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Effects of multiple factors

on particle size selectivity

under artificial extreme rainfall
events on simulated Gobi surface

Liying Sun'2*{, Qingyuan Dai'? & Ziheng Feng'?

Understanding multiple-factor effects on particle size selectivity by extreme rainfall events in Ala-
Shan Gobi desert is of great significance for better estimation of potential Asian dust emission
sources. Artificial rainfall simulation experiments were used to investigate the particle size selectivity
characteristics by extreme rainfall events under different rainfall intensities (20 mm h=* and 40 mm
h1), slope gradients (3° and 15°) and gravel coverages (0, 30%, and 60%). Moreover, the relations

of clay content (Clc), silt content (Sic), fine particle (<50 pm) content (Fic) and enrichment ratio of
fine particles (ER_s,) with multiple factors were regressed and validated. Results show that rainfall
intensity significantly (P <0.05) affect runoff and sediment yield processes, but slope gradient was

a dominant factor that changed particle size distribution (PSD). The selectivity of fine particles was
higher at low rainfall intensity (20 mm h-?), gentle slope (3°) and moderate gravel coverage (30%),
with ER_;, reaching 6.14, which dominate the potential Asian dust emission sources. The interaction
were discussed and classified into ‘Synergy’ and ‘Trade-off". Clc and Fic showed negative exponential
relationship with rainfall intensity and slope gradient, but positive exponential relationship with
gravel coverage. While Sic and ER_;, showed negative power function relationship with rainfall
intensity, slope gradient and gravel coverage. These findings could help to understand the effects

of multiple factors on potential sources of Asian dust emission under extreme rainfall events in Gobi
region of northwestern China and provide basic science reference for the prediction of dust emission in
this region.

In China, Gobi desert or ‘desert with a gravel surface’ is mainly located in the northwestern arid region, with an
area of 72 x 10* km?"% Frequent occurring of sand or dust storms by wind erosion in northwestern China dam-
aged cultivated lands, constructions and traffic routes®. Long-range transportation of suspended dust storms by
westerly winds becomes a part of the global dust cycle, and has effect on biogeochemical cycles, solar radiation
balance and even sea-land materials in Northeastern Asia and distant North Pacific’*-'°. Gobi deserts of China
are recognized as major potential sources of dust emission in Central Asia®'"'2.

Previous investigations demonstrated that Gobi surface has strong resistance to wind erosion, and only
erodible fine particles (< 50 pm) could be possible sources of dust emission in Ala-Shan Gobi desert>'?. Despite
existing inconsistent opinions, particles sorted by rainfall or ephemeral streams are recognized as an important
potential source of these erodible fine particles'>""°. For example, Wang et al. indicated that one important source
of fine particles in Ala Shan Gobi desert is from water erosion processes by ephemeral streams. We also found
water erosion by rainfall in Ala Shan Gobi desert'>!¢.

Particle size selectivity is a natural phenomenon during erosion processes by rainfall and receives increasing
concerns due to its complexity’’~°. Different size fractions were found to be sorted by different mechanisms?*?!.
For example, finer particles (<50 um) with clay and silt composition are more likely to be eroded than coarser
ones and transported through suspension'®**-?*, In addition, coarser particles may increase with rainfall duration
and can be transported by bed-rolling?"**. In the context of global warming, it was reported that temperature in
northwestern China has increased 0.36 °C per decade, which is approximately triple of the global average*°.
Accordingly, precipitation in northwestern China showed an increasing trend with spatial difference?”. The
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frequency of the extreme precipitation also showed an increasing trend with the rising temperature. The extreme
rainfall event, with significant higher rainfall intensity than the history recorded, may occurs in the future with
higher frequency under climate change. Thus, it is necessary to understand the particle size selectivity processes
under the extreme rainfall events and their further effects on the potential sources of dust emission to provide
scientific reference for better projection of dust emission in the Gobi region in the future under high frequency
of extreme rainfall events.

Besides important influences of rainfall characteristics, other factors also impact size selectivity processes, like
original soil properties®*’, slope gradient®?!, soil surface coverage'”** and antecedent soil moisture?>**. Previous
investigations indicated that the composition of the eroded sediment would be similar to original soils in suf-
ficient erosion conditions?***. Fractions of silts were observed to show decreasing tendency with the increase of
slope gradient during rainfall experiments by Han et al.*2. However, an enrichment ratio of clay and silt fractions
showed no significant differences with variations of slope gradient in study by Vaezi et al.>!. The detachment of
different sediment fractions is severely affected by soil surface cover through its influences on hydrodynamics
of raindrop and overland flows". Koiter et al.* indicated interactions of slope gradients, vegetation cover and
antecedent soil moisture contents on the enrichment of fine particles (<63 pum) by interrill erosion.

Continuous pavement with gravel coverage is one of important surface properties in Gobi deserts, and grav-
els are ubiquitous in the Gobi desert with high spatial differences®'>*>. According to Zhang et al.”, the gravel
coverage ranged at 22-91% in northwestern China. However, the influences of these gravels on particle size
selectivity by extreme rainfall events in Gobi desert region were not well revealed, as well as the effects of other
influencing factors like rainfall intensity and slope gradient.

In this study, laboratory artificial rainfall experiments were conducted with soils collected from the Ala Shan
Gobi desert under extreme rainfall events with rainfall intensities (20 mm h™! and 40 mm h™") nearly 2 and 4
times of the history maximum rainfall intensity, two slope gradients (3° and 15°) and three gravel coverages (0,
30%, and 60%). Main objectives of this article are: (i) to analyze the effects of rainfall intensity, slope gradient
and gravel coverage on the characteristics of particle size selectivity induced by extreme rainfall events; (ii) to
understand interactions of multiple influencing factors on the particle size selectivity by extreme events. The
study is of significance to understand the effects of multiple factors on potential sources of Asian dust emission
under extreme rainfall events in Gobi region of northwestern China and provide basic scientific reference for
the prediction of dust emission in this region.

Materials and methods

Experimental soils

Experimental soils were collected from the western Ala-Shan Gobi desert of Inner Mongolia (42°01’ N, 101°22’
E) in China (Fig. 1). Samples were collected up to depth of 40 cm. Experimental soil samples were air dried
naturally to soil content at 2.70% and passed through a 2-mm sifter for the separation of soils and stones. Then
the stones were passed through a 10-mm sifter. The sieved soils (<2 mm) and stones (2-10 mm) were prepared
to simulate the Gobi surface for the artificial rainfall experiments. The tested clay (<2 um) content, silt (2-50
pm) content and sand (50-2000 um) content in the sieved is 2.72%, 9.73% and 87.56%, respectively. Besides, the
median particle diameter (ds,) of the sieved soil is 190 pm.
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Figure 1. Location of soil sampling site in the Ala Shan Gobi desert and the slope gradient distribution in Ejina
Qi County.
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Experimental equipment

Movable steel boxes (2 m x 1 m x 0.4 m; length x width x height) and the artificial simulated rainfall system (EL-
RS3/5) with Veejet 80,100 nozzels were used for laboratory simulation experiments at State Key Laboratory of
Earth Surface Processes and Resource Ecology, Beijing China. Homogeneity of rainfall intensity was ensured
at higher than 90%.

Experimental conditions

According to the global precipitation data (GPM (IMERG V06)), the rainfall intensity ranged at 0-133.91 mm
h™! with the time resolution of 30 min in the northwestern region of China in the past ten years (2012-2022).
The average annual rainfall amount (45 mm) and maximum rainfall intensity (9 mm h™') were recorded from
Guaizihu Meteorological Station (41°13'N, 102°22'E, 960 m a.s.L) nearest the sampling site. Considering the
increasing trend of both rainfall intensity and the frequency of the extreme rainfall events in the context of cli-
mate change®”?, the experimental rainfall intensities were set as 20 mm h™" and 40 mm h™! (nearly 2 times and
4 times of the history maximum rainfall intensity at Guaizihu Meteorological Station) to simulate the extreme
rainfall events in the field of the Ala Shan Gobi with the global warming. The rainfall duration was set at 60 min
for all artificial experiments.

According to the extraction data of slope distribution of sampling region by ArcGIS (10.3), the steep slope
gradient could reach 22°, despite 95.7% of the area with slope gradient less than 3° (Fig. 1). Thus, two slope
gradients (3° and 15°) were set for the indoor simulation experiments.

The actual gravel coverage in sampling site was reported to range from 18% to 43% in photographic analyses,
and 30% gravel coverage was a critical coverage in sediment transportation by wind in Ala Shan Gobi'2. Hence,
the gravel coverage was set at 0%, 30% and 60%, respectively. The setting of the experimental gravel coverage
indoor is based on relation of gravel coverage and gravel mass. As shown in Fig. 2, the well mixed experimental
gravels (2-10 mm) were weighed evenly spread on a 1m x 1m blue PVC plastic plate and photographed verti-
cally with an automatic optical camera (about 3 m above). After that, the photos were processed and categorized
by PHOTOSHOP software (2020) for the determination of gravel coverage on the surface. The relation of the
gravel coverage and gravel mass was established by multiple sets (5 sets with more than 3 times shoot for each
set) as shown in Eq. (1).

y = 10.55x — 0.038R? = 0.908 (1)

where, y is the gravel coverage (%) and x is the gravel mass (kg).

Experimental processes and measurements

Filling experimental soils

Firstly, soils were filled into movable boxes with permeable gauze at the bottom of the box to ensure water infil-
tration from holes at the bottom of the box for water infiltration. The filling of experimental soils is from bottom
to up by two layers with the soil bulk density controlling at 1.55 g cm™ for the lower-layer (10-20 cm) and at
1.45 g cm™ for the upper layer (0-10 cm). Then, the prepared stones (2-10 mm) were weighed according to the

Figure 2. Experimental gravel distribution on an 1m x 1m blue PVC plastic plate.
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relation of gravel coverage and gravel mass for the simulation of different gravel coverage (0%, 30% and 60%)
and spread evenly on the surface of the filled slope.

Experimental measurements

The whole experimental processes were recorded with video cameras for the determination of the erosion pro-
cesses. No rills were observed for all experiments. Runoff were measured by 16-L plastic buckets. Besides, 500-mL
plastic bottles were used to collect runoff samples at 3-min intervals for sediment concentration measurement by
the method of oven-drying (105 °C). A 100-mL glass baker was used to collect the runoff for the determination
of the particle size distribution (PSD) in the eroded sediment by the Malvern Mastersizer 2000 laser diffraction
device (Malvern Instruments Ltd.). All experiments were conducted with duplicate tests.

Data analysis

Particle size selectivity characterization

Three indicators were applied to characterize the particle size selectivity during the erosion process: (i) PSD;
(ii) the median particle diameter (d5); and (iii) the enrichment ratio of fine particles (ER_s,). PSD is further
classified into three grades, i.e., clay fraction (<2 um), silt fraction (2-50 pm) and sand fraction (50-2000 um).
The smaller ds, is in the eroded sediment, the finer sediment particles are eroded or transported®?. ER s, is used
to indicate the selective of clay and silt fractions during the erosion processes, which is calculated as the ratio of
fine particles (<50 pm) content in the eroded sediment to fine particles (<50 um) content in the original soil*.

Statistic analysis

The differences of PSD, d,, and ER_s, in the eroded sediment under different experimental conditions were
analyzed by Analysis of Variance (ANOVA) with the least significant difference (LSD) procedure at 95% confi-
dence (SPSS 26.0). Differences analysis of variables between two rainfall intensities and two slope gradients were
analyzed by the paired T-test. Multiple regression analysis (SPSS 26.0) was applied for the determination of the
relations between variables of particle size selectivity and multiple influencing factors. Furthermore, regression
equations were validated by the coefficient of determination (R*) and the Nash coeflicient (Eys) with a set of
independent data from duplicate experiments.

Interaction effects analysis

Multi-way analysis of variance by SPSS (26.0) was applied to determine whether the interactions of multiple fac-
tors have significant effects on the observed soil particle size selectivity variables at 95% confidence with P<0.05%.
The interactions of pairwise factors included rainfall intensity and slope gradient (RI-SG), rainfall intensity
and gravel coverage (RI-GC) and slope gradient and gravel coverage (SG-GC). Then the type of the interaction
effects by pairwise factors were classified into synergy effects and trade-off effects based on the contribution by
each single factor to the changes of variables (PSD, ds, and ER_5). Synergy effects mean that the single factor of
pairwise factors has identical contribution to variables (PSD, ds, and ER_;,), while trade-off effects mean that the
single factor of pairwise factors has the opposite contribution to variables (PSD, ds, and ER_s,).

Experimental results

Runoff and sediment yield under different experimental conditions

Runoff yield

The runoff rate first increased with rainfall duration and then kept stable under different experimental conditions
(Fig. 3), and this phenomenon is consistent with previous studies in the semi-arid region of northwestern China®.
Stable runoff time (SRy;,,) was determined when the changing rate of the runoff was less than 5%. As shown in
Table 1, runoff yield time (RT) ranged at 15.5-31.5 min and the mean runoff rate after stable (SR,,,,,,) ranged at
483.9-1087.9 mL min ™! under different experimental conditions. Both RT and SR;;,,,, showed significant (P<0.05)
decreasing trend but SR,,,.,,, showed significant (P <0.05) increasing trend with the increase of rainfall intensity.
However, these variables did not show significant differences with changes of slope gradient and gravel coverage.

Sediment yield

As shown in Fig. 4, sediment load showed higher variations on 3° slope than those on 15° slope. The mean sedi-
ment load (SL,,.,,) ranged at 38.8-62.1 g min~!, showing significant (P<0.05) increasing trend with the increase
of rainfall intensity and no significant (P <0.05) differences with changes of slope gradient and gravel coverage.

Changes of PSD in the eroded sediment under different experimental conditions

As shown in Fig. 5, PSD in the eroded sediment varied with the experimental conditions. The contents of clay,
silt and sand in the eroded sediment ranged at 2.1%-22.3%, 2.0%-43.2% and 30.0%-95.0%, respectively, under
different experimental conditions. The changes of different size fractions with rainfall duration showed higher
fluctuations at gentle slopes (3°; Fig. 5a—c), while kept stable at steeper slope (15°; Fig. 5d-f).

At gentle slopes (3°), clay and silt contents showed increasing trends with rainfall duration under 20 mmh},
whilst they first increased and then decreased with rainfall duration under 40 mm h™'. However, both rainfall
intensity and gravel coverage did not change the increasing trend of sand contents with rainfall duration at
gentle slopes (3°).

As shown in Table 2, silt content (Sic) after rainfall was significantly (P <0.05) higher than the original value
under different experimental conditions, the clay content (Clc) after rainfall was significantly (P<0.05) higher
than the original value except experimental conditions at 15° slope or at 0% coverage and the fine particle (<50
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Figure 3. Runoff rate changes with rainfall duration under different experimental conditions (RI is rainfall
intensity, SL is slope gradient, and GC is gravel coverage).

Experiment conditions SR,cn (mL min™) | SL,,,,, (min™!) | RT (min) SR,;,,,. (min)
20 | 483.9+45.3* 38.8+16.3* 32.5+2.3* 42.5+3.0°
Rainfall Intensity (mm h™')
40 |1087.9+88.6" 62.1+16.3" 155+£1.2° | 23.5+1.2°
3 782.6+313.8° 48.7+19.6* 23.0+8.8% 32.0+10.2°¢
Slope gradient (°)
15 | 789.2+361.0° 52.3+21.5° 25.0+10.0*° |34.0+11.0*
0 837.2+£367.0* 52.4+22.6* 24.0+104* |31.5+10.5*
Gravel coverage (%) 30 | 764.6+364.9* 52.2+22.7% 24.8+9.9? 34.5+12.1*
60 | 755.8+325.5* 46.9+19.3* 23.3+9.6* 33.0+10.7*

Table 1. Runoff and sediment characteristics under different experimental conditions. Different lowercase
letters represent significant (P <0.05) differences among variables under different experimental conditions;
SR,can is the mean runoff rate after stable runoff; SL,,,,, is the mean sediment load after stable runoff; RT is the
runoff yield time; SR, is the stable runoff time.
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um) content (Fic) after rainfall was significantly (P<0.05) higher than the original value except experimental
conditions at 0% coverage. The sand content (Sac) after rainfall was significantly (P <0.05) lower than the original
value under different experimental conditions.

Changes of d, in the eroded sediment under different experimental conditions
As shown in Fig. 6, mean ds, ranged at 7.61-806.09 pm and the mean peak value of ds; (dsgpea) ranged at
314.15-806.06 pm under different experimental conditions. The ds, only occurred at 30% gravel coverage
under rainfall intensity of 20 mm h™!, whilst the ds, showed great fluctuations and occurred peak values except
steep slope (15°) and moderate gravel coverage (30%) under rainfall intensity of 40 mm h™'. Compared with the
original value, ds, in the eroded sediment after rainfall event was significantly (P<0.05) lower under 20 mm h™',
but did not show significant (P<0.05) differences under 40 mm h™". In terms of the effects of different influencing
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Figure 4. Sediment yield changes with rainfall duration under different experimental conditions.

factors, ds, showed significant (P <0.05) increasing trend with the increase of rainfall intensity, but did not show
significant (P < 0.05) differences with variations of slope gradient and gravel coverage.

ER_;, under different experimental conditions

As shown in Fig. 7, ER_s, showed higher fluctuations (more than 50%) at gentle slopes (3°; Fig. 7a,c) than that at
steeper slopes (15° Fig. 7b,d). At gentle slopes (3°), ER_;, showed dramatic variations with rainfall duration and
gravel coverage, with the At 3° slopes, ER_;, showed increasing trend with rainfall duration under rainfall inten-
sity of 20 mm h™!, whilst ER_s, first increased and then decreased with rainfall duration under rainfall intensity
of 40 mm h™" At steep slopes (15°), ER_;, showed decreasing trend with rainfall duration under 40 mm h™!. At
gentle slopes (3°), ER s, ranged at 0.53-6.14 under 20 mm h™! and at 0.18-5.18 under 40 mm h™'. ER_s, showed
significant (P<0.05) decreasing trend with the increase of slope gradient, ranging at 1.43-3.17 under 20 mm
h™' and at 0.97-4.63 under 40 mm h™, respectively. In most experimental conditions (except 20 mm h™! and 3°,
0% gravel coverage), fine particles were enriched in the eroded sediment with ER_;,> 1 (Table 2). Specifically,
the selectivity of fine particles was higher at low rainfall intensity (20 mm h™?), gentle slope (3°) and moderate
gravel coverage (30%), with ER_s, reaching 6.14. ER_;, did not show significant (P <0.05) differences with the
variations of rainfall intensity and gravel coverage.

Discussion

Response of particle size selectivity to multiple factors

Rainfall intensity

Rainfall intensity played significant roles in runoff and sediment yield, as the mean runoff rate after stable (SR,,,.,,)

and the mean sediment load after stable (SL,,,,,) showed significant (P <0.05) differences with rainfall intensity,

but did not show significant differences with slope gradient and gravel coverage (Table 1). Clay content (Clc),

silt content (Sic) and fine particle (< 50 um; Fic) content showed significant (P< 0.05) differences before and after

rainfall events under different experiments (Table 2), which is consistent with results of previous studies'®?2-2%,
Although variables of Clc, Sic, Fic and ER_;, showed decreasing trend with the increase of rainfall intensity,

these variables did not show significant (P <0.05) differences with rainfall intensity. The sand content (Sac)

did not show significant differences with the rising rainfall intensity, however, ds, showed significant (P <0.05)
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Figure 5. Changes of PSD in the eroded sediment with rainfall duration under different experimental
conditions.

increasing trend when rainfall intensity increased from 20mm h™ to 40 mm h™". This is mainly due to the high
sand content of the experimental soil.

Slope Gradient
As shown in Table 1 and Figs. 3 and 4, slope gradient did not show significant (P <0.05) impacts on runoff and
sediment yields, as RT, SR,,,,, and SL,,,,, did not show significant (P <0.05) differences at different slope gradients.
This is different with the results of higher runoff and sediment yield at steeper slopes in previous studies in other
areas'®. As shown in Table 2, Clc, Slc, Fic and ER_;, were significantly (P<0.05) lower but Sac was significantly
(P<0.05) higher when slope gradient increased from 3° to 15°, which suggested that slope gradient was a domi-
nant factor that significantly (P<0.05) changed PSD. Fine particles are carried out in the runoff at gentle slope
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PSD
Fine Particle
Clay content/Clc (<2 | Silt content/Sic (2-50 | Sand content/Sac content/Fic (<50
Experiment Conditions um/%) um/%) (50-2000 pm/%) pnm/%) dso (um) Asopear (M) ER_5,
Origin value 2.7+0.74 9.7+2.7% 87.6%3.44 12.4+3.44 194743434 |- -
Rainfall Intensity (mm | 20 | 11.3+6.4% 26.2+8.9% 62.5+15.2% 37.5+15.2% 130.3+49.2% | 430.8+165.0° |3.0+1.2°
h™) 40 | 6.9+4.4% 19.9+7.8% 73.1+12.2% 26.9+12.2% 232.7+£83.9% |5734%105.1° |22+1.0°
3 [13.1%57% 28.6+9.2% 58.3+14.8% 41.8+14.8% 179.4+118.9% |580.3+136.5° |33+1.2*
Slope Gradient (°)
15 | 5.1+0.9% 17.5+2.1% 77.4+3.0% 22.6+3.0% 183.6+40.2% | 504.1+63.2° | 1.8+0.2°
0 6.3+4.5M 17.9+5.8% 75.8410.14 242+10.1% 221.6+1147% |593.4+82.8" | 1.9+0.8°
Gravel Coverage (%) |30 |10.4%6.2% 26.249.0% 63.5+15.2% 36.6%15.2% 151.7+15.5% | 447.6+120.2° | 2.9+1.2
60 |10.6+6.6™ 25.2+10.2% 64.2+16.8% 35.8+16.8% 1712+96.9% | 572.1+129.3° |29+1.3
Table 2. Differences of PSD, ds, and ER_, in the eroded sediment under experimental conditions. PSD is the
particle size distribution; ds, is the median particle diameter; dsg. is the peak value of the median particle;
ER_s, is the enrichment ratio of fine. Particles (<50 um);—represents no value; different capital letters show
significant differences of variables (PSD, dsg, dsgpeq) before and after rainfall events at P<0.05; different
lowercase letters show significant differences of variables (PSD, dsg, dsgpear» ER.50) under different experimental
conditions at P<0.05.
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Figure 6. Changes of ds, in the eroded sediment under different experimental conditions.

and coarse particles and small aggregates are transported with higher runoff kinetic energy at steeper slope gra-
dients and thus increases ds, on 15° slope..However, the content of fine particles is weaken with the aggregating
processes at steeper slopes*. Therefore, higher fine particle selectivity is shown at gentle slope (3°) with lower
runoff energy, which is consistent with the previous study*'.
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Figure 7. Changes of ER 5, in the eroded sediment under different experimental conditions.

Gravel coverage

Compared with bared surface (0% gravel coverage), fine particles (Clc, S, Fic) and ER_, showed insignificant
increasing trend under gravel coverage (30% and 60%). This suggested the insignificant increasing effects of gravel
coverage on fine particle selectivity. Slc and Fic showed highest values and ds, dsgpe. Showed lowest values under
gravel coverage of 30%, which suggested that 30% gravel coverage setting was the most important for sorting
and distribution of fine particles in runoff. Rainfall infiltration increases with the increase of gravel coverage,
and runoff rates decrease with increasing gravel coverage by dissipating water flow*>**, which further affects the
surface runoff and fine particle selectivity***. Thus, higher gravel coverage within a certain range can affect fine
particle selectivity more significantly.

Interaction effects of multiple factors on particle size selectivity

Pairwise factors of rainfall intensity and slope gradient (RI-SG) and pairwise factors of slope gradient and gravel

coverage (SG-GC) showed significant interaction effects on PSD, ds, and ER_s, but pairwise factors of rainfall

intensity and gravel coverage (RI-GC) did not show significant interaction effects on PSD, d;, and ER_;, (Table 3).
Specifically, the increase of both rainfall intensity and slope gradient could decrease Clc, Sic, Fic and ER_,

and increase Sac and ds. The synergy interaction effects of RI-SG resulted in the decline of Clc, Fic and ER_s),

Clay content (Clc) (<2 Silt content (Sic) (2-50 Sand content (Sac) Fine particle content (Fic)
Item um/%) um/%) (50-2000 pm/%) (<50 um/%) dsy ER_;,
Interaction Interaction Interaction Interaction Interaction Interaction
effects Trend effects Trend effects Trend effects Trend effects Trend effects Trend
RI-SG synergy decline | - - synergy rise synergy decline | synergy rise synergy decline
SG-GC | trade-oft decline | trade-off decline | trade-off rise trade-off decline | - - trade-off decline
Table 3. Interaction effects of multiple factors on PSD, ds, and ER_s,. PSD is particle size distribution; RI is
rainfall intensity; SG is slope gradient; GC is gravel coverage.
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Predicted values (%)

Predicted values (%)

25

and led to the rise of Sac and ds,. Steeper slopes and higher rainfall intensities increased runoff kinetic energy
and resulted in the less fine particle selectivity, which is consistent with previous studies!'®*>4%46,

Whilst, the increase of slope gradient decreased Clc, Sic, Fic and ER_s), however, these variables increased
when gravel coverage increased from 0 to 30% and 60%. The trade-off interactions of SG-GC resulted in the
decline of Clc, Sic, Fic and ER_s,. In contrast, the increase of slope gradient increased Sac, but Sac decreased
when gravel coverage increased from 0 to 30% and 60%. The trade-off interaction effects of SG-GCled to the rise
of Sac. These results also suggested the dominant roles of slope gradient on particle size selectivity by rainfall.

The relationship between fine particles selectivity and influencing factors
The relations between fine particles selectivity, including clay content (Clc), silt content (Sic), fine particle (<50
um) content (Fic) and ER_;, and influencing factors were regressed as Egs. (2-5).

Clc = 28.52¢~ 0024RI=0.095G+0.009GCR2 — () 880, F = 54.86,n = 11 (2)

Sic = 176.43RI7%%7 x §G704%6 « GC™0062R2 = 0.986, F = 1260.33,n = 10 (3)
Fic = 69.27¢ 0016RI—0.061SG+0.008GCR2 — 792 F = 49.42,n = 11 (4)
ER_s50 = 26.10RI7%3% x §G79%3% » GC™9BR2 = 0.995, F = 2525.56,n = 11 5)

where, RI is rainfall intensity, SG is slope gradient, and GC is gravel coverage.

Among them, Clc, Fic showed negative exponential relations with rainfall intensity and slope gradient and
positive exponential relations with gravel coverage. Sic and ER_;, met negative power relations with rainfall
intensity, slope gradient and gravel coverage. As shown in Fig. 8, the coefficient of determination (R?) and the
Nash coeflicient (Eys) were all > 0.5 for the regressed equations and this validated the accuracy of the prediction
results with data of the duplicate experiments. Again, the slope gradient was demonstrated the dominant factor
influencing the changes of PSD (Clc, Sic and Fic) and ER_s, as the coefficient of slope gradient was highest in
Egs. (2-5), followed by rainfall intensity and gravel coverage.
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Figure 8. Comparison of predicted values and observed ones (R? is a coefficient of determination and Ey is a
Nash coefficient).
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Implications

In the Ala Shan Plateau, dust emissions appear to be controlled mainly by the availability of fine particles (<50
pm) under relatively high wind velocity'?. Thus, fine particles (< 50 um) are recognized as the potential sources of
dust emission. In our experiments, high selectivity of fine particles were shown as the fine particle (<50 pm) after
rainfall was significantly (P <0.05) higher than the original value under gravel coverage. And the slope gradient
was the most significant factor influencing the particle size selectivity with higher effects on potential sources
of dust emissions (fine particle < <50 um) on gentle slopes (<3°) in the area of Ala Shan Gobi. Due to the high
percent (approximately 95.7%) of gentle slopes (< 3°) in the Ala Shan Gobi, slope gradient effects could not be
ignored when investigating dust emissions in the Gobi desert areas. Moreover, the synergy effects of pairwise
factors rainfall intensity and slope gradient (RI-SG) and the trade-off effects of pairwise factors slope gradient
and gravel coverage (SG-GC) could decline the potential sources of dust emission (fine particle < <50 um), and
the interaction effects of the pairwise factors (RI-SG and SG-GC) should also be well considering when predict-
ing the dust emissions in the Gobi region.

Conclusions

This study is of significance to investigate multiple factors impacts on particle size selectivity under extreme
rainfall events using artificial rainfall experiments on the simulated Gobi surface. High selectivity of fine parti-
cles (<50 um) was shown under different experimental conditions, as clay content (Clc), silt content (Sic), fine
particle (<50 um) content (Fic) after rainfall event were significantly (P <0.05) higher than the original value
before rainfall events. Among the multiple influencing factors, slope gradient is the dominant factor influenc-
ing particle size selectivity and has significant (P <0.05) negative effects on the enrichment of fine particles
(<50 um) in the eroded sediment by rainfall. Higher selectivity of fine particles (<50 pm) is observed on lower
rainfall intensity of 20 mm h™! and 30% gravel coverage on gentle slope (3°). The significant (P<0.05) synergy
effects of RI-SG and the significant (P<0.05) trade-off effects of SG-GC decline the selectivity of fine particles
(<50 um) and reduce the enrichment of fine particles (<50 um) in the eroded sediment. The regression results
showed the negative exponential relations between Clc and Fic with rainfall intensity and slope gradient and the
negative power relations between Sic and ER_;, with rainfall intensity, slope gradient and gravel coverage. It is
concluded that the potential sources of dust emission are most promoted on gentle slopes (< 3°) at 30% gravel
coverage under rainfall intensity of 20 mm h™! in the Ala Shan Gobi desert, as the fine particles (<50 pm) were
recognized as the potential sources of dust emission. The significant effects of slope gradient, the interactions of
rainfall intensity and slope gradient (RI-SG) and the interactions of slope gradient and gravel coverage (SG-GC)
should be well considered for the prediction of the dust emission in this region. Furthermore, field experiments
should be carried out for better understanding the influencing effects of multiple factors on the potential sources
of dust emission (fine particles < 50 pm) to make up for the limitations of the indoor experiments.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 25 October 2023; Accepted: 15 December 2023
Published online: 27 December 2023

References
1. Zhang, X. Y. et al. Sources of Asian dust and role of climate change versus desertification in Asian dust emission. Geophys. Res.
Lett. 30, 2272 (2003).
2. Zhang, Z.C., Han, L. Y. & Pan, K. J. Sediment transport characteristics above a Gobi surface in northwestern China, and implica-
tions for aeolian environments. Aeolian Res. 53, 100745 (2021).
3. Jing, Y. Y,, Zhang, P,, Chen, L. & Xu, N. Integrated Analysis of dust transport and budget in a severe Asian dust EVENT. Aerosol
Air Qual. Res. 17, 2390-2400 (2017).
4. Kai, K. J. et al. Dust hotspot in the Gobi Desert: A field survey in April 2019. SOLA 17, 130-133 (2021).
5. Kim, W,, Doh, S. J. & Yu, Y. Asian dust storm as conveyance media of anthropogenic pollutants. Atmos. Environ. 49, 41-50 (2012).
6. McFadden, L. D., Eppes, M. C., Gillespie, A. R. & Hallet, B. Physical weathering in arid landscape due to diurnal variation in the
direction of solar heating. Geol. Soc. Am. Bull 117, 161-173 (2005).
7. Satheesh, S. K., Dutt, C. B. S,, Srinivasan, ]. & Rao, U. R. Atmospheric warming due to dust absorption over Afro-Asian regions.
Geophys. Res. Lett. 34, 1L04805 (2007).
. Shao, Y. et al. Dust cycle: An emerging core theme in Earth system science. Aeolian Res. 2, 181-204 (2011).
9. Wu, C. L. et al. Description of dust emission parameterization in CAS-ESM2 and its simulation of global dust cycle and East Asian
Dust events. J. Adv. Model Earth Systs. 13, e2020MS002456 (2021).
10. Yang, S. S. et al. Meteorological feedback and eco-environmental impact of Asian dust: A simulation study. Atmos. Environ. 253,
118350 (2021).
11. Taramelli, A. et al. Spatial and temporal dust source variability in northern China identified using advanced remote sensing analysis.
Earth Surf. Process. Landf. 38, 793-809 (2013).
12. Wang, X. M. et al. Characteristics of the Gobi desert and their significance for dust emissions in the Ala Shan Plateau (Central
Asia): An experimental study. J. Arid. Environ. 81, 35-46 (2012).
13. Hamada, Y., O’'Connor, B. L., Orr, A. B. & Wuthrich, K. K. Mapping ephemeral stream networks in desert environments using
very-high-spatial-resolution multispectral remote sensing. J. Arid. Environ. 130, 40-48 (2016).
14. Hassan, M. A,, Egozi, R. & Parker, G. Experiments on the effect of hydrograph characteristics on vertical grain sorting in gravel
bed rivers. Water Resour. Res. 42, W09408 (2006).
15. Swet, N. et al. Can active sands generate dust particles by wind-induced processes?. Earth Planet. Sci. Lett. 506, 371-380 (2019).
16. Sun, L. Y. & Wang, C. H. Effects of the extreme rainfall events on particle size selectivity on the simulated Gobi surface using indoor
rainfall experiments. Catena 220, 106716 (2023).

e}

Scientific Reports |

(2023) 13:23049 | https://doi.org/10.1038/s41598-023-50136-x nature portfolio



www.nature.com/scientificreports/

17. Ewane, E. B. & Lee, H. H. Effects of vegetation cover on sediment particle size distribution and transport processes in natural
rainfall conditions on post-fire hillslope plots in South Korea. Soil Res. 54, 937-948 (2016).

18. Issa, O. M. et al. Soil detachment and transport on field and laboratory scale interrill areas: erosion processes and the size-selectivity
of eroded sediment. Earth Surf. Processes Landf. 31, 929-939 (2010).

19. Luo, M. ], Pan, C. Z,, Cui, Y. S., Wu, Y. & Liu, C. L. Sediment particle selectivity and its response to overland flow hydraulics within
grass strips. Hydrol. Processes 34, 5528-5542 (2020).

20. Asadi, H., Moussavi, A., Ghadiri, H. & Rose, C. W. Flow-driven soil erosion processes and the size selectivity of sediment. J. Hydrol.
406, 73-81 (2011).

21. Shi, Z. H. et al. Soil erosion processes and sediment sorting associated with transport mechanisms on steep slopes. J. Hydrol. 454,
123-130 (2012).

22. Han, Z. et al. Assessment of the size selectivity of eroded sediment in a partially saturated sandy loam soil using scouring experi-
ments. Catena 201, 105234 (2021).

23. Hao, H. X, Wang, J. G., Guo, Z. L. & Hua, L. Water erosion processes and dynamic changes of sediment size distribution under
the combined effects of rainfall and overland flow. Catena 173, 494-504 (2019).

24. Meyer, L. D,, Line, D. E. & Harmon, W. C. Size characteristics of sediment from agricultural soils. J. Soil Water Conserv. 47,107-111
(1992).

25. Li, B.E, Chen, Y. N,, Shi, X, Chen, Z. S. & Li, W. H. Temperature and precipitation changes in different environments in the arid
region of northwest China. Theor. Appl. Climatol. 112, 589-596 (2013).

26. Li, M., Sun, H. Q. & Su, Z. C. Research progress in dry/wet climate variation in Northwest China. Geographical Res. 40, 1180-1194
(2021) (in Chinese).

27. Li, B. E, Chen, Y. N,, Chen, Z. S., Xiong, H. G. & Lian, L. S. Why does precipitation in northwest China show a significant increas-
ing trend from 1960 to 2010?. Atmos. Res. 167, 275-284 (2016).

28. Cao, E. Q. et al. Contributions of natural climate variability on the trends of seasonal precipitation extremes over China. Int. J.
Climatol. 41, 5226-5242 (2021).

29. Koiter, A. J., Owens, P. N, Petticrew, E. L. & Lobb, D. A. The role of soil surface properties on the particle size and carbon selectivity
of interrill erosion in agricultural landscapes. Catena 153, 194-206 (2017).

30. Quijano, L., Kuhn, N. J. & Navas, A. Effects of interrill erosion on the distribution of soil organic and inorganic carbon in different
sized particles of Mediterranean Calcisols. Soil Tillage Res. 196, 104461 (2020).

31. Vaezi, A. R, Sadeghian, N. & Cerda, A. Particle size distribution of sediment detached from rills under raindrop impact in semi-
arid soils. J. Hydrol. 590, 125317 (2020).

32. Zhan, Z. Z. et al. Effect of gravel content on the sediment transport capacity of overland flow. Catena 188, 104447 (2020).

33. Watung, R. L., Sutherland, R. A. & ElSwaify, S. A. Influence of rainfall energy flux density and antecedent soil moisture content
on splash transport and aggregate enrichment ratios for a Hawaiian Oxisol. Soil Technol. 9, 251-272 (1996).

34. Rienzi, E. A,, Fox, J. E, Grove, J. H. & Matocha, C. J. Interrill erosion in soils with different land uses: The kinetic energy wetting
effect on temporal particle size distribution. Catena 107, 130-138 (2013).

35. Lue, Y. W. et al. Be-10 in quartz gravel from the Gobi Desert and evolutionary history of alluvial sedimentation in the Ejina Basin,
Inner Mongolia, China. Chin. Sci. Bull. 55, 3802-3809 (2010).

36. Mu, Y., Wang, E, Zheng, B. Y., Guo, W. & Feng, Y. M. McGET: A rapid image-based method to determine the morphological
characteristics of gravels on the Gobi desert surface. Geomorphology 304, 89-98 (2018).

37. Zhang, Z. C., Dong, Z. B, Qian, G. Q, Li, ]. Y. & Jiang, C. W. Implications of surface properties for dust emission from gravel
deserts (gobis) in the Hexi Corridor. Geoderma 268, 69-77 (2016).

38. Li, Y. et al. Interactive effects of CO, and nitrogen application on wateruse efficiency of spring wheat in water-limited environments.
Agric. Res. Arid. Areas. 41, 228-234 (2023). (in Chinese)

39. Sun, L. Y, Zhou, J. L, Cai, Q. G,, Liu, S. X. & Xiao, J. A. Comparing surface erosion processes in four soils from the loess Plateau
under extreme rainfall events. Int. Soil Water Conserv. Res. 9, 520-521 (2021).

40. Foster, G. R., Young, R. A. & Neibing, N. H. Sediment composition for nonpoint source pollution analyses. Trans. ASAE 146,
133-139 (1985).

41. Wang, Z. R. et al. Simulation experimental study on the impact of slope gradients on sediment carrying capacity of rainfall runoff.
J. Soil Water Conserv. 37, 97-102 (2023). (in Chinese)

42. Fu, S. H, Lu, B. ]. & Ye, Z. H. Effects of rock fragments on runoff and soil erosion. J. Soil Water Conserv. 24, 15-18 (2010). (in
Chinese)

43. Rieke-Zapp, D., Poesen, J. & Nearing, M. A. Effects of rock fragments in orporated in the soil matrix on concentrated flow hydrau-
lics and erosion. Earth Surf. Processes Landyf. 32, 1063-1076 (2007).

44. Grant, W. J. & Struchtemeyer, R. A. Effect of stones on runoff, erosion, and soil moisture. Soil Sci. Soc. Am er. Proc. 30, 638-640
(1966).

45. Meyer, L. D., Johnson, C. B. & Foster, G. R. Stone and woodchip mulches for erosion control on construction sites. J. Soil Water
Conserv. 27, 264-269 (1972).

46. Armstrong, A., Quinton, J. N., Heng, B. C. P. & Chandler, J. H. Variability of interrill erosion at low slopes. Earth Surf Processes
Landf. 36, 97-106 (2011).

Acknowledgements

Financial support was provided by National Natural Science Foundation of China (Grant No. 41930640 and

41977069).

Author contributions
S.L.Y and D.Q.Y. wrote the main manuscript text, D.Q.Y. prepared all the figures and tables. S.L.Y. mainly
reviewed the manuscript. EZ.H. processed data.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:23049 | https://doi.org/10.1038/s41598-023-50136-x nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2023) 13:23049 | https://doi.org/10.1038/s41598-023-50136-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Effects of multiple factors on particle size selectivity under artificial extreme rainfall events on simulated Gobi surface
	Materials and methods
	Experimental soils
	Experimental equipment
	Experimental conditions
	Experimental processes and measurements
	Filling experimental soils
	Experimental measurements

	Data analysis
	Particle size selectivity characterization
	Statistic analysis
	Interaction effects analysis


	Experimental results
	Runoff and sediment yield under different experimental conditions
	Runoff yield
	Sediment yield

	Changes of PSD in the eroded sediment under different experimental conditions
	Changes of d50 in the eroded sediment under different experimental conditions
	ER<50 under different experimental conditions

	Discussion
	Response of particle size selectivity to multiple factors
	Rainfall intensity
	Slope Gradient
	Gravel coverage

	Interaction effects of multiple factors on particle size selectivity
	The relationship between fine particles selectivity and influencing factors
	Implications

	Conclusions
	References
	Acknowledgements


