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ABSTRACT: Since 1999, China has implemented large-scale vegetation restoration on the Loess Plateau. The continuous development 

of plant root systems in the loess has induced changes in surface soil structure, while root-induced macropores have significantly 

enhanced the occurrence of preferential flow. However, studies on profile-scale saturated hydraulic conductivity and water infiltration 

under such conditions remain limited. This study employs high-resolution remote sensing datasets, including Leaf Area Index (LAI) 

and soil texture information, to quantify how vegetation-induced soil structural changes influence the hydraulic properties of the Loess 

Plateau based on 2017 observations. The results indicate that macropores increase the regional average saturated hydraulic conductivity 

by approximately 29.8%. Using CMIP6 projections for 2075, the Philip infiltration model was applied to compare soil water infiltration 

between the two rainy seasons. The findings show that in 2017, preferential flow contributed an additional 2% – 40% infiltration 

relative to matrix flow alone, whereas by 2075, the proportion of infiltration enhanced by preferential flow is projected to increase 

substantially, potentially reaching 5% – 80%. Furthermore, both vegetation conditions and rainfall intensity are positively correlated 

with the magnitude of infiltration enhancement caused by preferential flow. These findings emphasize the importance of considering 

soil structural changes during vegetation restoration, providing valuable insights for ecological restoration and water resource 

management in the Loess Plateau region. 
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1 INTRODUCTION 

The Loess Plateau is internationally recognized as an extremely 

fragile ecological environment. Due to the influence of climatic 

conditions and long-term anthropogenic damage, the local 

ecological function has been impaired and the environment has 

deteriorated (Wen and Deng, 2020; Wang et al., 2023a). In 

order to improve the fragile ecological environment, the Loess 

Plateau region of China has implemented numerous long-term 

forest vegetation restoration projects. Extensive sloping 

farmlands have been converted into grasslands and woodlands, 

resulting in a significant improvement in vegetation cover 

(Zhang et al., 2021; Guan et al., 2024). Vegetation primarily 

mitigates shallow landslides through root reinforcement and the 

promotion of soil structure development (Lehmann, Von Ruette 

and Or, 2019). This enhanced soil structure improves the 

infiltration and drainage capacity of hillslopes, thereby delaying 

the onset of landslide triggering and effectively reducing the 

occurrence of rainfall-induced landslides (Fan et al., 2022). 

Several studies have demonstrated that vegetation 

restoration increases both the extent and depth of soil 

infiltration, significantly enhancing the soil’s infiltration 

capacity and intensifying the occurrence of preferential flow 

(PF) during the infiltration process (Ren et al., 2016; Guan et 

al., 2024). Preferential flow refers to the rapid infiltration of 

water through macropores in the soil, bypassing the soil matrix. 

It is often induced by factors such as plant root systems, soil 

fauna activity, or desiccation cracks (Guo et al., 2018). 

Preferential flow has a faster migration speed and is an 

important process affecting hydrological, geochemical and 

ecological cycles. Research on preferential flow has 

predominantly focused on point-scale experiments, such as dye 

tracing and profile observations (Wang et al., 2020a). While 

these methods have revealed the mechanisms underlying 

preferential flow, our understanding of its spatial distribution 

characteristics and influencing factors at the regional scale 

remains limited (Kang et al., 2023). 

Soil saturated hydraulic conductivity is one of the most 

critical soil hydraulic parameters reflecting soil infiltrability 

(Zhu et al., 2020). Most soil hydraulic information used in Earth 

System Models is derived from pedotransfer functions, which 

estimate hydraulic parameters based on easily measurable soil 

properties. This parameterization heavily relies on soil texture, 

while largely neglecting the critical role of soil structure shaped 

by biophysical processes. Incorporating soil structure into 

models can significantly alter infiltration dynamics in vegetated 

regions (Fatichi et al., 2020). While saturated hydraulic 

conductivity has been widely studied, the majority of research 

has centered on land use effects, with limited efforts made to 

quantitatively evaluate the impact of revegetation on Ks profiles 

at a regional scale. Some studies have utilized long-term soil 

moisture monitoring networks across multiple sites to 

investigate the propagation of wetting fronts during rainfall 

events by defining infiltration events. These studies have 

examined the effects of different vegetation types and soil 

properties on infiltration metrics, which enhances our 

understanding of the mechanisms of preferential flow and the 

hydrological cycle at small scales (Kang et al., 2022; Xue et al., 

2024). However, when extended to larger regions, such 

analyses are often limited by the lack of observed data. 

To address this issue, we applied a pedotransfer function 

(PTF) adapted to the Loess Plateau to estimate regional 

saturated hydraulic conductivity. Moreover, based on the 

revegetation status and soil physicochemical properties in the 

Loess Plateau, we corrected the regional saturated hydraulic 

conductivity using leaf area index and soil sand content data, in 

order to account for the influence of soil structure on saturated 

permeability. Based on this parameterization scheme, the Philip 

infiltration model was employed to analyze spatial variations in 

water infiltration resulting from vegetation restoration across 

the Loess Plateau. Quantitative evaluations of preferential 

infiltration are helpful in calculating slope seepage, evaluating 

slope stability, and researching landslide initiation mechanisms 

(Ma et al., 2022). 

2 MATERIALS AND METHODS 

2.1 Study area 

This study was conducted on the Loess Plateau of China 

(33°43′–41°16′N, 100°54′–114°33′E), which covers an area of 

approximately 640,000 km² and contains the world’s thickest 

loess deposits. The region is characterized by a temperate 

continental monsoon climate, with mean annual precipitation 
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increasing from northwest to southeast, ranging from 150 mm 

to 820 mm, and mostly concentrated between June and 

September. The mean annual temperature ranges from 3.6°C to 

14.3°C, with an average elevation between 1000 and 1500 

meters, as presented in Figure 1a. 

 
Figure 1. Location of the Loess Plateau and the Spatial Distribution 

of Soil Texture and LAI. 

Figure 1b and 1c illustrate the spatial distribution of soil 

texture and LAI, respectively. The soil texture exhibits a clear 

gradient from northwest to southeast, transitioning 

progressively from sandy soils to light loam, medium loam, and 

finally heavy loam. In Figure 1b, the sand content decreases 

from approximately 50% in the northwest to about 5% in the 

southeast (Chen, Shao and Li, 2008; Fu et al., 2017). Among 

various soil properties, sand content has a significant influence 

on saturated hydraulic conductivity, as soils with higher sand 

content generally exhibit greater water conductivity (Kang et 

al., 2021). Correspondingly, vegetation types change across the 

plateau from desert and desert steppe in the northwest to typical 

steppe and forest steppe in the southeast, as shown in Figure 1c, 

LAI also exhibits a spatial distribution pattern of being lower in 

the northwest and higher in the southeast. 

Table 1. Description of data sources 

Data sources Variable name 
Time 

resolution 

Space 

resolution 

CMFD 
Rainfall 
intensity 

3 h 0.1° 

China Soil  
Sand, clay, bulk 

density, porosity 
- ~1 km 

MODIS LAI 8 d 500 m 

SMCI 
Soil water 

content 
1 d ~1 km 

CMIP6 
LAI, 

precipitation,  
1 d ~1° 

 

2.2 Data and processing 

Table 1 summarizes the data sources used in this study, 

including their respective spatial and temporal resolutions. The 

precipitation data used in this study are derived from the China 

Meteorological Forcing Dataset (CMFD) (Yang et al., 2010; He 

et al., 2020), which includes meteorological variables such as 

precipitation and near-surface air temperature. It is generated 

by integrating observations from 740 national meteorological 

stations across China, and its accuracy and reliability have been 

verified in multiple studies (Chen et al., 2011; Yang et al., 

2017). Soil texture data are obtained from a China soil dataset 

developed for land surface modeling (Shangguan et al., 2013), 

which is based on 8,595 soil profiles collected during the 

second national soil survey. The dataset includes soil properties 

such as profile depth, sand, silt, clay contents, bulk density, and 

porosity. The LAI used in this study is obtained from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) 

product (Myneni, Knyazikhin and Park, 2015). Soil moisture 

data are taken from the SMCI1.0 (Soil Moisture of China by in 

situ data, version 1.0) dataset, which provides high-quality 1 km 

soil moisture data across China (Li et al., 2022). The LAI data 

were obtained from the CMIP6 SSP245 scenario using the 

CMCC-ESM2 model, which has a native spatial resolution of 

approximately 0.9° × 1.25°. Precipitation data were derived 

from the CMIP6 SSP245 outputs of the BCC-CSM2-MR model, 

with a spatial resolution of roughly 1.1° × 1.1°. All datasets 

were downloaded from the Earth System Grid Federation 

(ESGF) data portal (https://esgf-node.llnl.gov/search/cmip6/). 

Data processing and calculation were performed using ArcGIS 

and Python. To meet spatial resolution requirements, bilinear 

interpolation was applied to the LAI, SMCI, and soil texture 

datasets, and the time series of each dataset was temporally 

aligned. 
 

2.3 Estimation of soil saturated hydraulic conductivity 

Over the years, the growth and development of vegetation roots 

on the Loess Plateau have gradually altered the structure of 

surface soils. To account for the impact of vegetation 

restoration on macropores in the soil, previous study has 

proposed using LAI as an indicator of soil structural changes 

(Fatichi et al., 2020). Equation (1) was employed to establish 

the relationship between the saturated hydraulic conductivity of 

textural soil and that of structured soil (Bonetti, Wei and Or, 

2021): 

𝐾s = 𝐾s,max −
𝐾s,max − 𝐾0

1 + (
𝐿𝐴𝐼

𝛼
)

𝛽
(1)

 

Based on this parameterization scheme, high LAI corresponds 

to fully developed soil structure (higher saturated hydraulic 

conductivity), while low LAI indicates undeveloped structure. 

Among them, the shape parameters 𝛼  and 𝛽  were assigned 

values of 4.5 and 5, respectively, based on the calibration by 

(Bonetti, Wei and Or, 2021) of the relationship between soil 

saturated hydraulic conductivity and LAI in a forest in 

Nicaragua. In this context, K0 represents the saturated hydraulic 

conductivity related only to soil texture, Ks represents the 

saturated hydraulic conductivity under structured soil 

conditions, this is attributed to vegetation restoration (Pan et al., 

2023), and Ks,max is the maximum saturated hydraulic 

conductivity when plant roots are fully developed within soil 

pores. As shown in Table 1, using LAI data and soil texture 

information from June 2017 on the Loess Plateau, during this 

period, we calculated both K0 and Ks across the Loess Plateau 

region. 

The PFTs are employed to determine the value of K0 on the 

Loess Plateau. The implementation of this method relies on a 

large number of field experiments, based on measured data, 

developed regionally applicable PTFs (as shown in Equation 

(2)) using clay content, sand content, and bulk density (BD), 

which are particularly suitable for soils in the Chinese Loess 

Plateau (Zhu, Zhang and Zhang, 2022): 

𝐾S = 0.365 + 0.015𝑓clay + 0.031𝑓sand − 0.748𝑓bd (2) 
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where 𝑓clay and 𝑓sand represent the fractions of clay and sand in 

the soil, respectively, and 𝑓b𝑑 denotes the bulk density. 

Both Ks,max  and Ks are affected by the sand content in the 

soil. Existing studies have shown that soil structure has a more 

pronounced effect on finer-textured soils (Singh et al., 2018; 

Parewa et al., 2023), as shown in Equation (3): 

log
𝐾s,max

𝐾0
= 3.5 − 1.5 ⋅ 𝑓sand

𝑚 (3) 

where m is the soil shape parameter. 

2.4 Philip infiltration 

To investigate the impact of vegetation restoration on soil 

saturated hydraulic conductivity, we used the two-term Philip 

model to simulate the infiltration process. According to this 

model, the infiltration rate is given by:  

𝑖(𝑡) =
𝑆

2
𝑡−

1
2 + 𝐴 (4) 

where t is time, S is the soil sorptivity, which depends on soil 

properties, porosity, and initial soil moisture conditions. The 

steady-state infiltration rate, A, is set as one-third of the 

saturated hydraulic conductivity. In this study, two cases are 

considered: (1) using K0 (texture-dependent saturated 

conductivity) and (2) using Kₛ (structure-influenced saturated 

conductivity), allowing comparison between texture-dominated 

and structured soil conditions. The first term in the equation 

describes the influence of capillary forces, while the second 

term represents the contribution of gravity.  

𝑡e =
𝑆2

4(𝑟 − 𝐴)2
(5) 

𝑡p =
𝑆2 (𝑟 −

𝐴
2

)

2𝑟(𝑟 − 𝐴)2   (𝑖𝑓  𝑟 > 𝐴) (6) 

𝑡p = ∞  (𝑖𝑓  𝑟 ≤ 𝐴) (7) 

where the effective ponding time tₑ refers to the time when the 

infiltration rate i equals the rainfall rate r. The actual ponding 

time tp is determined by equating the cumulative infiltration. 

𝑖 = 𝑟    (𝑖𝑓  𝑡 ≤ 𝑡𝑝) (8) 

𝑖 =
𝑆

2
(𝑡 − 𝑡p + 𝑡e)

−
1
2 + 𝐴    (𝑖𝑓  𝑡 > 𝑡p) (9) 

Soil moisture characteristic may be modeled as a power curve 

combined with a short parabolic section near saturation to 

represent gradual air entry, as shown in Equation (10) (Clapp 

and Hornberger, 1978). 

𝜓 = 𝜓‾(𝑊)−𝑏 (10) 

𝑊 =
𝜃

𝜃s

(11) 

where 𝜃s is the total porosity of the soil. Both 𝜓‾, the air-entry 

suction point, and the exponent b are empirical and must be 

estimated. 

𝑘 = (𝑊)2b+3 (12) 

where k is the relative hydraulic conductivity. 

𝑆 = [2𝐾s𝜓f𝜃s(1 − 𝑊tc)]
1
2 (13) 

A first approximation for sorptivity is derived by equating the 

Green-Ampt equation (considering a surface pressure of zero) 

to Philip's two-term infiltration equation. 

𝜓f = [
(2𝑏 + 3)

(𝑏 + 3)
] 𝜓s (14) 

A comparison with the exact solution of the unsaturated flow 

equation reveals only minor discrepancies, indicating that this 

result is sufficiently accurate for a wide range of applications. 

The soil sorptivity S can be obtained analytically as (Fatichi et 

al., n.d.): 

𝑆 = [
−2𝑏𝐾0𝜓‾(𝜙 − 𝜃0)

(3 + 𝑏)𝜙𝑏+3 (𝜙𝑏+3 − 𝜃0
𝑏+3)]

1
2

(15) 

where S is calculated under the assumption that soil structure 

does not affect soil sorptivity, using the unstructured saturated 

hydraulic conductivity K0. The influence of soil structure is 

incorporated by modifying the gravitational term A. 

2.5 Brooks-Corey parameters  

The Brooks-Corey model (Brooks and Corey, 1964) established 

a power-law relationship between soil volumetric water content 

θ and capillary pressure head h, expressed as: 

𝜃 − 𝜃r

𝜙 − 𝜃r
= {(

ℎb

ℎ
)

𝜆

, ℎ > ℎb

1, ℎ ≤ ℎb

(16) 

where ϕ is the soil porosity, cm3 cm-3, θr is the residual water 

content, cm3 cm-3; hb is air-entry pressure, cm; and λ is pore size 

distribution index. 

The Brooks-Corey parameters can be estimated by using 

sand and clay content along with soil bulk density (Campbell 

and Shiozawa, 1992). By setting the residual water content in 

Equation (16) to zero, the Brooks-Corey model can be 

simplified to: 

ℎ = ℎb (
𝜃

𝜃s
)

−𝑏

(17) 

The parameters in Equation (17), estimated from two data sets 

for British soils, were found to be: 

ℎes = −0.05𝑑s

−
1
2 (18) 

𝑏 = −20ℎes + 0.2𝜎g (19) 

where the value of hes corresponds to the air entry pressure at a 

standard bulk density, 𝜌b  of 1.3 g cm-3. The proposed 

adjustment for bulk density is: 

ℎb = ℎes (
𝜌𝑏

1.3
)

0.67𝑏

(20) 

The geometric mean diameter 𝑑s  and geometric standard 

deviation 𝜎g are given by: 

𝑑s = exp(−0.80 − 0.0317𝑓silt − 0.0761𝑓clay) (21) 

𝜎g = exp(0.133𝑓silt + 0.477𝑓clay − ln2𝑑s)
1
2 (22) 

where fsilt represents the fraction of silt in the soil. 

3 RESULTS AND DISCUSSIONS 

3.1 Soil Saturated Hydraulic Conductivity Distribution in 

the Loess Plateau 

To investigate the impact of vegetation restoration on soil 

saturated hydraulic conductivity, we compared the results of 

saturated hydraulic conductivity between textural soils and 

structured soils. As shown in Figure 2, due to the widespread 
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distribution of desert areas in the northwestern Loess Plateau, 

where vegetation is sparse and soil texture is predominantly 

sandy, the K0 in this region is relatively high, mainly ranging 

from 80 to 120 mm/h. In contrast, the southern region has 

denser vegetation and finer soil texture, resulting in lower K0 

values ranging from 20 to 50 mm/h. In the northeastern part, K0 

generally falls between 50 and 80 mm/h. Due to variations in 

topography and landforms across the Loess Plateau, the textural 

soils are strongly influenced by sand content, leading to a highly 

heterogeneous spatial distribution of saturated hydraulic 

conductivity across the region.  

As shown in Figure 3, due to the implementation of 

vegetation restoration on the Loess Plateau, we incorporated 

corrections to account for the influence of plant root systems on 

Ks. In areas with good vegetation cover in the southern region, 

Ks showed a significant increase compared to the K0, rising 

from 60 – 80 mm/h to approximately 100 mm/h. These values 

are close to those obtained from field experiments by other 

researchers in the Loess Plateau (Pan et al., 2023). In contrast, 

in areas with poor vegetation restoration, Ks remained largely 

unchanged. 

 
Figure 2. Saturated Hydraulic Conductivity of Textural Soils in the 

Loess Plateau 

According to the PTFs calculations, the K0 in the northwest 

is relatively high, while in the southeast it is lower. As shown 

in Figure 4, the average K0 across the entire region is 

approximately 61.95 mm/h. After accounting for the influence 

of soil structures on soil properties, the Ks in the Loess Plateau 

increases to 80.47 mm/h, representing a 29.8% increase. The 

complex root systems of surface plants in this region contribute 

to the formation of soil structures in the soil, which significantly 

affect saturated hydraulic conductivity. 

 
Figure 3. Saturated Hydraulic Conductivity of Structured Soils in the 

Loess Plateau 

This spatial variability indicates that soil structures have a 

substantial impact on soil properties and regional hydrological 

processes. In the subsequent Philip infiltration analysis, we 

further investigate the infiltration behavior of surface soil 

moisture. Considering this influence is essential for improving 

the accuracy of regional hydrological modeling, water resource 

management, and planning. 

 
Figure 4. Boxplot of Saturated Hydraulic Conductivity with and 

Without Considering Soil Structure 

3.2 Quantifying hydrologic effects of soil structure 

Following the parameterization of saturated hydraulic 

conductivity across the Loess Plateau, the Philip infiltration 

model was applied to simulate infiltration for June 2017 and 

July 2075. In the Philip model, the relationship between rainfall 

rate and the gravity term A is particularly important. The value 

of the gravity term A depends on both the soil saturated 

hydraulic conductivity and its texture. When the rainfall rate is 

lower than the gravity term, the infiltration rate equals the 

rainfall rate. When the rainfall rate exceeds the gravity term, the 

infiltration rate i is controlled by the equivalent and actual 

ponding times. By integrating the infiltration rate over time, we 

obtained the daily cumulative infiltration for each grid cell for 

the two periods, with the temporal resolution determined by the 

soil moisture dataset and the CMIP6 forcing data. 

 
Figure 5. Boxplot of Rainy-Season Precipitation and Soil Infiltration 

Increase Ratio over the Loess Plateau for the Years 2017 and 2075 

Due to the highly uneven spatial and temporal distribution 

of rainfall across the Loess Plateau, precipitation in most grid 

cells was negligible. To better capture the influence of soil 

macropore structure on infiltration, we analyzed cumulative 

infiltration only for grid cells where the rainfall rate exceeded 

0.1 mm/h. This approach enabled a more comprehensive 

assessment of soil water infiltration under different rainfall 

intensities (light, moderate, heavy, and torrential rain), and 

facilitated statistical comparisons between total rainfall and the 

contributions of preferential flow. 
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As shown in Figure 5, the proportion of infiltration 

contributed by preferential flow is positively correlated with 

rainfall rate, with similar temporal trends. This is because, in 

most infiltration-effective grid cells (mainly experiencing light 

to moderate rain with a near-normal distribution), infiltration is 

primarily governed by rainfall rate. However, when rainfall rate 

increases, the contribution from macropore structure becomes 

significant, enhancing matrix flow-based infiltration by 2% – 

80%. Previous studies conducted in the Loess Plateau using 

point-scale soil experiments have reported that preferential flow 

contributed approximately 11% – 88% to total infiltration 

(Xiang et al., 2019; Zhang et al., 2019; Wang et al., 2020b; 

2023b; Zhao and Wang, 2021). These values are comparable to 

the range of preferential flow contributions estimated at the 

regional scale in this study. During the 2017 rainy season on the 

Loess Plateau, preferential flow contributed approximately 2% 

– 40% additional infiltration. With the increasing frequency of 

extreme weather events under global climate change, CMIP6 

projections indicate that by the 2075 rainy season, intensified 

and highly variable rainfall—together with markedly improved 

vegetation conditions—will substantially enhance the role of 

preferential flow. The proportion of infiltration attributable to 

preferential flow is projected to rise to 5% – 80%, representing 

roughly a one- to threefold increase compared with 2017. 

This demonstrates that preferential flow on the Loess 

Plateau is mainly induced by macropores formed by plant root 

systems during heavy rainfall events. Therefore, we conducted 

a statistical analysis of LAI and various rainfall intensities 

across the entire Loess Plateau for June 2017. As shown in 

Figure 6, under light rainfall, soil saturated hydraulic 

conductivity was much higher than the rainfall rate for most 

grid cells. Thus, in Philip model calculations, infiltration 

equaled rainfall, resulting in negligible increases (0.1% – 2%) 

due to preferential flow. With increasing rainfall intensity, 

some grid cells showed higher infiltration ratios, indicating that 

preferential flow frequency, cumulative infiltration, and its 

contribution over matrix flow also increased. 

 
Figure 6. Heatmap Showing the Infiltration Increase Ratio Due to Soil 

Structure under Different Rainfall Intensities and LAI Levels  

Moreover, the infiltration ratio was positively correlated 

with LAI, reflecting the effect of dense vegetation and complex 

root systems. However, low LAI values and torrential rain 

rarely co-occurred, especially as only the northwestern part of 

the plateau had poorly developed vegetation. Therefore, no data 

were recorded for areas with poorly developed vegetation under 

rainfall intensities of 1.5 – 4 mm/h. 

4 CONCLUSIONS 

In this study, we conducted a regional estimation of the K0 of 

textural soils in the Loess Plateau based on soil texture data. 

Considering the influence of vegetation restoration on soil 

structure, we corrected the saturated hydraulic conductivity of 

structured soils using the LAI. By applying the Philip 

infiltration model and incorporating the Brooks-Corey soil 

water retention parameters, we systematically analyzed the 

impact of soil structural changes on hydraulic parameters and 

the regional water dynamics of the Loess Plateau. 

Given the predominantly sandy soils in the Loess Plateau, 

the uncorrected saturated hydraulic conductivity was relatively 

high. After correcting for soil structural effects, regions with 

higher LAI showed a significant increase in Ks, while areas with 

lower LAI showed minimal change. The regional average 

saturated hydraulic conductivity increased from 61.95 mm/h to 

80.47 mm/h, a relative increase of 29.8%, indicating that soil 

structures should not be neglected in the calculation of soil 

hydraulic properties. 

The parameterized Ks in the Philip infiltration model led to 

increased infiltration under certain rainfall intensities. When 

soil structural effects were considered, the proportion of 

increased infiltration also showed variable patterns. Under 

different rainfall intensities and vegetation cover conditions, 

soil infiltration matched rainfall rate under lower rainfall 

intensities, where the contribution of preferential flow was 

minimal. In such cases, the regional increase in infiltration due 

to structural effects rose with increasing LAI and rainfall 

intensity. With the rapid progression of global climate change, 

the frequency and intensity of extreme rainfall events are 

expected to increase. Under future scenarios, vegetation 

conditions on the Loess Plateau are projected to improve 

significantly, which will enhance the development of soil 

macropores and render preferential flow an increasingly 

important contributor to soil water infiltration. 

These findings highlight the significance of incorporating 

preferential flow—caused by plant root-induced macropores—
into hydrological modeling and regional soil water infiltration 

analyses. This provides crucial insights for addressing practical 

challenges such as soil erosion and landslides on the Loess 

Plateau. This study also has certain limitations. For example, 

the shape parameters 𝛼  and 𝛽  in the parameterization were 

directly adopted from the original literature. Applying them to 

the Loess Plateau may introduce some bias. In the future, it is 

necessary to calibrate these parameters based on field 

measurements in the Loess Plateau to improve model 

adaptability. 
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