, and

promote water and soil conservation as well as vegetation

restoration (Perreault et al., 2017; Yixia Wang et al., 2018;

Wang et al., 2020; Mata-González et al., 2022). Following

microtopography modifications, vegetation measures can

significantly increase the content of nitrogen, phosphorus,

potassium, and other organic matter in the damaged soil of

mining areas, which further improves the physical and chemical

properties of this soil, as well its erosion resistance (Orgiazzi and

Panagos 2018; Zhao et al., 2018). To date, studies on the slope

management of large mine dumps tended to focus on a single

vegetation restoration model, and the selection of suitable

vegetation species plays an important role in these studies.

Only a few studies have analyzed the effects of

microtopography modifications in conjunction with

appropriate vegetation restoration on the regulation of soil

erosion on the slopes of mine dumps in semi-arid areas.

Based on the shortcomings in slope management of large-

scale mine dumps in semi-arid areas, in the present study, we

analyzed the efficacy of microtopography modifications used in

combination with appropriate vegetationmeasures and proposed

viable soil and water conservation measures to control the

chronic issues faced by large surface mine dumps in semi-arid

areas. The results of the present study can be used to guide the

ecological restoration of soil dumps and promote the sustainable

exploitation of large surface mine dumps.

2 Materials and methods

2.1 Study area overview

Our study area was the southern mine dump of the East

No. 2 Shengli Surface Coal Mine in the northeast city of

Xilinhot in the Inner Mongolia Autonomous Region of

China (44°3′29.68″–44°3′39.36″ N and

116°14′23.75″–116°14′36.03″ E; Figure 1). The soil and

water conservation area is designated as the Xilinhot

Plateau Soil Conservation Ecological Maintenance Area.

The original terrain of the mine dump site was relatively

flat, with an altitude range of 990–1,021 m. The relative

height range of the mine dump was 100–120 m, with steps

every 20 m. The dumping period was 10 years. The angle of

slope repose was 33°. The steps had a longitudinal slope of

8°–10° and a transverse slope of 3°–5°. The test area was a slope

containing bare patches. The average thickness of the surface

layer of the slope was 20 cm. In terms of physical and chemical

properties of the upper soil layer (0–20 cm), the bulk density
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was 1.53 g cm−3, soil particle size was mainly medium

sand >0.25 mm, and soil quality was poor. Total nitrogen

content in the 0–20-cm soil layer of the slope was 0.12 g kg−1;

available potassium content was 0.08 g kg−1, available

phosphorus content was 0.92 mg kg−1, organic matter

content was 2.0 g kg−1, and pH was 8.47.

The study area was located in the hinterland of the Inner

Mongolia Plateau, which is known to have a mid-temperate

semi-arid climate. The mean annual precipitation was

289.2 mm, 69% of which occurred from June to August.

The maximum 24 h rainfall was 85.3 mm in the past

10 years and 111.5 mm in the past 20 years. The mean

annual evaporation was 1805.1 mm, which was six times

higher than the mean annual precipitation. The annual

dominant wind direction was southwest, mean annual

wind speed was 3.5 m s−1, and number of strong wind days

(≥17 m/s) was 58. The zonal soil in the study area was sandy

loam, and the non-zonal soil was chestnut soil. The

vegetation type was typical grassland vegetation, with

Stipa krylovii and Leymus chinensis as the main

constructive species in the region. The vegetation coverage

was 35–50%.

FIGURE 1
Location of the experimental site.

TABLE 1 Slope microtopography modifications in the five plots analyzed in the present study.

Runoff
plot no.

Size
(m × m)

Slope
(°)

Microtopography
modifications

Ground preparation

1 20 × 5 33 Straight blocking board Cover with soil, hole sowing Caragana korshinskii, and spreadingMedicago sativa
and Elymus dahuricus

2 20 × 5 33 Straight blocking board + fixed rods Cover with soil, hole sowing Caragana korshinskii, and spreadingMedicago sativa
and Elymus dahuricus

3 20 × 5 33 U-shaped blocking board Cover with soil, hole sowing Caragana korshinskii, and spreadingMedicago sativa
and Elymus dahuricus

4 20 × 5 33 U-shaped blocking board + fixed
rods

Cover with soil, hole sowing Caragana korshinskii, and spreadingMedicago sativa
and Elymus dahuricus

5 (control) 20 × 5 33 None Cover with soil, and hole sowing Caragana korshinskii, and spreading Medicago
sativa and Elymus dahuricus

The straight blocking board was wooden plywood, and the fixed rods were sand willow sticks (10 mm in diameter).
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2.2 Experiment installation

On the third step of the southern mine dump of the East No.

2 Shengli Surface CoalMine, we chose themiddle section, which had

a uniform slope, to select five runoff plots. Plots 1, 2, 3, and 4 were

microtopographymodification plots, and Plot five was a control plot

(see Table 1; Figure 2 for details). Each plot was laid out in sequence

along the longitudinal direction of the slope, and 0.6 m wide brick

walkways were created between the plots to allow observations and

sampling. The size of each plot was 20 × 5 m.

The microtopography modification method of Plot one

involved embedding straight blocking boards (plywood

boards) on the slope surface, with blocking boards laid in a

zigzag shape along the longitudinal direction of the plot. The

straight blocking boards were 60 cm long, 60 cm wide, and

0.5 cm thick. The horizontal spacing of the straight blocking

boards was 60 cm, and the vertical spacing was 120 cm. The

blocking boards were inserted in pre-cut grooves perpendicular

to the slope at a depth of 30 cm. After they were buried, we

ensured that the edges of the blocking boards were levelled with

the slope. Themain function of the blocking boards was to reduce

the downhill movement of surface soil so that plant seeds would

be evenly distributed in the slope surface layer before the

vegetation had an effect on soil and water conservation as

FIGURE 2
Layout map of microtopography modifications in the five plots.
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well as to avoid bare patches during the process of vegetation

restoration. Once the blocking boards were in place, the open

space of the plot was planted with Caragana korshinskii from top

to bottom, with the inter-plant spacing of 120 cm and row

spacing of 120 cm. The planting holes had a depth of 5 cm

and radius of 5 cm, with a semi-circular cross section. The

rest of the open space of the plots was scattered with a mix of

Medicago sativa and Elymus dahuricus in a mixing ratio of 1:1.

The microtopography modification method of Plot two was

to embed straight blocking boards and insert fixed rods in the

slope. The layout positions and method of the blocking boards

and the specifications were the same as those in Plot 1. The fixed

rods were sand willow sticks, with a diameter of 10 mm and

length of 35 cm. They were wedged into the slope along the back

of the blocking boards so that their tops were flush with the edge

of the boards. Once the blocking boards and rods were installed,

the plot was levelled.

The microtopography modification method applied in Plot

three consisted of U-shaped blocking boards (also plywood

boards) arranged in a zigzag shape across the entire plot. The

U-shaped blocking boards were 60 cm in length, 60 cm in width,

and 0.5 cm in thickness. The layout and method of installing the

U-shaped blocking boards were the same as those in Plot 1. After

the blocking boards were installed, the plot was levelled.

The microtopography modification method of Plot

4 consisted of embedding U-shaped blocking boards and fixed

rods in the slope. The layout positions and method of the

blocking boards and the specifications were the same as those

in Plot 1. The blocking board specifications were the same as

those in Plot 3. The material, length, and installation method of

the fixed rods were the same as those in Plot 2. Once the blocking

boards and the rods were installed, the plot was levelled.

Plot 5 was the control plot. No microtopography

modifications were applied to the plot, and only shrubs and

grasses were planted after the topsoil was restored, which is the

most common restoration method used in mine dumps. The

thickness of the soil cover and the method of planting shrubs and

grasses were the same as those in Plot 1. The implementation of

the methods in all five plots was completed on 16 May 2019.

Notably, the vegetation selection and planting methods for all the

plots were the same.

2.3 Data processing

2.3.1 Soil sample collection and analysis
In this study, only the surface layer (0–20 cm) of the mine

dump, which was covered with surface soil, was sampled. Below

20 cm, the lithology consisted of a mixture of clay, shale, and coal

gangue; therefore, no sampling was carried out below this depth. Soil

sampling were taken at the end of the plant growth season (mid to

late September) in the period between 2019 and 2021. In each plot,

nine soil samples of the 0–20-cm soil were randomly collected

(i.e., three samples from the upper, middle, and lower parts of the

slope, respectively) using a soil drill. In each plot, the samples

collected from the upper, middle, and lower parts were mixed

respectively and analyzed in a laboratory. The undisturbed soil

was segregated into portions with diameters of 5 cm based on their

structure. Plants, fine roots, stones, and other debris were removed,

and the samples were placed in a ventilated place to dry naturally.

After being air-dried, the soil samples from each plot were mixed,

sieved, and stored in Ziplock bags for indoor analysis.

The dry sieving method was used to sort the soil according to

the particle size, so that the contents of soil aggregates could be

measured at all levels. One air-dried soil sample (240 g) was dry

sieved, and the weight of soil aggregates in the particle sizes of 0.5,

0.1–0.25, 0.05–0.1, and <0.05-mm was measured to calculate the

weight proportions for each soil aggregate particle grade.

Another air-dried soil sample (50 g) were wet sieved and

analyzed using an aggregate analysis meter. The water-stable

aggregate content of the 0.25–0.5, 0.1–0.25, 0.05–0.1, and <0.05-
mm grades were measured. After drying in an oven at a constant

temperature of 4°C, the samples were weighed to calculate the

percentage of water-stable aggregates in the soil for each grade.

The air-dried soil samples were sieved through a 2 mm

sieve, and the samples were ground before being sieved again.

The content of soil organic matter was determined using the

potassium dichromate-volumetric method (external heating

method).

2.3.2 Calculation methods for soil erosion
resistance index

The specific formulas for calculating the mean weight

diameter (MWD; mm) of soil aggregates (calculated using wet

sieve aggregate size) and soil erodibility K-factor (in the case of

limited soil physical and chemical properties, only the geometric

mean soil particle size was considered) (van Bavel 1950; Shirazi

et al., 1988) were as follows:

MWD � ∑
n

i

xiwi/∑
n

i
wi (1)

GMD � exp⎡⎢⎢⎣⎛⎝∑
n

i

wi ln xi
⎞⎠/∑

n

i

wi
⎤⎥⎥⎦ (2)

K � 7.954 × {0.0017 + 0.0494 × exp[ − 0.5 × (
logGMD + 1.675

0.6986
)

2

]}

(3)

where xi is the diameter of the aggregate at each particle grade

level (mm), wi is the percentage of aggregate mass, and GMD is

the geometric mean diameter of the soil aggregate.

2.3.3 Plant community survey
In mid-August 2021, three quadrats (1 × 1 m) were randomly

selected from the upper, middle, and lower parts of the five plots,

and the individual plant height and density were measured;

additionally, the cover of each plant species in each quadrat was
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measured, and the plant species present in the quadrats were

recorded (Zhang 2007).

Species diversity was analyzed using three indices:

Shannon–Wiener index of diversity, Pielou’s evenness index,

and Margalef’s richness index. The calculation formulas for

the indexes are given below (Clobert et al., 2018):

Shannon −Wiener index of diversity(H′): H′ � −∑Pi lnPi

(4)
Pielou evenness index(J): J � H′

ln S
(5)

Margalef ′s richness index(R): R � S − 1
lnN

(6)

where Pi is the relative importance value, that is, Pi = N/Ni; Ni is

the importance value of species i; N is the sum of importance

values of species in the surveyed quadrat; and S is the number of

species in the surveyed quadrat.

The calculation method of importance value (I) was

calculated using the following equation:

I � RC + RF + RD (7)

where RC is the relative cover, RF is the relative frequency, and RD

is the relative density.

We analyzed the data using SPSS Statistics V22.0 (IBM. Corp.,

Armonk, NY, United States) and plotted the data using Microsoft

Excel 2016 (Microsoft Corp., Redmond, WA, United States).

3 Results and analysis

3.1 Effects of microtopography
modification on soil aggregate structure

As shown in Figure 3, in Plots 3 and 4, after 3 years of

vegetation restoration, the content of aggregates larger than

2.0 mm constituted 30–40% of the soil, whereas that of

aggregates larger than 2.0 mm in the other plots constituted

only 15–20% of the soil. The microtopography modification

method, consisting of U-shaped blocking boards and fixed

rods (Plot 4), resulted in different degrees of increase in

macroaggregates after vegetation restoration.

As shown in Figure 3, the trends for the content aggregates

larger than 0.25 mm in plot 1 to plot 4 were basically similar,

increasing year by year in each plot; however, there was no

obvious trend for aggregates of grade 0–0.25 mm. Following

microtopography reconstruction on the slope surface of the

mine dump site and the implementation of similar vegetation

measures, the order of the plots, from large to small, in terms of

the content of aggregates larger than 0.25 mm was: Plot 4 > Plot

3 > Plot 2 > Plot 1 > Plot 5 (control) in the first year; Plot 4 > Plot

2 > Plot 1 > Plot 3 > Plot 5 (control) in the second year; and Plot

4 > Plot 2 > Plot 3 > Plot 1 > Plot 5 (control) in the third year. The

analysis revealed that during the same vegetation restoration

periods, the plots with microtopography modifications had

higher contents of aggregates larger than 0.25 mm than those

of the control plot (Plot 5).

3.2 Effects of microtopography
modifications on the MWD of soil
aggregates

As shown in Figure 4A, the MWDs of the plots with

microtopography modifications as well as that of the

control plot increased more slowly with increasing

vegetation restoration. During the same vegetation

restoration periods, the soil MWDs of the plots managed

by microtopography modifications were greater than that of

Plot 5. This indicated that even though we adopted the same

vegetation restoration measures, microtopography

modifications were more effective in gradually increasing

the amounts of soil aggregates. Under the same vegetation

FIGURE 3
Changes in the soil aggregate grain sizes in the plots corresponding to different microtopography modifications.
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restoration measures, the order of the plots, from large to

small, in terms of soil MWDwas: Plot 4 > Plot 3 > Plot 2 = Plot

1 > Plot 5 (control) in the first year; Plot 4 > Plot 3 > Plot 1 >

Plot 2 > Plot 5 (control) in the second year; and Plot 4 > Plot

3 > Plot 2 > Plot 1 > Plot 5 (control) in the third year. Even

though the vegetation restoration measures were the same, in

FIGURE 4
(A)Changes inmeanweight diameter (MWD) of the soil aggregates in the four plots corresponding to differentmicrotopographymodifications.
(B) Changes in soil erodibility in the plots corresponding to different microtopography modifications. (C) Changes in organic matter in the plots
corresponding to different microtopography modifications.
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any given year, the U-shaped blocking boards and fixed rod

modification method (Plot 4) resulted in the greatest MWD,

followed by the plot that only used U-shaped blocking boards

(Plot 3).

3.3 Comparison of soil erodibility of plots
under different microtopography
modifications

Soil erodibility (K-factor) values are used as comprehensive

indicators of soil resistance to water erosion. The higher the

K-factor value, the weaker the soil erosion resistance and vice

versa. As shown in Figure 4B, except for the K-factor value of Plot

3, which increased and then decreased with time (after vegetation

restoration), the K-factor values of the other plots gradually

decreased with time (after vegetation restoration). Following

vegetation restoration at the same time point, the order of

K-factor values of the plots, from small to large, with respect

to various microtopography modifications was: Plot 3 < Plot 4 <
Plot 2 < Plot 1 < Plot 5 (control) in the first year; Plot 4 < Plot 1 <
Plot 2 < Plot 3 < Plot 5 (control) in the second year; and Plot 4 <
Plot 3 < Plot 2 < Plot 1 < Plot 5 (control) in the third year. After

the vegetation restoration measures were implemented, the

K-factor value of Plot 4 decreased at the quickest rate,

decreasing by 10% in the second year and 11% in the third

year compared to that of the control plot. This indicated that with

respect to the same vegetation restoration measures, the K-factor

value of the plot with microtopography modifications consisting

of U-shaped blocking boards and fixed rods decreased gradually

with time, indicating an overall increase in soil erosion resistance.

3.4 Effects of microtopography
modifications on soil organic matter
content

Previous studies have reported that an increase in the soil

organic matter content can promote soil cementation, strengthen

the adsorption between particles, and increase the amount of

macroaggregates, thereby improving the soil structure, aeration

and water permeability, and erosion resistance (Šimanský et al.,

2019; Chung et al., 2021; Liu et al., 2021). As shown in Figure 4C,

with respect to the same vegetation restoration measures, the

organic matter content in the surface soil of the plots that

underwent microtopography modifications was higher than

that in the control plot in the second and third years. With

the exception of Plots 3 and 1, the surface soil organic matter

content in the modified plots had the same change trend. After

vegetation restoration, the organic matter content in the soil

showed a slow increasing trend, consistent with the changes in

soil erosion resistance. Under the same vegetation restoration

measures, the order of organic matter content of the four plots,

from large to small, under various microtopography

modifications was: Plot 4 > Plot 2 > Plot 3 > Plot 1 > Plot 5

(control) in the first year; Plot 4 > Plot 2 > Plot 3 > Plot 1 > Plot 5

(control) in the second year; and Plot 4 > Plot 2 > Plot 3 > Plot 1 >
Plot 5 (control) in the third year. After vegetation restoration, the

surface organic matter content in the soil of Plot 4 increased

slowly, up 3.2% in the first year, 3.2% in the second year, and

4.7% in the third year, compared with that in the control plot.

After 3 years of vegetation recovery, the implementation of

microtopography modifications increased the organic matter

content in the slope surface soil from 2.0 to 2.06 g/kg. This

may be related to the fact that microtopography modifications

created a stable environment for plant growth. Vegetation

restoration increased the soil organic matter content, and the

organic matter content increased the soil resistance to erosion

(Fonseca et al., 2017; Herrick et al., 2018; Guo et al., 2020).

3.5 Effects of microtopography
modifications on plant community
diversity

Previous studies have demonstrated that appropriate

microtopography modifications can enhance the effects of

vegetation restoration (García-Ávalos et al., 2018; Qiu et al.,

2019; Wentzell et al., 2021). Furthermore, studies have shown

that microtopography modifications are closely linked to

vegetation restoration status and the corresponding soil and

water conservation and biodiversity (Melnik et al., 2018;

Tukiainen et al., 2019). In mid-August 2021, we conducted a

plant community survey in the four plots wherein we

implemented microtopography modifications, as well as in the

control plot. In the five plots, 15 plant species were identified, and

they belonged to five families and 14 genera. The plant species

and their importance values (Pi) are shown in Table 2, and the

results of the species diversity index analysis are shown in

Table 3.

Species diversity is a comprehensive quantitative indicator of

species richness and distribution uniformity in a habitat; thus, it

is a good reflection of community composition (Tonkin et al.,

2017; Hubbard et al., 2018). As shown in Table 3, compared to

those in the control plot (Plot 5), the number of species, diversity

(H′), evenness (J), and richness (R) indexes were all higher in the

four plots where we implemented microtopography

modifications. Among the four modified plots, Plot 4 had the

highest diversity value (2.35), while Plots 2, 3, and 1 had the

second, third, and fourth highest diversity values of 2.25, 2.20,

and 2.10, respectively. In general, the evenness index indicates

the evenness of plant distribution in a community. In the present

study, Plot 4 had the highest evenness index, with a value of 0.87,

followed by Plots 2, 3, and 1, with evenness index values of 0.83,

0.82, and 0.79, respectively. Generally, the species richness index

indicates the total number of species in a community. In the
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present study, Plot 4 had the highest richness index value among

the plots having microtopography modifications, with a value of

1.94, followed by Plots 2, 3, and 1, with richness index values of

1.89, 1.86, and 1.78, respectively. The Shannon–Wiener index of

diversity objectively reflects the changes in species of a plant

community, while taking into account any insufficiencies in

species richness and evenness. Thus, it can indicate the

diversity of a community more effectively than other indices.

The plant community in Plot 4, which underwent

microtopography modifications, had a higher species diversity

than that of the other plots.

In Plot 4, we applied the microtopography modifications of

U-shaped blocking boards and fixed rods. This combination

prevented slope soil from slipping and additionally increased

surface infiltration. The blocking boards embedded in the slope

prevented the surface soil from separating from the slope, and the

fixed rods reinforced the blocking boards. Thus, these

modifications could provide a safe and stable environment for

plant growth. They protected the slope before the vegetation

measures took full effect and played an important role in

improving the soil organic matter content as well as its

erosion resistance. Therefore, Plot 4 had the highest plant

community diversity, evenness, and richness index values.

In Plot 2, we applied straight blocking boards and fixed rods,

which refined the space within the plot and ensured the initial

evenness of plant species distribution. Although it prevented the

surface soil from separating from the slope, the surveys revealed

that it suffered more longitudinal erosion than Plot 4 did, which

may have accounted for its diversity index value being lower than

that of Plot 4. Plots 1 and 3 used single microtopography

modification methods, and the surveys revealed that they

contained bare patches ranging from 0.01 to 0.09 m2 in area.

Owing to fewer species andmore bare patches, the biodiversity of

Plots one and three was lower than that of Plot 4. Plot 5 (control)

only had soil cover and planted vegetation, with no protection

methods for the surface soil on the slope. Therefore, the slope

surface soil suffered severe slippage, indicating that the

vegetation measures were not effective and did not stop slope

erosion; thus, the bare patches on the slope increased over the

duration of the study period. This plot had bare patches ranging

TABLE 2 Importance values of plants (Pi) in the plots.

No. Plant species Family, genus Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 (control)

1 Caragana korshinskii Fabaceae, Caragana 50 30 29 10 100

2 Lespedeza davurica Fabaceae, Lespedeza 219 256 255 270 169

3 Elymus dahuricus Poaceae, Elymus 263 308 315 324 203

4 Chloris virgata Poaceae, Chloris 130 152 145 100 100

5 Medicago sativa Fabaceae, Medicago 263 308 308 324 203

6 Corispermum mongolicum Amaranthaceae, Corispermum 68 80 90 84 53

7 Allium polyrhizum Amaryllidaceae, Allium 50 23 23 24 15

8 Eragrostis Pilosa Poaceae, Eragrostis 130 152 200 20 150

9 Chenopodium aristatum Chenopodiaceae Chenopodium 46 46 80 30 48

10 Salsola collina Chenopodiaceae Salsola 70 46 60 30 70

11 Panicum miliaceum Poaceae, Panicum 76 76 76 50 30

12 Setaria viridis Poaceae, Setaria 76 76 90 50 150

13 Chenopodium acuminatum Amaranthaceae, Chenopodium 15 15 50 10 60

14 Amaranthus retroflexus Amaranthaceae, Amaranthus 23 23 45 15 -

15 Bassia dasyphylla Amaranthaceae, Bassia - 20 20 15 -

aIndicates that the plant did not appear in the surveyed quadrat.

TABLE 3 Comparison of the community diversity, evenness, and richness of the different plots.

Plot No. of species Diversity index (H) Evenness index (J) Richness index (R)

1 14 2.10 ± 0.76 0.79 ± 0.13 1.78 ± 0.43

2 15 2.25 ± 0.79 0.83 ± 0.15 1.89 ± 0.48

3 15 2.20 ± 0.75 0.82 ± 0.15 1.86 ± 0.46

4 15 2.35 ± 0.81 0.87 ± 0.24 1.94 ± 0.54

5 (control) 13 1.97 ± 0.55 0.77 ± 0.13 1.66 ± 0.40

Frontiers in Environmental Science frontiersin.org09

Tian et al. 10.3389/fenvs.2022.930519

68

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.930519


from 0.5 to 1.0 m2 in area, which increased in size each year;

additionally, compared to the other plots, this plot had fewer

species and the least diverse plant community. By collating the

surveys from the 3 years, we concluded that the plant species in

the plots were the same in 2019, consisting primarily of

artificially planted species, with minimal gradation and a

single-layer structure. By 2021, the number of species in Plots

one to four increased, and gradation appeared, indicating that

microtopography modifications can allow vegetation restoration

to take effect.

4 Discussion

4.1 Effects of microtopography
modifications on soil erodibility

In the plots withmicrotopographymodifications, the amount of

macroaggregates increased every year. In 2021, compared with those

in the control plot, aggregates larger than 0.25 mm increased by 20,

24, 21, and 30% in plots 1, 2, 3 and 4, respectively. Plot 4 exhibited

the fastest increase in the amount of aggregates larger than 0.25 mm,

followed by Plot 2. Some studies have reported that the water-stable

aggregate content, particularly the content of aggregates larger than

0.25 mm, is one of the best indicators of soil erodibility (Hao Wang

et al., 2018; Lehmann et al., 2020). The plots with microtopography

modifications have different manifestations in terms of the three

indicators of MWD, erosion resistance, and mine dump surface soil

organicmatter content. By 2021, compared with those in the control

plot, the MWD in plots 1, 2, 3, and 4 increased by 15, 16, 27, and

38%; the soil erodibility (K-factor) values decreased by 7.8, 8.5, 10,

and 10.7%, and the soil organic matter content increased by 2, 4.5,

3.4, and 4.7%, respectively. The results revealed that if the values

surpassed these increments, the soil organic matter increased, soil

erodibility decreased, and the MWD of soil aggregates increased.

Previous studies have also demonstrated that soil organic matter is

an important indicator of soil quality (Šimanský et al., 2019; Chung

et al., 2021). It is also a binding material that forms soil aggregates

and is important for increasing soil erosion resistance. Thus, the

number and characteristics of soil aggregates reflects soil erosion

resistance. This was consistent with the findings of Chung et al.

(2021) and Šimanský et al. (2019).

In the present study, we proposed different combinations of

microtopography modification materials and methods known to

have good soil and water conservation effects. However, our

study was limited to soil erosion resistance studied for a period of

3 years. Therefore, it lacks long-term observations of erosion

prevention and control. Future studies should focus on the

quantitative analysis of vegetation restoration and soil erosion

on the slopes of mine dumps following the implementation of

microtopography modifications. Compared with the control

plot, plot 4 with the microtopography modification method of

embedding U-shaped blocking boards and fixed rods in the slope

was most effective at enhancing soil erosion resistance. Our study

was based on the field survey of soil erosion resistance. However,

we did not consider the process of the wind erosion; hence,

increased observation of the amount of wind erosion is required

in the future.

4.2 Effects of microtopography
modifications on biodiversity

The implementation of microtopography modifications can

create conditions for vegetation restoration and enhance

biodiversity (Liu et al., 2020; Miller et al., 2021). In the present

study, we investigated the characteristics of plant communities and

showed that compared with the control plot, Plot 4 had the highest

number of species (15), along with the highest Shannon–Weiner

diversity (2.35), evenness (0.87), and richness indices (1.94). All four

plots with microtopography modifications showed a higher plant

diversity compared to that in the control (Plot 5). This indicated that

single or combined microtopography modifications can create

different microhabitats on the slopes of mine dumps. Before

vegetation measures have an effect on soil and water

conservation, modifications provide a safe and stable environment

for plant growth, creating suitable conditions for species

reproduction. This was consistent with the findings of Qiu et al.

(2019) and Wentzell et al. (2021). In terms of vegetation restoration,

we observed a close link between microtopography combinations

and biodiversity. Nevertheless, as our investigation was limited to

studying plant community characteristics in mid-August 2021,

during a period of vigorous plant growth, it remains unclear

whether microtopography modifications promote positive

succession of plant communities during the other months of the

year. The order of plots, from high to low, in terms of diversity,

evenness, and richness were Plot 4 > Plot 2 > Plot 3 > Plot 1 > Plot 5

(control). This result was based on a survey of only a few plant

community characteristics, and future studies should consider the

dynamic changes in plant communities caused by single and

combined microtopography modification methods.

4.3 The practicality of microtopography
modification methods

The barrier plates and fixed piles used in the present study are

all wooden materials. Following the application of soil and water

conservation measures, such wooden materials begin to decay

and are degraded into the soil. Before the plant measures come

into effect, the slope surface material can be fixed to prevent the

surface soil from separating from the slope and to provide a safe

and stable environment for plant growth. In the project area, a

large area of the slope with conventional plant measures emerged

as an exposed open space. As the surface soil of the slope

declined, which made the surface soil thinner, the slope
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vegetation cover decreased, and the erosion ditch density

increased because there are no fixed measures for

maintenance of the slope surface material, and consequently,

the soil and water conservation treatment effects cannot be

achieved. In the present study, the resources (1.2–1.5 fold

higher) invested in the test plots were greater than those in

the control plot (Plot 5). Moreover, a large amount of work was

invested to address the problem of soil dump slope surface

material separation; however, further studies are required to

determine the quantitative transformation relationship

between investment benefit and ecological benefit.

5 Conclusion

Using plot-based observation facilities, we studied the effects of

microtopography modifications on the soil erosion resistance and

biodiversity of a large mine dump in a semi-arid region. Our

findings can serve as a reference for methodological support and

production practices. The major conclusions of our study are

explained below.

Soil erosion resistance and the biodiversity index under single

or combined microtopography modifications, along with

vegetation measures, on the slopes of the investigated large

mine dump in a semi-arid region, were greater than those

under soil cover and vegetation only. The combination of

microtopography modifications and vegetation measures may

prevented the slippage and separation of surface soil from the

slope, creating a safe and stable micro-environment for plant

growth. Thus, our study showed that a combination of

microtopography modification measures and vegetation

planting is effective at improving soil erosion and vegetation

restoration along the slopes of large mine dumps.
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Salt crust is a soil layer formed by the cementation of soluble salt on the surface or

inside of soil with soil particles. The salt crust can alter the soil’s ability to resist

wind erosion. To explore the characteristics of different types of salt crust, six

kinds of salt (CaCl2, KCl, Na2SO4, NaCl, Na2CO3, and NaHCO3) were selected and

six salt contents (0.2, 0.5, 1, 2, 3, and 4%)were set up to conduct the experiment of

a sandy soil crust. The experiment compares the characteristics of crust

appearance, compressive strength, and toughness of six selected kinds of salt

crust. The results showed that Na2SO4 formed the subflorescence, while CaCl2,

KCl, NaCl, Na2CO3, and NaHCO3 formed the efflorescences. The compressive

strength and toughness of Na2SO4 salt crust initially increased and then

decreased as the salt content increased, and both the strength and toughness

reached the maximum when the salt content was 3%. At first, the compressive

strength of NaCl crusts increased and then stabilized as a result of the increase in

salt content. The toughness of the NaCl salt crust experienced an initial increase

and then a decrease, reaching the maximum when the salt content was 3%. The

compressive strength and toughness of the salt crusts of CaCl2 and KCl increased

as the salt content increased. There was a slight increase in the compressive

strengthof the crusts formedbyNa2CO3 andNaHCO3,with hardly any noticeable

change even as the salt content increased, and the maximum compressive

strength was only 0.03 and 0.40MPa, respectively. The crusts of Na2CO3 and

NaHCO3 were susceptible to wind erosion, while the crusts of KCl, CaCl2, NaCl,

and Na2SO4, having high compressive strength and crust toughness, were

capable of resisting wind erosion.

KEYWORDS

salt crust, crust appearance, compressive strength, crust toughness, wind erosion
resistance

Introduction

Soil wind erosion is an important component of soil desertification, and its control is

important to sandy soil management (Yi et al., 2006). Some kinds of soil crusts can compact

the soil structure and also improve the resistance of the soil to wind erosion (Li and Shen,

2006). There are two types of soil crust: biological crust and physical crust. A biological crust is

a layer formed by mosses, algae, microorganisms, etc., and their secretions cement soil

particles. Biocrust formation requires a long period, but it has high resistance to wind erosion.

Physical crusts are formed when fine particles clog the soil surface pores during rainfall
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splashing or when fine particles adhere to large soil particles during

soil water evaporation. Physical crusts are formed in a short time and

are much less resistant to wind erosion than biological crusts

(Langston and Neuman, 2005; Li and Shen, 2006). Salt crust is a

special type of physical crust, which is a layer of soil crust formed

when soluble salts in the soil cementwith surface particles or internal

particles (Li, 2018). The presence of salt crusts alters the structure of

the soil and affects its resistance to wind erosion (Ji, 2001). In

addition, salt crusts can increase thewater content in the soil beneath

the crusts (Zhang et al., 2010), thereby causing a further increase in

the binding capacity of soil particles, which in turn improves the

resistance of soil to wind erosion (Chepil, 1951; Yi et al., 2006).

Where vegetation is scarce, the presence of salt crusts is of great

importance to soil resistance to wind erosion.

The formation of salt crust is influenced by a variety of factors.

When the brine solution evaporates in the porous medium, as

evaporation proceeds, salt solubility increases and reaches the salt

saturation concentration, resulting in precipitation of salt crystals. The

initial salt concentration of the brine solution, temperature, and

humidity affect the formation of salt crusts (Clercq et al., 2013; Rad

et al., 2015; Menéndez and Petráňová, 2016; Shokri-kuehni et al.,

2017a; Shokri-kuehni et al., 2017b). Thehigher the initial concentration

of the brine solution, the higher the evaporation temperature of the

evaporation surface, and the lower the humidity of air, the earlier the

formation of salt crystals, and the easier it is to formsalt crusts. The type

of salt crust formed by different salts also varies. Na2SO4 forms the

subflorescence at room temperature, with salt crystals crystallizing in

the pores of the surface soil layer, while NaCl forms the efflorescences,

with salt crystals aggregating on the soil surface (Benavente et al., 2015;

Lindström et al., 2015; Desarnaud et al., 2016). The efflorescences of

NaCl have two forms, “crusty” and “patchy”. When the particle size of

the medium material is larger, when the medium has more water-

repellent particles, or the medium particles have irregular angles, it

tends to form a discrete crust, which is the “patchy” crust. When the

particle size of the mediummaterial is fine, it forms a continuity crust,

that is, a “crusty” crust (Eloukabi et al., 2013; Rad and Shokri, 2014). In

further studies on salt crust, it was found that continuity crusts had

better resistance to wind erosion and reduced water evaporation from

the soil (Nield et al., 2016a; Zhang et al., 2019).

To investigate the characteristics of different types of salt crust,

six salts, CaCl2, KCl, Na2SO4, NaCl, Na2CO3, and NaHCO3, were

selected in this study to compare the crust appearance, compressive

strength, and crust toughness formed by the six salts. The aimwas to

compare the crust characteristics formed by the six salts to provide

theoretical support in the practical application of salt crust.

Materials and methods

Materials

The sandy soil used in the experiment was obtained from the

dunes at the Gurbantunggut Desert in Xinjiang, China. The

distribution of the particle size of the natural sandy soils is shown

in Table 1. To ensure the uniformity and representativeness of

the sandy soil, we selected soil with a particle size range of

100–200 μm for the experiment. To remove the interference of

soluble salts in the soil, the soil was cleaned with deionized water,

and the cleaned sand was placed in an oven at 105°C for drying.

The salts used for the experiment were CaCl2, KCl, Na2SO4,

NaCl, Na2CO3, and NaHCO3 (purity ≥99.99%). Six gradients of

salt content were set for each salt, 0.2, 0.5, 1, 2, 3, and 4% (the

value of soluble salt mass as a percentage of the soil mass). The

solvent was deionized water.

Crust experiment

For the experiment, the mass of the soil was fixed at 750 g,

and the corresponding mass of salt at all salt content is shown

in Table 2. 100 ml of deionized water was added, stirred well,

and then poured into a mold (a cylindrical plastic cup of

3.5 cm height and 4 cm radius). The surface of the mold was

then smoothed, and the bulk density is 1.43 g cm−3, after

which the samples were placed in an oven at 75°C until all

the water in the samples evaporated and the sample mass

reached constant weight. Ten replicates were carried out for

all salt content.

Data acquisition and processing

The dried samples were cooled to room temperature (the

average temperature is 24.41°C and the average humidity is

20.85% indoor). Photographs were taken from above and on

the side of the samples to observe the apparent morphological

characteristics of the crusts. The process of taking pictures

lasts about 2–3 min, and then the compressive strength was

immediately measured. The crust compressive strength was

tested with a digital electronic manometer (HANDPI, HP-

1000N, accuracy: 0.1 N, range: 0–1000 N). The manometer

was fixed on a holder, and the speed of the manometer probe

was set to 1 mm s−1 and the diameter of the manometer probe

is 10 mm. The stress-time curves were automatically recorded

by the manometer connected to a computer. The compressive

strength of a sample was the value of the maximum

compressive strength on the stress-time curve of the

sample. The average and standard deviation of the

compressive strength of each salt content were calculated,

and the average of the compressive strength was represented

as the compressive strength of the samples at the same salt

content. The energy absorbed by the crust per unit area is the

toughness of the crust, that is, the ratio between the work done

by the manometer probe and the area of the manometer probe

when the compressive strength of the crust reaches its

maximum.
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Results

Characteristics of salt crust appearance

Figure 1 shows the appearance of the crusts of the six salts at

different salt contents. As can be seen from Figure 1, there were

differences in the appearance of crusts formed by the different

salts. When the salt content was 0.2%, there were no macroscopic

salt crystals on the surface of all six salt crusts, and the color of the

crusts was brownish-red. There were a few cracks at the surface of

Na2CO3 andNaHCO3 crusts, while cracks were not seen on other

salt crusts. When the salt content was 1%, macroscopic salt

crystals appeared on the surface of the salt crusts, except for

Na2SO4. The salt crusts formed by Na2CO3 had the largest area of

salt crystals on the surface and had some fine polygonal fractures.

When the salt content was 4%, the salt crystals did not appear on

the surface of Na2SO4 salt crusts still, and the salt crystals on the

surface of the other five salt crusts increased noticeably.

Polygonal fractures existed on the surface of both salt crusts

of Na2CO3 and NaHCO3, and an obvious expansion could be

seen in the crust formed by Na2CO3.

The side view photographs of Na2CO3 andNaHCO3 crusts are

shown in Figure 2. When the salt content was 0.2%, the surface of

the crusts formed by Na2CO3 and NaHCO3 had cracked but did

not exhibit swelling. When the salt content was 1%, obvious

swelling could be seen in the Na2CO3 samples, and swelling

was seen only in the surface edge area in the NaHCO3 samples.

When the salt content was 4%, the swelling phenomenon inside

both samples was further intensified, the crusts formed by Na2CO3

had separated from the soil thoroughly, and the internal loose sand

under the crust could be seen. The crusts formed byNaHCO3 were

lifted noticeably from the sample.

TABLE 1 Particle size of natural wind sand.

Particle size
(μm)

<50 (%) 50–100 (%) 100–200 (%) 200–300 (%) 300–500 (%) >500 (%)

Ratios (%) 1.2 1.8 72.2 17.5 4.2 3.1

TABLE 2 Quantity of crystalline salt at different salt content.

Salt content 0.2% 0.5% 1% 2% 3% 4%

Wind-sand soil quantity (g) 750 750 750 750 750 750

Salt quantity (g) 1.5 3.75 7.5 15 22.5 30

FIGURE 1
Apparent morphology of salt crusts (A, B, C, D, E, and F represent CaCl2, KCl, Na2SO4, NaCl, Na2CO3, and NaHCO3 six kinds of salt, respectively;
1, 2, and 3 indicate salt content of 0.2, 1, and 4% respectively).
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Compressive strength of salt crusts

Figure 3 showed the variation of compressive strengthwith salt

content for the six salt crusts. The compressive strength of different

salt crusts varied with the salt content variation. With the increase

in the salt content, the compressive strength of the Na2SO4 crust

increased first and then decreased, reaching a maximum of

5.12MPa at a salt content of 3%. The compressive strength of

the NaCl crust increased first and then remained stable, and the

compressive strength of the crust of NaCl reached 3.59MPa when

the salt content was 3% and 3.76MPa when the salt content was

4%, which was only an increase of 4.7%. The compressive strength

of KCl and CaCl2 crusts increased almost exponentially with the

increase of the salt content. The compressive strength of NaHCO3

crusts increased slightly but then decreases, reaching a maximum

at 0.5% salt content, but its compressive strength was only

0.40MPa. The compressive strength of Na2CO3 crusts was

almost stable, and the maximum was only 0.03MPa.

When the salt content was ≤3%, the compressive strength of

the crust formed by Na2SO4 was significantly higher than that of

the other five salt crusts (p < 0.05), and the compressive strength

reached 1.15 MPa when the salt content was 0.2%. When the salt

content was >3%, the compressive strength of the crusts formed

by CaCl2 and KCl salts was higher than that of the crusts formed

by Na2SO4. The compressive strength of CaCl2 and KCl salt

crusts reached 5.36 and 4.98 MPa at 4% salt content, respectively,

while the compressive strength of Na2SO4 and NaCl was slightly

less, 4.53 and 3.76 MPa, respectively.

Stress-time curve and toughness of crusts

Figure 4 showed the stress-time curves of four salts, Na2SO4,

NaCl, CaCl2, and KCl at different salt contents (the stress-time

curve of Na2CO3 and NaHCO3 crusts was not considered

because the compressive strength of their crusts was very

small). The energy absorbed by the crust per unit area is the

toughness of the crust, and Figure 5 is the graph of the crust

toughness of four salts. From Figure 4 and Figure 5, it could be

seen that the crust compressive strength and crust toughness did

not always have a positive correlation, and there were differences

in the toughness of different salt crusts. The toughness of the

Na2SO4 crusts and the NaCl crusts all increased and then

decreased. The crust toughness of KCl and CaCl2 increased

gradually as the salt content increased, with the crust

toughness of KCl being slightly higher than that of CaCl2.

When the salt content is ≤3%, the crust toughness of Na2SO4

was higher than that of CaCl2, KCl, and NaCl, while in the range

of the salt content between 2 and 3%, the difference between the

crust toughness of Na2SO4 and NaCl was not obvious. When the

salt content is 4%, the crust toughness of CaCl2 and KCl was

greater than that of Na2SO4 and NaCl.

Discussion

Salt crust surface characteristics

Under these experimental conditions, Na2SO4 formed the

subflorescence, with most of the salt crystals distributed inside

the soil and fewer salt crystals distributed on the surface of the

soil, which was the same as the results of the previous studies

(Espinosa et al., 2007; Shahidzdeh-bonn et al., 2010; Gentilini

et al., 2012; Li et al., 2021). NaCl, CaCl2, KCl, Na2CO3, and

NaHCO3 formed the efflorescences. As the salt content

increased, the crystals of salts gradually increased on the

surface of a sample. The crusts formed by Na2CO3 and

NaHCO3 produced the phenomena of cracks and swelling on

the samples, which was related to the crystallization process of

Na2CO3 and NaHCO3. Both solutions could produce hydrate

crystals. The hydrate crystals were all bigger than the crystals of

FIGURE 2
Side view photographs of Na2CO3 and NaHCO3 salt crusts
(E, F represent Na2CO3 and NaHCO3 respectively; 1, 2, and
3 indicate salt content of 0.2, 1, and 4% respectively).

FIGURE 3
Diagram of compressive strength variation of salt crust.
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Na2CO3 and NaHCO3. The saturated Na2CO3 solution produced

Na2CO3-10H2O crystals, and the Na2CO3-10H2O crystals would

increase in volume, and the formation of hydrate crystals in the

soil would produce stress to the surrounding sand grains, causing

the soil to swell. The crystals of Na2CO3-10H2O would lose water

at temperatures higher than 33°C to form anhydrous Na2CO3

crystals. The crystals of anhydrous Na2CO3 decreased in volume.

Crystal expansion and shrinkage resulted in soil expansion and

cracking. The Na2CO3-10H2O crystal layer crystallized on the

surface of the soil lost water and then decreased in volume,

resulting in the surface crust being cracked (Rijniers et al., 2005;

Liu, 2016). The NaHCO3 solution had a similar phenomenon to

the Na2CO3 solution, but the volume expansion of NaHCO3-

10H2O was smaller than that of the Na2CO3-10H2O, so its cracks

and expansion were smaller than those of Na2CO3. The swelling

phenomenon of Na2CO3 and NaHCO3 salt crusts was related to

salt content. The greater the salt content, the more obvious the

salt swelling phenomenon, which could be verified from Figure 2.

Compressive strength

During the evaporation of soil water, the brine in the fine pores

evaporates and the salt crystallizes as the salt solution reaches

saturation solubility (Rad et al., 2013; Li et al., 2021). In this

experiment, the crystals of Na2SO4 formed the subflorescence, and

FIGURE 4
Stress-time curves of four salts with different salt content.
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most of the salt crystals crystallized in the internal pores of the soil.

When theNa2SO4 content was≤3%, with the increase in salt content,
the number of salt crystals crystallized in the pores gradually

increased, the cementation between salt crystals and soil particles

became strong, and the compressive strength of the salt crust

increased. With a further increase in salt content (>3%), the

crystals gradually filled the soil pores and generated salt swelling

pressure, which damaged the soil structure, and the compressive

strength of the salt crust formed by Na2SO4 decreased obviously. In

these experiments, NaCl, KCl, and CaCl2 formed the efflorescences,

with salt crystallization occurring mainly on the soil surface. As

evaporation proceeded, the salts gradually accumulated on the soil

surface, and the thickness of the salt crust on the surface increased;

thus, the increase in salt content only increased the number of the

crystals on the surface of the soil and did not affect the internal

structure of the soil. Therefore, the compressive strength of these

three salts gradually increased with the increase of salt content. The

compressive strength of NaCl crusts remained stable at salt

content >3%, which might be due to the detachment of the salt

crust ofNaCl from the soil surface, which hinderedwater evaporation

and inhibited themovement of salt ions to the soil surface (Nachshon

et al., 2018). The crystallization process ofNa2CO3 andNaHCO3 salts

resulted in severe salt swelling, which led to salt crust bulging. The

compressive strength of the two salt crusts was extremely low, with

the maximum compressive strength of the crusts of Na2CO3 being

only 0.03MPa and that of NaHCO3 being 0.40MPa.

Implications for wind erosion resistance

The crust strength and crust toughness of the crusts affect

the wind erosion resistance of the crusts. The greater the crust

strength and crust toughness, the greater the potential

resistance of the crust to wind erosion, and the more

potentially erosive events the soil crust can withstand

(Nickling and Ecclesstone, 1981; Nield et al., 2016b). This

study compared the wind erosion resistance of six salt crusts

by three indicators: crust appearance, crust compressive

strength, and crust toughness. The surface of the crust

formed by Na2CO3 and NaHCO3 salts had obvious swelling,

exposing the loose soil beneath the crust (as shown in Figure 2),

and the compressive strength of the crust was extremely low.

The compressive strength of the crust formed by the two salts

was far from the sand fixation strength of 1 MPa (Han et al.,

2000), and the crusts formed by the two salts would be

susceptible to wind erosion. The crusts formed by Na2SO4,

NaCl, KCl, and CaCl2 were flat relatively, the salt expansion was

not observed, and the compressive strength of the salt crust was

stronger than that of other salt crusts. These salt crusts could be

used for increasing soil resistance. The compressive strength

and crust toughness of the Na2SO4 crust both increased and

then decreased with the increase of the salt content. The

compressive strength could reach 1.15 MPa at the salt

content of 0.2%, and the compressive strength and crust

toughness reached the maximum at the salt content of 3%,

with the best resistance to wind erosion. There are two stable

crystalline phases during Na2SO4 solution crystallization,

decahydrate (Na2SO4-10H2O) and anhydrous state (Na2SO4);

when the temperature is high, anhydrous Na2SO4 is generated,

and as the humidity in the air increases, anhydrous Na2SO4 is

transformed into Na2SO4-10H2O. The solubility of Na2SO4-

10H2O is less than that of anhydrous Na2SO4, resulting in

super-saturation of Na2SO4-10H2O, generating a crystallization

pressure and causing damage to the medium material (Steiger

and Asmussen, 2008; Saidov et al., 2015). Thus, the optimal salt

content of the Na2SO4 crust for wind erosion resistance under

field conditions still needs to be further investigated. The

compressive strength of the NaCl crust increased first and

then stayed stable with the increase of salt content, reaching

the maximum of 3.76 MPa at the salt content of 4%. The

toughness of NaCl crust increased first too and then

decreased with the increase in salt content. The toughness

reached its maximum at the salt content of 3%, and its

compressive strength also reached 3.59 MPa, which was

slightly lesser than that of 4% (about 0.16 MPa). Thus, for

NaCl, the best potential resistance to wind erosion of the salt

crust was the salt content of 3%. The compressive strength and

crust toughness of KCl and CaCl2 crusts increased gradually

with the increase in salt content, and the compressive strength

already reached 1.94 and 1.60 MPa, respectively, at 2% salt

content, both having wind erosion resistance. For the crusts

formed by Na2SO4, NaCl, KCl, and CaCl2, the compressive

strength and toughness of the crust formed by the Na2SO4 are

higher than those of the remaining salts, and the wind erosion

resistance is the best when the salt content is ≤3%; the crust

FIGURE 5
Diagram of a variation of crust toughness.
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formed by CaCl2 has the best wind erosion resistance when the

salt content is 4%, its compressive strength is the greatest, and

the crust toughness is also better.

Conclusion

In this article, Na2SO4, NaCl, CaCl2, KCl, Na2CO3, and

NaHCO3 were selected for salt crusting experiments to

investigate crust properties related to resistance to wind

erosion, and the following was concluded.

1) Na2SO4 formed a subflorescence, and the appearance of the

salt crust was not affected by the increase in the salt content.

CaCl2, KCl, NaCl, NaHCO3, and Na2CO3 formed

efflorescences. The area of crystals on the surface of the

soil increased gradually with the increasing salt content.

Soil expansion occurred with Na2CO3 and NaHCO3 crusts

as salt content increased.

2) The compressive strength of Na2SO4 crusts increased first and

then decreased with increasing salt content, reaching the

maximum at 3% salt content. The crust compressive strength

of CaCl2 and KCl increased continuously with increasing salt

content. The compressive strength of the NaCl crust increased

first and then stabilized at the salt content of 3% with increasing

salt content. The crust compressive strength of Na2CO3 crusts

was low, with a maximum of only 0.03MPa. The compressive

strength of NaHCO3 crusts was low too, and the maximum was

only 0.40MPa.

3) The crust toughness of both Na2SO4 and NaCl increased and

then decreased with increasing salt content, and the crust

toughness reached the maximum at 3% salt content. While

the crust toughness of both KCl and CaCl2 gradually

increased with increasing salt content.

The salt crust of Na2CO3 and NaHCO3 swelled, destroying

the internal structure of the soil, and the compressive strength of

the crusts was low, which is not suitable for protecting wind-sand

soils. The salt crust formed by Na2SO4, NaCl, KCl, and CaCl2 had

higher crust strength and better crust toughness, having the

power to resist wind erosion. Under these experimental

conditions, the optimum salt contents of the four salts were 3,

3, 4, and 4%, respectively. The crust formed by Na2SO4 has the

best wind erosion resistance when the salt content is ≤3%, and

the crust formed by CaCl2 has the best wind erosion resistance

when the salt content is 4%.
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Effect of tillage management on
the wind erosion of arable soil in
the Chinese Mollisol region
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Wind erosion is a serious problem in agricultural regions and threatens the

regional food production in Northeast China. However, limited information is

available on the characteristics of wind erosion in arable soil in Northeast China.

As a result, field-based research during periods of vulnerability towind erosion is

essential. This study quantified the characteristics of soil wind erosion under no-

tillage (NT) and conventional tillage (CT) treatments in China’s northern “corn-

belt.” The results determined the wind erosion transport mode of Mollisols to be

generally characterized by creep and supplemented by saltation and

suspension in Northeast China. The erodible particles of the creep

accounted for 80.37% and 85.42% of the total wind erosion under the NT

and CT treatments, respectively. During experiments with erodible particles in

the saltation mode from the soil surface to 2 m, the majority of the particles

were collected by the sampler at 0.5 m height, with the NT and CT treatments

collecting 5.82 kg·m−2 and 6.93 kg·m−2 of erodible particles per unit area,

respectively. Wind erosion on agricultural land was observed to be

influenced by tillage practices, rainfall, wind speed, and soil moisture

content. Average and maximum wind speeds exhibited significant positive

correlations with wind erosion during April and May. Moreover, the erodible

particles of eachwind erosion transportmode (creep, saltation, and suspension)

under CT were higher (1.73, 1.41, and 1.35 times) than those under the NT

treatment. With less damage and greater protection of the surface soil, the NT

treatment was able to decrease the occurrence of wind erosion and influence

its outcome on farmland. Therefore, NT treatment should be encouraged as a

key initiative for the reduction of wind erosion of arable soil in the Chinese

Mollisol region.
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Introduction

Wind erosion is the movement of coarse and fine particles by

wind across a landscape (Jarrah et al., 2020) and involves three

transport processes: creep, saltation, and suspension (Cornelis,

2006). It is a global environmental problem faced by many

countries (Katra et al., 2016; Yildiz et al., 2017) and not only

causes serious on-site problems, such as a reduction in soil and

crop productivity, but also induces off-site problems (e.g., dust

storms) (Blanco and Lal, 2008). Furthermore, wind erosion

brings great harm to industrial and agricultural production.

Therefore, the measurement and prevention of wind erosion

are crucial for sustainable land use and environmental protection

(Uzun et al., 2020).

The Mollisol region in Northeast China possesses fertile and

productive soil and is the country’s ecological security base (Liu

et al., 2019). Due to highly intensive cultivation, irrational

farming, and improper land use practices in the short term,

the Mollisol region is easily eroded by rain, wind, freeze–thaw,

snowmelt runoff, and other external agents occurring in this

special geographical environment in Northeast China (Xie et al.,

2019). The arable land fertility of this region is currently

decreasing, which consequently threatens the grain production

and food security in Northeast China (Shen et al., 2020).

Numerous studies have focused on the underlying formation

mechanism, influential factors, and hazards of water erosion and

freeze-thaw erosion in this region (Jia et al., 2015; Yao et al., 2017;

Xu et al., 2018; Shen et al., 2020). However, the wind eroded area

in theMollisol zonemakes up 11.1% of the total area in Northeast

China (Chi et al., 2019). Large amounts of fine-grained soil and

its adsorbed organic matter are transported by wind erosion. This

severely damages the productivity of the land, resulting in bare

crop seeds following spring sowing and ultimately affects the

seeding emergence rate (Sharratt et al., 2018). Thus, the

agricultural production and ecological environment in the

arable Mollisol region are seriously threatened by wind

erosion, and consequently, exploring the characteristics of

wind erosion on arable land is crucial for the Mollisol region

in Northeast China.

As a widely promoted tillage treatment in Northeast China,

no-tillage (NT) has been the focus of much research. In

particular, NT is considered to have an important role in

retaining soil water (Sekaran et al., 2021), controlling soil and

water losses (Jia et al., 2019), improving soil structure, providing

nutrients (Wang et al., 2019b), reducing straw burning, and

protecting the ecological environment (Wang and Wang,

2022). Nevertheless, due to the constraints in the observation

methods and research techniques, studies on the wind erosion in

the arable Mollisol region in Northeast China are limited. Wind

erosion is typically measured via wind tunnel tests and field

measurements. More specifically, wind tunnel tests are employed

to explore the quantitative relationships of the wind erosion

influencing factors (Feizi et al., 2019). For example, Lyu et al.

(2021) determined wind speed as the initiating force of wind

erosion, with a positive correlation between wind speed and wind

erosion intensity. Soil moisture content in arable land is reported

to visually reflect the climatic state of the field and is negatively

correlated with the wind erosion rate (Shahabinejad et al., 2019).

Wassif et al. (2020) demonstrated the ability of strawmulching in

NT to effectively reduce wind erosion efficiency, with a wind-

induced soil erosion rate under NT observed to be 62.9% lower

than that with conventional tillage (CT). However, compared to

wind tunnel tests, field observations have the advantage of fully

revealing the entire wind erosion process on arable land. The key

influencing factors of wind erosion of arable land are a function

of climatic conditions and tillage practices (Hong et al., 2020).

These factors vary greatly across regions, and hence research on

the primary controlling factors of wind erosion and the

correlation between them is essential for the arable land in

the Mollisol region.

The research in the current study was performed in the

Mollisol region of Northeast China, a common experimental site

for water erosion (Chen et al., 2019a) and freeze-thaw erosion

(Chen et al., 2019b) under different tillage treatments. A revised

wind erosion sampler was created by our research group to

collect and measure soil particles by wind erosion, with specific

applicability in Northeast China (Yang, 2018; Chen et al., 2019c).

The principal aims of this study are to: 1) identify the wind

erosion characteristics under NT and CT in the arable Mollisol

region in Northeast China; and 2) analyze the factors influencing

wind erosion under different tillage treatments and the

correlation between them.

Materials and methods

Study site

The study site is located at the Hailun Monitoring and

Research Station of Soil and Water Conservation, Northeast

Institute of Geography and Agroecology, Chinese Academy of

Sciences, Heilongjiang Province (Figure 1). It is situated in the

center of the typical Mollisol zone within Northeast China

(47o23′ N, 126o51′ E; 240 m altitude) (Chen et al., 2019a).

The mean annual temperature is 1.5°C (34.7℉), and the mean

annual precipitation is approximately 530 mm, with 65%

occurring from June to August. Total annual solar radiation is

4600 MJ m−2, and annual available accumulated temperature

(≥10°C [50℉]) is 2,450°C (4,442℉). The soil is a loess-derived

fine, mixed, superactive Oxyaquic Haplocryoll with a light silty

clay texture, slightly acidic reaction, and 4.4% SOM (Table 1).

The soil classification information was obtained from Liu et al.

(2015) and the guidelines from the Key to Soil Taxonomy (Soil

Survey Staff, 2014).

Wind erosion occurs during high wind speed events. The

maximum wind speeds were measured in order to clarify the
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occurrence of high wind events from 2009 to 2018 occurring at

the study site (Figure 2). Approximately 7% of wind speed

observations exceed 14 m·s−1 from April to June. This period

corresponds to less rainfall and field coverage in the black soil

region of Northeast China compared to the rest of the year.

Therefore, the subsequent field observations were performed

from April to June.

Layout of the experiment

Experiments were performed under no-tillage (NT) and

conventional tillage (CT) treatments in the field during

2016–2018. The size of each experiment plot was 3.2 h m2.

For the NT treatment, all biomass (with the exception of the

harvested seeds) were cut and uniformly distributed across the

plot in autumn. No other soil tillage practices were

implemented. For the CT treatment, all aboveground

biomass was removed manually and ridged via rotary

tillage in the autumn. The field was ridged twice every

15 days after sowing (Chen et al., 2011).

Different field measurements were adopted to collect the

erodible particles based on the three wind erosion transport

modes, namely, creep, saltation, and suspension. In particular,

the large-sized particles (0.5–1 mm diameter) generally creep

with the rolling movement along the surface. Small-sized

particles (<0.1 mm diameter) are suspended in the air for a

long time, moving with the wind and subsequently falling slowly.

New small particles are constantly added, and these particles

move forward in a suspended state. Medium-sized particles

(0.1–0.5 mm diameter) break away from the surface and make

continuous leaping movements, denoted as saltation (Cornelis,

2006; Blanco and Lal, 2008; Avecilla et al., 2018). Based on the

existing research and current field situation in the study area

(Fryrear, 1986; Shao, 2001; Bagnold, 2012), we selected a set of

devices to collect and measure the soil particles under the three

transport forms (creep, saltation, and suspension) of the actual

wind erosion in the field (Figure 3).

FIGURE 1
Location of the study area.

TABLE 1 Basic physical–chemical properties in the study area.

Soil texture (%) Texture Bulk density (g/cm3) SOM (g/kg)

Sand Silt Clay

25.5 33.7 40.8 Loam clay 1.12 44.1
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The collection system for the wind erosion particles consists of

three subsystems (Yang, 2018). The suspension subsystem includes

one bucket (0.2 m height, 0.16 m diameter) and one bracing piece

(2 m height), and collects the deposition of suspended materials

(Figure 3-A-1). The creep subsystem contains one bucket (0.2 m

height, 0.16 m diameter, Figure 3-A-2), with the barrel mouth level

to the ground in order to increase accuracy (Bagnold, 1941; Liu et al.,

2014; Kang et al., 2017). The last collecting subsystem is the revised

Big Spring Number Eight (rBSNE) sampler for collecting materials

by saltation at five heights (0.2, 0.5, 1.0, 1.5, 2.0 m). This system is

based on the Big Spring Number Eight (BSNE) sampler (Figure 3A-

3). However, we altered the original internal baffle from a large pore

screen structure to a reverse louver baffle structure. Once air enters

the sampler, the air speed is reduced and the suspended soil particles

settle into the collection pan. A 60-mesh screen is used as the air

discharge channel. The louver baffle reduces the movement of

deposited soil particles, possibly increasing the loss of fine soil

particles from the top of the 60-mesh screen (Chen et al., 2019c).

Wind tunnel pretests reveal the retention efficiency of the soil

particles by the rBSNE sampler to be significantly higher than

that of the BSNE sampler under different wind speeds,

particularly for particle sizes less than 0.25 mm at wind speeds

FIGURE 2
Wind rose diagrams for January–March, April–June, July–September, and October–December during 2007–2018 in the study area.

FIGURE 3
Collection system for soil erosion used in this study. (A-1, A-2, and A-3 are the collection subsystems of soil particle by suspension, creep, and
saltation, respectively; (B) is the rBSNE sampler in the field).

Frontiers in Environmental Science frontiersin.org04

Chen et al. 10.3389/fenvs.2022.954004

84

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.954004


above 10 m·s−1 (Table 2). In addition, the rBSNE sampler has a tail

and can be freely rotated (Figure 3A-3). Thus, it can always be freely

rotated with the main wind direction and the entrance of the

sampler always directly facing the erosional wind direction.

The wind erosion measurements were repeated three times for

each tillage management. In order to avoid the influence of long

distance transport of wind erosion on the results, each collection

device was separated by a distance of 50 m. To further analyze the

relationship between soil, wind erosion, and environmental factors,

wemeasured soil water content, precipitation, and wind speed in the

field during the observation period.

Statistical analysis

All statistical analyses were performed using the SPSS 16.0

(SPSS Inc., USA). Independent sample t-tests were performed to

compare the retention rate of the material by the BSNE and

rBSNE samplers. The correlation between the total erodible

particles collected by the sampler, rainfall, average wind speed,

maximum wind speed, and soil water content was also evaluated

based on the linear correlation analysis. Differences were

considered significant based on Tukey’s multiple comparison

using a 0.05 level of probability. All data were expressed as

means.

Results

Characteristics of wind erosion in the field

Figure 4 presents the total amount of erodible particles

(creep, saltation, and suspension) for the NT and CT

treatments in Northeast China from April to June during

TABLE 2 Retention rate of soil particles (%) by the BSNE sampler and rBSNE samplers for different material sizes under different wind speeds.

Wind speed (m•s−1) The size of soil particles

0–0.075 mm 0.078–0.25 mm 0.25–0.5 mm 0.5–1 mm

BSNE rBSNE BSNE rBSNE BSNE rBSNE BSNE rBSNE

10 89.70B 98.40A 94.27B 98.57A 99.06A 99.17A 99.25A 99.35A

12 58.80B 94.70A 90.13B 97.63A 98.22A 98.52A 98.42A 98.66A

15 47.20B 88.30A 83.10B 96.20A 96.50B 98.10A 97.71A 98.18A

20 35.90B 83.50A 71.70B 92.50A 91.90B 95.70A 94.70B 97.20B

Different uppercase letters (A–B) indicate significant differences at p < 0.05 between the BSNE, and rBSNE, samplers.

FIGURE 4
Total erodible particles (creep, saltation, and suspension)
during 1st April to 1st June under different tillage treatments in
Northeast China by the rBSNE sampler (2016–2018).

FIGURE 5
Total erodible particles (saltation) by the rBSNE sampler at
different height (0.2, 0.5, 1.0, 1.5, and 2.0 m) from the ground
under different tillage during 1st April to 1st June in 2017.
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2016–2018. Wind erosion was mainly caused by creep (81.15%

and 84.07%, respectively), followed by saltation (18.30% and

15.51%, respectively), and suspension (0.55% and 0.42%,

respectively).

Erodible particles in saltation mode were collected at five

heights (0.2, 0.5, 1.0, 1.5, and 2.0 m) in the NT and CT treatments

(Figure 5). The most erodible particles were collected by the

sampler at 0.5 m height, with the NT and CT treatments

collecting 5.82 kg·m−2 and 6.93 kg·m−2 of erodible particles per

unit area, respectively. Above 0.5 m, the amount of erodible

particles collected by the sampler was observed to decrease with

increasing height.

Wind erosion under different tillage
treatments

NT and CT are currently the dominant tillage practices for

the Mollisol region in Northeast China. Our results reveal the

erodible particles of creep, saltation, and suspension under the

CT treatment to exceed those of the NT treatment by 1.73, 1.41,

and 1.35 times, respectively (Figure 4). Moreover, the amount of

erodible particles of saltation under the NT treatment was

significantly lower than that of the CT treatment within the

height range from the surface to 0.5 m (Figure 5).

Correlations between wind erosion and
other factors

Figure 6 depicts the wind erosion and environmental factors

observations in farmland from 2016 to 2018. The total daily

precipitation from April to June was determined as 34.4, 40.6,

and 51.6 mm, for 2016–2018, respectively. Due to the uncertainty

of natural conditions, the distribution of rainfall and wind varied

greatly from 2016 to 2018. The maximum wind speed from

2016 to 2018 ranged between 6.0-24.5 m·s−1, 6.4–23.1 m·s−1, and
4.0–12.3 m·s−1, respectively. The soil moisture content increased

with the increase in precipitation. Furthermore, more erodible

particles (creep, saltation, and suspension) were observed during

FIGURE 6
Rainfall, average wind speed, maximumwind speed, soil water content, and erodible particles (creep, saltation, and suspension) under different
tillage treatment over the period from 1st April to 1st June (2016–2018).
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periods of higher wind speeds and lower soil moisture content

(e.g., 1st to 13th April in 2016; third to fifth May in 2017; and

16th to 20th May in 2018), while the reverse was observed for

periods of lower wind speeds and higher soil moisture content

(e.g., second to sixth May in 2016; fifth to sixth May in 2017; and

15th to 21st April in 2018).

Table 3 reports the correlation between meteorological

factors, soil water content, and sand transport under different

tillage treatments. A significant positive correlation was observed

between the total erodible particles collected by the sampler and

both mean and maximum wind speeds under both the NT and

CT treatments. In addition, wind erosion under the CT treatment

exhibited a stronger relationship with rainfall and soil moisture

than under the NT treatment.

Discussion

Affected by wind erosion and tillage, large quantities of soil

particles are transported and lost from the surface of arable land

each year during spring cultivation. Our results indicate surface

creep as the major erosion type during the total transport of the

Mollisol region in Northeast China. This is in agreement with

Zobeck et al. (2003), who determined that creep transport

accounted for 40% of total wind erosion. However, other

studies have found saltation to be the dominant transport

form of wind erosion, with the potential to provide power for

creep and suspension (Martin and Kok, 2017; Liu and Bo, 2019).

Under natural environments, a gradual transition is observed

between the three erodible particles’ movement patterns, and

each transition mode is related to the surface shear stress and size

of the erodible particles (Zhang et al., 2021). In general, the

particle size cut-off points for suspension, saltation, and creep

wind erosion are approximately 100 and 500 μm (Fattahi et al.,

2020). Previous research has suggested that when erodible

particles gain momentum and change their resting state, the

majority experience creep motion prior to saltation (Jarrah et al.,

2020; Swann et al., 2020). As the creeping motion of the particles

continues, more particles collide with each other, leading to a

gradual increase in the energy of some erodible particles. The

particles move faster than their wind-up velocity, inducing the

saltation motion of some of the small particles (Andreotti et al.,

2002; Pähtz et al., 2020). In addition, erodible particles moving

under saltation can continuously strike up fine particles during

wind erosion, which are blown away in the form of suspension

under high winds, eventually falling back to the land surface

(Kheirabadi et al., 2018). Small diameter (<100 μm), long

transport distances, and prolonged suspension of erodible

particles under suspension can complicate the monitoring and

collection of suspension, resulting in sand transport rates from

suspension often being neglected in wind erosion field studies

(Jarrah et al., 2020). Similar to many studies, only a small number

of erodible particles under suspension was observed at the height

of 2 m in our results. In addition, clear differences were observed

in the number of erodible particles under saltation between

heights (Figure 5). The vertical distribution of erodible

particles under saltation is influenced by two major factors,

namely, the wind speed and the number of erodible particles

(Yang et al., 2019). A large number of erodible particles were

observed in the soil surface layer. The high roughness value of the

surface layer slowed down the wind speed at this layer, and thus

there was not enough power to carry the erodible particles out of

the farmland surface. This agrees with Yang et al. (2019), who

suggested that the high roughness value of the surface layer

TABLE 3 Correlation between the total erodible particles collected by the sampler (TMC, kg·m−2), rainfall (RF, mm), average wind speed (AWS, m·s−1),
maximum wind speed (MWS, m·s−1), and soil water content (SWC, %) in NT and CT.

Tillage treatment Correlation index

NT TMC (kg·m−2) RF (mm) AWS (m·s−1) MWS (m·s−1) SWC (%)

TMC (kg·m−2) 1 0.164 0.416** 0.427** −0.185

RF (mm) 1 0.166 −0.115 0.523*

AWS (m·s−1) 1 0.537** −0.061

MWS (m·s−1) 1 −0.298

SWC (%) 1

CT TMC (kg·m−2) RF (mm) AWS (m·s−1) MWS (m·s−1) SWC (%)

TMC (kg·m−2) 1 0.198 0.382** 0.326** −0.203

RF (mm) 1 0.166 −0.115 0.591*

AWS (m·s−1) 1 0.537** −0.054

MWS (m·s−1) 1 −0.296

SWC (%) 1

* indicates a significant correlation (p < 0.05); ** indicates a very significant correlation (p < 0.01).
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relative to other heights slowed down the wind speed and makes

it less likely to erode particles, resulting in fewer erodible particles

in the near-surface airflow relative to other heights in the vertical

profile. The complex and microscopic exchanges of erodible

particles and airflow increase with height (Tan et al., 2014).

The current literature has not reached a consensus on the

erodible particle distribution in the vertical profile of the

saltation layers. Li et al. (2008) determined a relationship

between the transport flux of erodible particles and the sand

grain diameter from the soil surface to 20 cm height. The authors

demonstrated that for erodible particles with diameters greater

than 355 μm, the particle mass decreases with height according to

a power law; otherwise, the mass decreases exponentially with

height. Thus, the erodible particles must overcome the effects of

gravity in order to maintain the mass in the saltation layer

vertical profiles. Yang et al. (2019) identified a turning point

for the vertical profile distribution of erodible particles. However,

the number of erodible particles was observed to decrease,

reducing the materials collected by the sampler. The launch

velocities of erodible particles vary with their size (Li and

Zhou, 2007), and thus the aeolian sand movement of the

saltation layer fluctuates. This phenomenon is complex during

the process of wind erosion. Our results are consistent with the

work of Jia et al. (2015), who determined the wind erosion height

of the wind-sand flow during wind erosion in black soil to be

within 60 cm. This may be attributed to the similar grain-size

fraction observed in both studies.

Different tillage treatments can produce highly variable

results in terms of the wind erosion degree of agricultural

soils. Our results agree with Xiao et al. (2021), who

demonstrated that the sand transport of farmland under

NT was significantly smaller than that under CT.

Mozaffari et al. (2021) also reported wind erosion of tilled

farmland to be more severe than untilled farmland, with the

wind erosion rate of farmland soils exhibiting a decreasing

trend as the no-tillage treatment duration increased.

Agricultural soils affected by wind erosion can form a

rough surface layer. When this occurs, the tillage

treatment of the farmland can be a key factor influencing

the further development of wind erosion. The NT treatment

was observed to exert less damage to the surface soil. The

surface stubble and crop straw mulch of NT may play a

protective role on the surface, improving the surface

aerodynamic roughness and weakening surface wind

erosion (Asensio et al., 2015; Wang et al., 2019a). In

addition, crop straw can effectively slow down soil

evaporation, maintain soil moisture and increase the soil

compactness, which is conducive to increasing the initial

wind speed of eroded particles on the surface and

strengthening the resistance of the soil surface to wind

erosion (Shojaei et al., 2019; Xiao et al., 2021). However,

the CT treatment requires frequent tilling of the surface layer

of the farmland, which can create a ridge-like undulating

terrain in the farmland and cause greater damage to the

surface layer of the farmland soil. Thus, the CT treatment

may increase the roughness of the soil surface, changing the

airflow field structure and significantly affecting the

magnitude and distribution of airflow-soil surface

interaction forces (Yang et al., 2020; Carretta et al., 2021).

Furthermore, the soil surface layer induced damage as the

tillage process may have provided more erodible soil particles

for wind erosion, promoting the occurrence of wind erosion

on farmland and ultimately influencing the outcome of wind

erosion on farmland (Labiadh, 2017; Pi et al., 2021). Thus,

tillage treatment is a key anthropogenic influencing factor on

wind erosion. The black soil region of Northeast China is an

important commodity grain production base and its output is

fundamental in ensuring national food security (Shen et al.,

2020). As the tillage treatment is one of the most important

factors affecting crop yield (Wang et al., 2019a), our research

group also measured the annual output of the NT and CT

treatments investigated in the current study. In particular, the

yield from corn planted in 2018 under NT and CT was

determined as 9,000 kg·hm−2 and 10,000 kg·hm−2,

respectively. Although the crop yield of NT was lower than

that of CT, which started in the year of 2007, the prevention

effect of NT on wind erosion must be considered. Moreover,

our research group also observed higher yields under NT

compared to CT in the arable Mollisol region of Northeast

China following 13 years of NT treatment (Guo et al., 2021).

Therefore, NT can be potentially applied to enhance crop

yield and effectively prevent wind erosion in the Mollisol

region of Northeast China.

Zhang et al. (2019) determined wind erosion to be a result

of a combination of factors. Our results suggest natural (wind

speed and precipitation) and human (tillage management)

factors to be the main influences behind wind erosion in

arable land (Figure 6). We observed that the number of

erodible particles on farmland increases with wind speed

(e.g., 16th to 20th May in 2017 and 20th to 25th April in

2018) and decreases with increasing rainfall (e.g., 4th to 7th

May in 2017 and 4th to 16th April in 2018). This has been

confirmed in previous literature, whereby the amount of

material accumulated each year by wind erosion was

closely related to the wind speed and the rainfall amount

in a given year (Pierre et al., 2018; de Oro et al., 2019; Pi et al.,

2021). The soil particles begin to move when the wind speed is

greater than the maximum threshold of frictional velocity

between the soil particles and the surface of the farmland

(Bergametti et al., 2016).

In addition to wind speed, differences in soil water content

are also a major factor influencing wind erosion on

agricultural soils. Our results reveal rainfall and soil

moisture content to be maximized from 7 to 9 May in

2017 and from 19th to 21st April in 2018, corresponding to

relatively lower levels of wind erosion (Figures 6b, Figures 6c).
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This agrees with the work of Uzun et al. (2017), who

reported the force required to separate soil particles to be

greater at higher soil moisture content under the action of

water in the film between the soil particles. Under wet

conditions, the tension between water molecules and soil

particles in the soil increases the cohesion between the

particles, and thus an increase in soil moisture content

enhances the cohesion and agglomeration of the soil,

which ultimately increases the starting wind speed of the

soil (Yuge and Anan, 2019; Wang et al., 2021). Therefore,

when soil moisture content is high, it is difficult for soil

particles to move even if the wind reaches the starting wind

speed of the soil particles.

Conclusion

In the current study, we measured the three transport

modes of wind erosion (i.e., creep, saltation, and suspension)

under NT and CT on the arable Mollisol region in Northeast

China during the years 2016–2018. The results identify creep

as the dominant transport mode of wind erosion in the study

region, causing 81.15% and 84.07% of the entire wind erosion

under the NT and CT treatments. The most erodible particles

by saltation were collected at 0.5 m above the ground (when

comparing heights from 0.2 to 2 m). These observations can

help our team to implement future prevention programs for

the wind erosion of the arable Mollisol region in Northeast

China.

Our results also reveal wind erosion on agricultural land to

be influenced by tillage practices, rainfall, wind speed, and soil

moisture content. We found a significant (p ≤ 0.05) positive

correlation between the total erodible particles collected by

the sampler and both maximum and average wind speeds in

the study area. Compared to the CT treatment, the NT

treatment was more effective in reducing the erodible

particles of creep and saltation in the surface soil of the

cropland. This indicates the ability of mulching straw to

effectively reduce wind erosion near arable soil surfaces. As

the CT treatment lacked soil surface cover, wind erosion

under the CT treatment was more susceptible to rainfall

and soil moisture than that under the NT treatment. This

may increase the occurrence of soil erosion on farmland.

This work concludes that the use of NT treatment can reduce

soil loss by wind erosion on the farmland of Mollisols in

Northeast China.
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Silicon (Si) is considered a beneficial element in plant nutrition, but its importance

on ecosystems goes far beyond that. Various forms of silicon are found in soils, of

which the phytogenic pool plays a decisive role due to its good availability. This Si

returns to the soil through the decomposition of plant residues, where they then

participate in the further cycle as biogenic amorphous silica (bASi) or so-called

phytoliths. These have a high affinity for water, so that the water holding capacity

and water availability of soils can be increased even by small amounts of ASi.

Agricultural land is a considerable global dust source, and dust samples from arable

land have shown in cloud formation experiments a several times higher ice

nucleation activity than pure mineral dust. Here, particle sizes in the particulate

matter fractions (PM) are important, which can travel long distances and reach high

altitudes in the atmosphere. Based on this, the research question was whether

phytoliths could be detected in PM samples fromwind erosion events, what are the

main particle sizes of phytoliths and whether an initial quantification was possible.

Measurements of PM concentrationswere carried out at a wind erosionmeasuring

field in the province La Pampa, Argentina. PM were sampled during five erosion

events with Environmental Dust Monitors (EDM). After counting and classifying all

particles with diameters between 0.3 and 32 µm in the EDMs, they are collected on

filters. The filters were analyzed by Scanning Electron Microscopy and Energy

Dispersive X-Ray analysis (SEM-EDX) to investigate single or ensembles of particles

regarding composition and possible origins.

The analyses showed up to 8.3 per cent being phytoliths in the emitted dust and

up to 25 per cent of organic origin. Particles of organic origin are mostly in the

coarse dust fraction, whereas phytoliths are predominately transported in the

finer dust fractions. Since phytoliths are both an important source of Si as a plant

nutrient and are also involved in soil C fixation, their losses from arable land via

dust emissions should be considered and its specific influence on atmospheric

processes should be studied in detail in the future.
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Introduction

Wind erosion is an important process contributing to soil

formation and soil degradation in arid and semi-arid

environments. Related dust emissions cause the loss of the

most valuable parts of a soil, which not only reduce soil

fertility but also influence physical and chemical processes

in the atmosphere or remote deposition regions. About

2000 Mt of dust are emitted each year into the atmosphere,

of which ¾ are deposited on land surfaces and ¼ on the oceans

(Shao et al., 2011). Dust depositions may have an important

role in the nutrient cycle of natural ecosystems or low input

agriculture as shown from the Amazonas forests (Swap et al.,

1992; Kaufmann et al., 2005; Koren et al., 2006) to the Sudan-

Sahelian Zone (Jahn 1995; Stahr et al., 1996; Goudie and

Middleton 2001). Dust depositions on the oceans activate

the phytoplankton growth, which has a direct impact on

the global carbon cycle and carbon sequestration as well, as

stated by the “Iron hypothesis” of Martin and Fitzwater 1988

and the “Silica hypothesis” of Harrison 2000. Consequently,

there is a close relationship between the cycles of dust

(D-cycle), carbon (C-cycle) and energy (E-cycle) in the

global context (Shao et al., 2011). In longer time-scales,

dust has also modifying influences on the climate

(Martínez-Garzia et al., 2011).

The sorting processes during a wind erosion event on

agriculturally used soils are noticed most clearly in their

physical effects, but have also consequences on the chemical

composition of the dust and the depositions at the field site. Size,

shape and density of single particles or aggregates are the

determining criteria for their spread in the atmosphere and

finally their transport distances. The contents of soil organic

carbon (SOC) and nutrients in the dust fraction have been found

to be many times greater than in the original soil. Iturri et al.

(2017) found enrichment factors of about five for SOC in the

PM10 fraction of the eroded material and Webb et al. (2012)

reported factors up to seven for Australian dust. Also the nutrient

contents of dust are greater with significant higher available P,

organic matter and clay contents (Ramsperger et al., 1998; Iturri

et al. 2021). Buschiazzo et al. (2007) have measured enrichment

factors of two–five for nitrogen and of 1.5–eight for phosphorus

for dust transported in 0.13 and 1.5 m height respectively.

Measurements in Niger by Sterk et al. (1996) showed 17-times

higher contents of K, C, N and P of the dust, trapped in a height

of 2 m, than of the topsoil. Nerger et al. (2017) showed a general

relationship between the measurement height and the

enrichment ratio by summarizing results of different authors.

Due to the low net primary production of most regions affected

by wind erosion, removed nutrients and carbon can be regarded

as irretrievable loss at the eroded site (Yan et al., 2005). Even at

the landscape scale these losses are not balanced, because the

finer and lighter fractions are transported over long distances and

the depositions are spread at much larger areas than the eroded

sites.

In addition to the well-studied macronutrients, more of the

so-called beneficial elements have recently become into the focus

of investigation. One of these elements is silicon (Si), which has a

yield-stabilizing effect by increasing resistance to abiotic

(drought, nutrient deficiency, metal toxicities) and biotic

(fungal diseases, parasite infestation) stress factors, as well as

providing culm stability in cereals and other grasses (Epstein,

1999). On a global scale, the Si budget affects the carbon cycle

because CO2 is consumed during silicate weathering (Amelung

et al., 2018; Qi et al., 2020). Si is available for plants only as

monomeric orthosilicic acid (Si(OH4)), which is obtainable in

soils from phytoliths. Phytoliths are amorphous silica particles

embedded in plant tissues (biominerals), that remain in soils after

decomposition of died plants or fallen leaves (Fernández

Honaine et al., 2006). In soils, phytoliths may be found either

within individual plant fragments or in the soil mass. The

phytolith content varies in the soil horizons between 0.01 and

3% (Schaller et al., 2021) and is increased in the topsoil (Kaczorek

et al., 2018). The size of the phytoliths varies from a few 100 nm

up to 1 mm. The greatest importance of the phytoliths found in

the soils seems to be attributed to the smallest phytogenic

structures (d < 5 µm). So, they are exactly in a size that

makes them susceptible to become part of the suspended dust

fraction once they are released from a soil by wind erosion.

Latorre et al. (2012) described as first airborne phytoliths in dust

in Argentina, whose concentrations are related to agricultural

activities and dry weather conditions. The months with higher

phytolith concentrations in the air coincided with periods when

the soils were not covered with vegetation or when the soils were

prepared for sowing. The aeolian release of phytoliths by

agricultural activities or by wind erosion would not only

reduce the silica content in the soil, but also cause possible

undesirable inputs into other biotopes (e.g. eutrophication in

water bodies, fertilization of the oceans). Even a small change in

the silica content of a few percent would have considerable effects

on the soil water holding capacity and so the plant-available

water finally (Schaller et al., 2021). Thus, Si - losses in the form of

phytoliths also represent a loss of soil quality that is worth

investigating in more detail.

On the other hand, it has been demonstrated that dust from

arable land has a much higher ice nucleation activity in the

atmosphere compared to mineral dust (Conen and Leifeld 2014;

Steinke et al., 2016). What causes this higher activity in detail is

not yet clear, since soil dust consists of a large number of
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components (Steinke et al. 2020). The high water absorption

capacity of amorphous silica, to which the phytolites belong,

could be a first hint that they might be involved in these

processes.

Nevertheless, dust is a mixture of single or composed

particles different in size, shape and density, and mineral or

organic origin. Available measurement methods either examine a

small portion of the airflow very accurately, or collect larger

amounts of dust without examining it. Optical particle counters

use light scattering to detect single particles passing a laser beam

and count and classify all particles over certain ranges. They

cannot be used to distinguish other important properties as the

origin (mineral or organic), the composition (single or

composed) or the huge variety of different shapes. Another

disadvantage of event-based dust measurements is the often

very small quantities that can be collected despite relatively

high concentrations in the air. This means that methods that

separate certain components from the total load cannot be used

and the sample must be analyzed in its entirety. Scanning

electron microscopy (SEM) can help to provide additional

information about composition and properties of dust

particles from samples of low quantities (Hinz et al., 1998;

Edgerton et al., 2009; Tolis et al., 2014). Most studies were

focused on specific components or elements in the dust, as

soot, heavy metals or the mineral and microbiological

composition for air quality reasons or source identification

(Twiss et al. 1969; Falkovich et al., 2001; Tervahattu et al.,

2004; Ramirez-Leal et al., 2014; Rout et al., 2014). Although

phytoliths show a great variety of forms and surface structures,

nomenclatures are available for their determination, in which

they are described in detail (Gallego and Distel 2004; ICPT 2019),

so that an identification by SEM should be possible.

Based on these already proven or suspected effects of

phytoliths, the aim of our investigations was whether

phytoliths could be detected in PM samples from wind

erosion measurements at a field site, what are the main

particle sizes of phytoliths and whether an initial

quantification was possible, at least in a relative way.

Materials and methods

Site description

Wind, wind erosion and dust emissions were measured on a

measuring field at the experimental Station of the National

Institute for Agricultural Technology (INTA) in Anguil

(63.9885°W and 36.577°S) in the Northeastern part of the

province La Pampa. The measuring field was orientated along

the main wind directions (N—S and S—N) with a size of 1.44 ha

(240 × 60 m) and lies within other agricultural land. It was

surrounded by pastureland in its immediate vicinity, so a direct

input of saltating soil material from the adjacent fields could be

excluded. Before the measuring campaign the field was tilled with

a disc harrow to remove all vegetation cover. We made sure that

the initial conditions at the beginning of the measurements were

comparable. Tillage was done three times, before the

measurements in August, in September and in November/

December. The same tillage tool each time produced

comparable roughness. The meteorological conditions led to a

rapid drying of the soil surface after 1–2 days each time, so that

the initial conditions of the measurements within this time span

were similar.

The soils in this region developed from aeolian deposits of

Holocene origin and are classified as Typic Ustipsamment with a

sand content of 76%, a silt content of 17%, a clay content of 7%,

and a carbon content of about 1.5%. The texture class is loamy

sand resulting in a medium to high susceptibility to wind erosion.

Despite the fairly balanced susceptibility to wind erosion derived

from the soil data, there were a strong spatial differentiation in

the transport processes due to low terrain structures, so that areas

of soil erosion and deposition could be detected at the field

immediately adjacent to each other (Siegmund et al., 2018).

Four Environmental Dust Monitors (EDM) were used to

measure dust concentrations at heights of 1 and 4m at two

positions, two EDM164 and two EDM107 (GRIMM Aerosol

Technique GmbH) (Figure 1). The EDM164 include All-in-One-

weather stations (WS500-UMB, Lufft Mess-und Regeltechnik

GmbH) to measure simultaneously wind velocity, wind direction,

air temperature, air pressure and air humidity. Both positions were

placed 40m away from the field boundary on the longitudinal

centerline, so we could define always one position representative

for the incoming air and the other one for the outgoing air (Siegmund

et al., 2022). The EDMmeasures the particle number concentrations

for particles between 0.25 and 32 µm in diameter in 31 classes and the

dust mass concentration of the fractions PM10, PM2.5 and PM1.0. Air

and dust are aspirated in a rate of 1.2 Lmin−1 and analyzed in an

optical cell. Then the air is sucked through a PTFE filter with a

diameter of 47mmand apore size of 1.5 µm, onwhich all particles are

collected. After eachwind erosion event the filterswere changed. Since

the air stream does not hit the filter concentrically, but close to the

edge, this results in an uneven covering of the filter with particles. On

the one hand, this affects the density of cover, but on the other hand,

sorting also already takes place, since the coarser fractions settle close

to the inlet and the finer fractions are distributed over the entire

surface of the filter. Therefore we always choose two sections from

each filter for our analyses, one from the immediate vicinity of the

inflow and one that is opposite from the inlet with the largest distance.

Our results presented in this study are based on six erosion events that

occurred between August to December 2016 (Table 1). For the EDM,

a relative humidity of <60% is specified as an operation limit.

Otherwise, moisture-induced aggregation of the individual particles

may occur. All measurements were below this value; on 12/12/

2022 the air humidity was even <20%.
These erosion events were already the basis of other

investigations. Details regarding the spatial variability of the
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transport processes at the field, the horizontal and vertical fluxes

of the dust fractions and the influence of wind fluctuations on the

dust concentrations can be found in Siegmund et al., 2018,

Siegmund et al., 2022a and Siegmund et al., 2022b.

Scanning ElectronMicroscopy und Energy
Dispersive X-ray analysis

Scanning electron microscopy (SEM, ZEISS EVO MA10)

and Energy Dispersive X-Ray analysis (EDX, Bruker XFlash

Nano 5010) were used to investigate the sampled dust on the

filters regarding its size distributions in forms of singular

particles or as part of aggregations. The filters of the EDM

from 1 to 4 m height, at the windward and leeward site and of

each event were analyzed separately by cutting out parts of

the filters or by picking up the dust from the filters with

adhesive stubs. The coarse particles had to picked up mainly

with the stubs, because they could become released in the

SEM due to the electrical charge. All samples were coated

with Au/Pd to make the sample surface conductive for better

resolution.

TABLE 1 Description of the erosion events of this study.

Date Start-
end
of event
hh:mm

u >
6 m
s−1

(hh:
mm)

Wind
direction

Mean
wind
velocity
(m s−1)

Wind
force
integrala

EFb DASc Soil
loss
kg ha−1

08/26/
2016

09:52–15:10 04:47 SSW 8.0 23,049 n.d n.d 244

09/13/
2016

09:25–15:39 06:14 SSW 9.6 119,559 52 74 408

11/18/
2016

09:20–14:40 04:51 N 8.1 39,510 60 71 -11

11/21/
2016

10:50–17:40 06:03 SSE 7.1 34,154 54 81 3

12/04/
2016

10:16–19:10 06:41 NNE 8.5 75,120 61 67 24

12/12/
2016

14:52–19:10 04:14 WSW 8.6 56,630 60 69 443

abased on the equation to calculate the transport capacity of the wind with WFI = ∑((u-ut)u2), for ut > 6 m s-1.
berodible fraction estimated by sieving through 0.84 mm mesh.
cdry aggregate stability calculated following Skidmore et al. (1994).

TABLE 2 Results of the visual analyses of filter loadings by particle counting.

Date Total counted
particles

Number of
phytoliths

Number of
particles with
biological origin

Per cent
of phytoliths

Per cent
of particles
with biological
origin

08/26/2016 IN 511 25 69 4.9 13.5

08/26/2016 OUT 523 31 87 5.9 16.6

09/13/2016 IN 1,210 53 183 4.4 15.1

09/13/2016 OUT 1,171 132 133 11.3 11.4

11/18/2016 IN 1860 155 452 8.3 24.3

11/18/2016 OUT 673 56 136 8.3 20.2

11/21/2016 IN 709 10 7 1.4 1.0

11/21/2016 OUT 1,414 47 3 3.3 0.2

12/04/2016 IN 211 16 0 7.6 0.0

12/04/2016 OUT 550 13 1 2.4 0.2

12/12/2016 IN 493 23 0 4.7 0.0

12/12/2016 OUT 778 170 0 21.9 0.0
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The classification was done visually by checking size and

composition of the trapped particles. Image segments were

selected that contained approximately 500 particles. After we

could determine that a considerable part of the particles

consisted of phytoliths, we compared identified phytoliths

in the SEM images with similar already described

morphotypes. For this purpose, the International Code for

Phytolith Nomenclature (ICPN) 2.0 was used, which classifies

opal phytoliths into 19 morphotypes defined by shape, size

and surface ornamentation (Neumann et al., 2019). The

particles identified as phytoliths were counted and set in

proportion to the total number of particles of the image

section. A distinction between the individual morphotypes

was not made. Subsequently, single particles and image

sections were analyzed by EDX, where matches with the

visual analysis were checked.

Results and discussion

Generally the dust sampled at all days with wind erosion

events shows great differences in the particle sizes and the

particle composition. The EDM collected particles in a very

wide size range, from diameters >100 µm to the sub-micron

range of <1 µm in rounded, angular or elongated shapes. The

number of particles increase exponentially with decreasing

diameters. Particles of the PM10 -fraction were mostly below

numbers of 10, while the EDM counted tens of thousands of

particles of the 0.25 µm -fraction, which ultimately

contribute little to the total mass. Thus, the comparative

visual assessment can only be made within a size class by

comparing the proportions of particles of approximately the

same size. This is advantageously supported by the sorting

processes during wind erosion. The particle size

distributions of the filter loadings clearly reflect the

different measurement heights. The larger particles with

diameters around 100 μm, which are even outside the

measuring range of the EDM of 0.25–32 μm, were

predominantly transported in 1 m height (Figure 2, left).

They are clear components of the saltation and short term

suspension transport modes. At 4 m we could hardly find

them on the filters and the particle sizes are smaller by one

order of magnitude and more homogeneous (Figure 2, right).

The differences in the concentrations of the different PM

fractions are also reflected on the filter loading.

A closer look at the particles on the filters showed that a large

part of them were of biological origin or possibly phytoliths. This

was not surprisingly, since our measuring field was surrounded

by other agricultural used areas, including pasture, reduced and

conventional tilled fields, and the soils in La Pampa have

developed under forest and grass steppes. Thus, the separate

consideration of our pictures under this aspect was obvious.

Table 2 summarizes the results of the visual analyses counting

particles on the filters of the six erosion events.

It is noticeable that in the first three events the proportion of

organic components is considerably higher than in the last three

events. The proportion of phytoliths also tends to be lower. This

can be explained by the fact that these three erosion events were

always the first erosion events immediately following a tillage

operation. These were carried out to remove vegetation at the

plot and create a susceptible surface by breaking crusts. The last

tillage occurred on 11/17/2016, and due to the persistently dry

weather, no further tillage was necessary. The following erosion

events consequently occurred on an already depleted soil surface,

where especially the most easily erodible components were

removed. These effect was also shown by Münch et al. (2022),

who could prove that especially fresh applied or only slightly

decomposed organic matter will be blown out by the wind at first.

As wind erosion is also a sorting process, its occurrence

results in different particle size distributions of the eroded

material in comparison to the original soil. Our studies show

for the three erosion events with the initial field conditions,

FIGURE 1
Setup of the dust measurements at the field site, arrows mark the wind directions of the regarded erosion events.
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that there were differences in the composition between the

coarse and fine fractions of the particulate matter. In the

coarser fraction, particles of organic origin, as plant residues

or residues in its early stage of decomposition, were more

prevalent, while phytoliths were significantly less

represented. In the finer fractions, the phytoliths were in

the majority or at least at the same level (Figure 3, Figure 4).

The proportion of phytoliths corresponds to those of other

authors and ranges from 3 to 8.5% in the coarse particle

fractions and from 10 to 31% in the fine particle fractions.

This leads to a relative enrichment of the organic matter in

the coarse dust fraction, since the sorting takes place only by

aerodynamics of the very diverse shaped or composed

particles. Thus, the enrichment of organic matter in the

dust can be derived predominantly from the shift in size

composition between organic and mineral particles.

Phytoliths are much more similar to mineral particles in

shape and density and are therefore subject to the same

sorting and transport mechanisms.

Latorre et al. (2012) already pointed out that the majority of

the windblown phytoliths in dust from the Pampean plains

could be derived from grass species or other plant communities

grown in the region, and that the highest concentrations could

be found during periods of increased agricultural activity and

bare soils. Thus, there should be a relationship between the

releasing processes, such as wind erosion or tillage, and the

amount of phytoliths. Since we had erosion events ranging from

weak to medium intensity on our measurement field, we

FIGURE 2
Overview of particles sampled on filters of the EDM in 1 m height (left, on an adhesive stub) and 4 m height (right, on a cut-out of the filter), scale
bars in the lower left corner.

FIGURE 3
Percentage of phytoliths (blue bars) and particles of organic origin (green bars) in the coarse and fine fractions of the dust.
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combined the data from the wind erosion measurements with

the phytolith estimation from the filters of each event. The

relationship between the measured soil losses of all wind

erosion events (Table 1) and the percentage of phytoliths in

the dust shows a tendency of increasing shares of phytoliths

with increasing soil losses (Figure 5). Thus, firstly an increasing

ratio between emitted particles and the proportion of phytoliths

can be derived and secondly it shows again that phytoliths are

effected by the same sorting processes as mineral particles,

because they are predominant in the finer dust fractions

together with mineral particles of the same size. So,

agriculturally used areas can be an important source for

airborne phytoliths in the PM fractions which are released

by wind erosion.

Since visual determination of the phytoliths in the total filter

loading is despite the inclusion of determination keys subject to

FIGURE 4
SEM images of the coarse and fine fractions of the sampled dust; left image shows big particles of organic origin, in the right image are phytoliths
marked with blue dots.

FIGURE 5
Percentage of phytoliths in the dust in dependence on wind erosion intensity.
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subjectivity, we used EDX to try to eliminate this as much as

possible, to identify more precisely the particles we refer to as

phytoliths. Since only visual clues could be used for the

phytolith classification, EDX can be used to validate these

analyses. Since minerals also contain silicon, other elements

must help to distinguish them from phytoliths. These can be

aluminum, iron or sodium, which can be clearly assigned to

mineral particles. Thus, in this case only one particle at the

lower right edge of this image can be identified as phytolite

origin by this exclusion method. Figure 6 shows an example of a

larger section of a filter, where we counted about 140 particles

and classified about 10% as phytoliths. Element mapping and

applying the same exclusion methodology shows a quite good

agreement between the classification and the verification. Thus,

the purely visual assignment of phytoliths via the morphotypes

can be considered sufficiently accurate. Problems arise mainly

with the very small particles. Here, unfortunately, the EDX does

not provide the same resolution as the SEM.

FIGURE 6
SEM and EDX analyses of a dust sample containing phytoliths.
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Conclusion

SEM analyses provide extremely detailed insights into

composition and shape diversity of dust samples. The

complex composition of dust particles sampled during

wind erosion events makes it difficult to assign them

certain properties. Although a large number of studies

have demonstrated an enrichment of organic matter as

well as essential elements in suspended PM, there is still

some uncertainty because a complete separation does not

occur. The enrichment of organic matter can be clearly

attributed to the shift in particle size composition after

aeolian sorting if mineral and organic particles are defined

by their aerodynamic diameter. Especially these larger

particles of biological origin are also the carriers of

mineral adhesions in the micro- and sub-micro scale. In

the reverse case, mineral particles are known to carry

“hitchhiking” microorganisms (Giongo et al., 2012; Favet

et al., 2013). Thus, the emitted dust always reflects the

diversity of properties of its origin and the special

properties of agricultural dust, such as the higher ice

nucleation activity, cannot be attributed to separated

particles.

In our investigations, we were also able to detect phytoliths in

the dust as well as their accumulation in the PM fractions. Since

we could not separate the phytoliths by appropriate

pretreatments, we had to identify them in the bulk sample. A

check by means of elemental analysis with EDX showed only

small deviations from our assignments, so we can conclude that

most of the phytoliths were recognized by their morphotypes.

Most recently, research has focused on silicon as being important

for soil water holding capacity and water availability in soils

(Schaller et al., 2020). The removal and transport by aeolian

processes could be proven with our investigations. Therefore,

particularly in the semi-arid arable areas, increased attention

should be paid to any possibility of improving the water

availability of the soils used there.
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