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Wind erosion prevention service (WEPS) is critical for mitigating soil erosion and desertification in China’s 
arid–semiarid zones. However, most existing studies have overlooked the spatial flow of WEPS, particularly 
the interannual variability and seasonal dynamics of sand transport pathways. This study focused on the 
loess hilly–gully region (LHGR), a climate-sensitive zone with intensified aeolian activity. We quantified 
the spatiotemporal dynamics of WEPS from 2000 to 2020 and simulated sand transport trajectories 
to assess cross-regional effects and socioeconomic dynamics. The results showed a marked increase 
in WEPS, indicating improved capacity of wind erosion prevention, with persistently high-value zones 
concentrated in northwestern arid regions such as the Mu Us Sandy Land. Wind trajectory identified 
2,783 transport paths, dominated by spring winds (57.96%), which carried dust eastward toward densely 
populated areas and transboundary regions like Japan. Beneficiary areas exhibited a concentric spatial 
pattern, covering 599.96 × 104 km² (62.5% of China). The growing population, gross domestic product, and 
ecosystem service value highlighted its dual role in safeguarding human health and supporting sustainable 
development. Fraction vegetation coverage (FVC) emerged as the dominant factor for actual wind erosion 
by increasing surface roughness, with China’s ecological restoration policies amplifying this function. 
Precipitation (PRE) predominantly regulated potential wind erosion, while synergistic interactions between 
FVC, PRE, and other drivers underscored the necessity for multi-factor governance. Our framework 
integrating physical flow and beneficiary mapping provides practical insights for optimizing payment for 
ecosystem service to enhance cross-regional ecological benefits.

Introduction

   Ecosystem services (ESs), as critical links between natural 
capital and human well-being [  1 ], have become a central 
focus in geography and ecology [  2 ]. Compared with static 
valuation approaches, ES flow analysis enables the mapping 
of service transmission dynamics through flow pathways, 
directional vectors, and spatial extents, thereby establishing 
critical connections between service provision areas (SPAs) 
and service beneficiary areas (SBAs) [  3 ]. In arid and semiarid 
regions, wind erosion prevention service (WEPS) is a critical 
regulating service that reduces aeolian sediment transport 
through surface cover [  4 ]. The WEPS is beneficial not only 
for the local area but also for the downwind regions. This is 
clearly illustrated by severe sand and dust storms originating 
from northwest China [  5 ], which pose significant threats to 
human health in north and northeast China, as well as in 
neighboring countries and regions such as Japan, Republic 
of Korea, Democratic People’s Republic of Korea, the North 
Pacific, and North America [  6 ]. Therefore, accurately delineating 

transmission pathways of WEPS is essential for understand-
ing sand transport processes and optimizing hazard mitiga-
tion strategies.

   Early wind erosion models, such as the wind erosion equa-
tion (WEQ), provided a foundation for research but were con-
strained by limited applicability across diverse environments 
and by their inability to represent complex factor interactions 
[  7 ]. The Texas erosion analysis model (TEAM) represented an 
initial step toward integrating theoretical and empirical com-
ponents; however, it lacked dynamic representation of erosion 
drivers, precluding its development as a fully process-based 
model [  8 ]. The wind erosion assessment model (WEAM) offers 
field-scale estimates of sand drift and dust emissions but incor-
porates only 4 variables [ 8 ]. The wind erosion prediction system 
represented a significant advance as a process-based model 
capable of simulating daily weather, field conditions, and ero-
sion events. Nevertheless, its substantial data and parameter 
demand restrict its application beyond field and watershed 
scales [  9 ]. In comparison, the revised wind erosion equation 
(RWEQ) combines empirical relationships with process-based 
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elements [  10 ], representing meteorological conditions, vegeta-
tion cover, soil properties, field length, and management prac-
tices. RWEQ has been applied across multiple scales—from 
regional assessments in northern China [  11 ] to global analyses 
[ 9 ]—and performs reliably under diverse climates, particularly 
in regions with annual precipitation ranging from 191 to 
915 mm [  12 ]. Accordingly, RWEQ serves as an effective tool 
for assessing reductions in wind erosion.

   The flow mechanisms of different ES types are various. For 
WEPS, it reflects the quantity of sand transported by wind 
between the atmosphere and surface. To quantify sand transport 
pathways, we employed the hybrid single-particle Lagrangian 
integrated trajectory (HYSPLIT) model, developed by the 
National Oceanic and Atmospheric Administration (NOAA). 
HYSPLIT is widely used for simulating the transport, dispersion, 
and deposition of airborne particles due to its robust cross-scale 
capability and computational efficiency [  13 ]. The model is based 
on a Lagrangian framework, which assumes that particles are 
advected by wind, with trajectories calculated through iterative 
integration of position vectors over time and space [  14 ]. Owing 
to its strong broad applicability and ease of use [  15 ], HYSPLIT 
is particularly appropriate for simulating WEPS flow paths and 
delineating beneficiary areas. For instance, Gao et al. [  16 ] dem-
onstrated the utility of HYSPLIT in delineating SPAs, SBAs, and 
sand transport across China’s grasslands. Similarly, Xu et al. [ 15 ] 
and Su et al. [  17 ] integrated RWEQ with trajectory clustering 
to visualize WEPS flow dynamics. However, there are few studies 
on the flow characteristics and benefit areas of WEPS in the 
arid–semiarid zone.

   The loess hilly–gully region (LHGR) of China, a semi-arid 
and ecologically fragile area, has experienced significant eco-
logical transformations in recent decades [  18 ]. Despite its criti-
cal position in China’s “Grain-for-Green” program and high 
susceptibility to wind erosion, research on WEPS in this region 
remains limited. Existing studies predominantly focus on static 
spatial analyses, neglecting temporal heterogeneity in the flow 
path of WEPS like interannual variation and seasonal differ-
ences [ 16 ]. To bridge these gaps, this study establishes a com-
prehensive framework for mapping the flow path of WEPS, with 
4 primary objectives: (a) quantify the physical quantity of WEPS 
in the LHGR from 2000 to 2020 using the RWEQ model and 
analyze the spatiotemporal characteristic; (b) identify dominant 
drivers of AWE (actual wind erosion) and PWE (potential wind 
erosion) using geographical detector analysis; (c) simulate flow 
trajectories across multi-scale, ranging from interannual to sea-
sonal via HYSPLIT; and (d) map beneficiary areas and evaluate 
their cross-regional effects. Our findings provide actionable 
insights for optimizing ecological restoration strategies and 
designing transboundary for PES (payment for ecosystem ser-
vices), ultimately supporting sustainable management of fragile 
ecosystems of the LHGR.   

Materials and Methods

Study area
   As a representative geomorphic unit of the Loess Plateau [  19 ], the 
LHGR is located in a climatic transitional zone between temperate 
semi-arid and semi-humid areas (Fig.  1 ). The region contains the 
national water and soil conservation ecological protection area 
in its central part and the windbreak and soil stabilization con-
servation ecological protection area in its northwestern part. 
These areas encompass key geomorphic units such as the Mu Us 

Sandy Land, Hunshandake Sandy Land, Yinshan Mountains, 
and Ordos Plateau. However, high annual evaporation, ranging 
from 1,000 to 1,500 mm/a, results in a persistent water deficit, 
thereby intensifying aeolian erosion processes. Land cover is 
primarily composed of grassland (40.37%) and cultivated land 
(32.31%). Historical deforestation, overgrazing, and unsustain-
able land reclamation have caused vegetation degradation. The 
vegetation degradation is further exacerbated by ongoing anthro-
pogenic pressures, including agricultural expansion and infra-
structure development. These multifactorial challenges present 
substantial obstacles to achieving sustainable development goals 
in the region.           

Data sources
   This study utilized multi-source datasets to assess the amount, 
transport trajectories, and beneficiary areas of WEPS. Data 
categories contained meteorological parameters, topography, 
land use and cover change, soil physicochemical properties, 
snow depth, vegetation cover, socioeconomic indicators, and 
atmospheric reanalysis variables. Detailed descriptions of these 
datasets, including sources, spatial and temporal resolution, 
and access information, are listed in Table  S1 . All spatial data 
layers were subjected to standardized preprocessing procedure 
including (a) resampling to 1-km spatial resolution, (b) projec-
tion unification to Albers equal-area conic projected coordinate 
system with WGS-1984 sphere, and (c) spatial alignment 
through raster registration.   

Research framework
   This study establishes an integrated framework combining mul-
tiple models for the assessment of the flow of WEPS. First, 
using multi-source datasets encompassing meteorological, topo-
graphic, vegetation, and soil parameters, we employ the RWEQ 
model to quantify the spatiotemporal dynamics of WEPS across 
the LHGR from 2000 to 2020, revealing its interannual varia-
tions and spatial heterogeneity patterns. Subsequently, the geo-
graphical detector model is employed to reveal the interactive 
mechanisms of driving factors arising from both natural and 
anthropogenic disturbances. Furthermore, we use the HYSPLIT 
model to simulate the flow path of WEPS at interannual and 
seasonal scales for the past 21 years and found the primary paths 
using Euclidean distance clustering from numerous trajectories 
to further analyze the major destinations of aeolian sand spread. 
Finally, we analyze the spatiotemporal differentiation of popula-
tion, gross domestic product (GDP), and ecosystem service 
value (ESV) in beneficiary areas through overlay analysis. This 
framework provides scientific evidence for optimizing cross-
regional ecological compensation policies and promoting sus-
tainable development decision-making (Fig.  2 ).           

Method
Estimation physical quantity of WEPS
   The RWEQ framework incorporates weather factors, soil erod-
ibility, soil roughness, and composite surface roughness, with 
equations expressed as [  20 ]:
    

where G denotes the physical quantity of WEPS (kg/m2). SLr
and SL denote PWE and AWE (kg/m2), respectively. The spe-
cific formula is as follows:

(1)G = SLr − SL
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where Qrmax  and Qmax  are the maximum potential sediment 
transport capacity and the maximum sediment transport 
capacity (kg/m), respectively; Sr  and S are the potential critical 
plot length and the critical plot lengths (m), respectively; and 
 z is the calculated downwind distance (m), which is generally 
50 m [  21 ]. The specific formula is as follows:
    

    

    

    

where WF is the weather factor (kg/m), EF is the soil erod-
ibility fraction (dimensionless), SCF is the soil crust factor 

(dimensionless), K’ is the surface roughness factor (dimension-
less), and C is the combined crop factor (dimensionless). Detailed 
information is shown in Text  S1 .   

Simulation of the flow paths of the WEPS
   This study utilized the HYSPLIT model to calculate the trajec-
tories of sand particle movement and track their flow direc-
tions, thereby effectively simulating the spatial flow paths of 
WEPS. Specifically, when wind speeds exceeded 5 m/s at the 
sand wind sites in the LHGR [  22 ], these locations were set as 
the starting points for the simulation. Using NCEP (National 
Center for Environmental Prediction) reanalysis data, we simu-
lated 5-d (120 h) forward trajectories of air parcels to represent 
dust uplift. The final position was determined based on the 
average velocity between the initial and first-guess positions.

   The first predicted position is calculated as follows:
     

   The final position is calculated as follows:
    

where P(t)represents the initial position, V(p,t) represents the 
velocity vector at the initial position,  Δt    represents the integra-
tion time step, and  V

(

p�, t+Δt
)

    represents the velocity vector 
at the first predicted position.   

(2)SLr =
2z

Sr
2
Qrmax ⋅ e

−(z∕Sr)2

(3)SL =
2z

S2
Qmax ⋅ e

−(z∕S)2

(4)Qrmax = 109.8 ×
(

WF×EF×SCF×K �
)

(5)Sr = 150.71 ×
(

WF×EF×SCF×K �
)−0.3711

(6)Qmax = 109.8 ×
(

WF×EF×SCF×K � ×C
)

(7)S = 150.71 ×
(

WF×EF×SCF×K � ×C
)−0.3711

(8)P�(t+Δt) = P(t) + V
(

p, t
)

+Δt

(9)P(t+Δt) = P(t) + 0.5 ×
[

V
(

p, t
)

+V
(

p�, t+Δt
)]

+Δt

Fig. 1. Location of the loess hilly–gully region (LHGR). MS, Meteorological Station; SWC, Soil and Water Conservation Ecological Protection Area; WSC, the National Water 
and Soil Conservation Ecological Protection Area.
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Trajectory clustering
   The TrajStat module of MeteoInfo software was employed, uti-
lizing the angular distance method for cluster analysis [  23 ]. The 
clustering process followed the criterion of significant increases 
in total spatial variation (TSV) among trajectories simulated 
by HYSPLIT, enabling the identification of major dust transport 
pathways.   

Identification of the WEPS beneficiary area
   Since the WEPS is an invisible protective service, its benefi-
ciary areas should be identified as those most likely to be 
affected by sand and dust, namely, the areas that the dust 
diffusion paths pass through [  24 ]. The spatial extent of these 
beneficiary areas can then be derived through sand dispersal 
trajectory interpolation. Using HYSPLIT-modeled trajecto-
ries, the frequency distribution module (or an equivalent 
command-line utility) within HYSPLIT generates trajectory 
density maps at a 1° × 1° grid resolution [ 15 ]. The method 
for calculating grid trajectory distribution frequency is as 
follows:

    

where Pij  is the simulated WEPS trajectory’s distribution fre-
quency of the jth grid in the ith year, Lij  is the number of simu-
lated trajectories through the jth grid in the ith year, and n is 
the line number of all trajectories in the ith year.   

Quantification of physical flow
   Physical flow refers to the reduction in wind erosion due to 
vegetation cover. Under the influence of WEPS, a portion of 
dust that would otherwise be transported by wind is instead 
retained at its source. Consequently, this portion of dust is pre-
vented from being transported to beneficiary areas, and thereby 
mitigating potential impacts on both residents and local eco-
systems. The flow paths of WEPS are calculated based on a 
scenario assuming that no such services exist, which indicates 
how dust would spread without these services. The higher the 
distribution frequency of these service flow paths, the greater 
the material flow volume [ 13 ].

(10)Pij =
Lij

∑n
j=1 Lij

Fig. 2. Overall framework of this study.
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where G represents the physical amount of WEPS (kg/m2), and 
Li  and L represent the path number on grid i and the total 
quantity of simulated paths, respectively.   

The trend analysis of WEPS
   To delineate multidecadal patterns in WEPS trajectories, this 
study adopted Theil–Sen median slope (denoted by α) for ana-
lyze trends in time-series data and the Mann–Kendall test 
(denoted by β) for characterize the significance of time-series 
trends [  25 ]. The significance of the trend of time-series data is 
determined at the 95% confidence level, and the classification 
criteria of the trend are shown in Table  S2 .   

The driving factor analysis of WEPS
   The geographic detector provides a novel methodology for ana-
lyzing and interpreting spatiotemporal divergence patterns. 
Compared to other methods, the geodetector model particularly 
excels at analyzing factor interaction [  26 ]. The methodology’s 
theoretical foundation quantifies the explanatory power of 
independent variables by evaluating the covariation between 
dependent–independent variable spatial patterns through strati-
fied variance analysis. In this study, the geographic detector 
model is applied to quantify the impact of natural factors and 
human activity factors on the AWE and PWE. Seven factors 
were selected for analysis: temperature (TEM), precipitation 
(PRE), fraction vegetation coverage (FVC), wind speed (WIN), 
population (POP), GDP, DEM, and land use (LUCC).     

Results

Spatial and temporal distribution of WEPS
   The physical quantity of WEPS in the LHGR showed an overall 
increasing trend from 2000 to 2020 (Fig.  3 A), with the total 
amount fluctuating between 4.97 × 108 t and 6.7 × 108 t, with 
a mean annual value of 5.95 × 108 t. The maximum and mini-
mum values occurred in 2019 and 2003, respectively. The quan-
tity of WEPS per unit area ranged from 2,448.23 to 3,332.29 t/
km², with an annual mean of 2,932.76 t/km². Spatiotemporal 
analysis revealed distinct geographical patterns, with the quan-
tity of WEPS per unit area decreasing from northwest to south-
east in the years 2000, 2010, and 2020 (Fig.  3 B to D). The 
highest values were consistently observed in northwestern arid 
zones, specifically the Mu Us Sandy Land, characterized by 
sandy land cover and strong winds. The high WEPS (exceeding 
8,000 t/km²) included Qing Shui He Country, He Lin Ge’er 
County, Yu Yang District, Shenmu City, and Zhungeer Banner.        

   Temporally, the mean annual WEPS per unit area increased 
from 2,703.24 t/km² in 2000 to 2,878.95 t/km² in 2010, and 
further to 3,152.17 t/km² in 2020. Over this period, significant 
spatial dynamics emerged in southwestern areas. Specifically, 
Dingbian County displayed a fluctuating pattern: WEPS inten-
sity was initially low (<200 t/km²) in 2000, increased to moder-
ate levels (200 to 2,500 t/km²) by 2010, and subsequently 
declined, with most areas returning to <200 t/km² by 2020. 
Conversely, Hengshan County exhibited an increased trend in 
the quantity of WEPS, rising from less than 200 t/km² in 2,000 
to between 2,500 and 5,000 t/km² by 2020.

   Pixel-level trend analysis of WEPS for 2000 to 2020 (Fig.  3 E) 
revealed improvement trends across the study area. Specifically, 

57.86% of the region showed an increasing trend, including 
21.32% with significant improvement, primarily concentrated 
in the central zone. Conversely, a decreasing trend was observed 
in 37.94% of the region. This trend was classified as insignifi-
cant degradation and was mainly clustered in the southeast. 
Only 4.36% of the total area showed a significant degrada-
tion, predominantly located in the southeastern part of the 
eastern zone.   

Driving factors of WEPS
   The spatial scale of WEPS was divided into 1, 3, 5, 8, and 
10 km. The 90% quantile of the explanatory variable’s q value 
reached its maximum at 5 km (Figs.  S1  and  S2 ), identifying 
5 km as the optimal spatial scale for both PWE and AWE. Factor 
detection showed that FVC was the strongest explanatory factor 
for AWE, contributing over 45%, followed by PRE (25%). WIN 
and LUCC both contributed around 10%, while the remaining 
factors had relatively minor explanatory power, each below 10% 
(Fig.  4 A). For PWE, PRE was the dominant factor, accounting 
for 20% of the explanatory power, followed by wind speed at 
11%. The remaining factors contributed less than 10%, exhibit-
ing limited explanatory power (Fig.  4 B). Interaction analysis 
of driving factors (Fig.  4 C and D) revealed 2 distinct synergistic 
mechanisms: dual-factor enhancement and nonlinear enhance-
ment, with no weakening or independent relationships. This 
indicated interconnected and mutually reinforcing effects 
among all factors influencing both AWE and PWE. For AWE, 
FVC exhibits the most pronounced interactive effects with 
other drivers. All pairwise interactions involving FVC dem-
onstrated dual-factor enhancement, with explanatory power 
exceeding 40%, underscoring its pivotal role in regulating 
regional wind erosion. PWE is predominantly governed by 
PRE, which displays the strongest synergistic interactions with 
other factors.           

Flow trajectories of WEPS
   The capacity of preventing wind erosion in the LHGR improved, 
as evidenced by a decreasing trend in trajectories from 2000 to 
2020 (Fig.  5 A). A cumulative total of 2,783 trajectories were 
identified, peaking at 220 trajectories in 2000 and a significant 
decline to 72 trajectories by 2019. Seasonal analysis showed that 
the majority of high-wind days exceeding the sand-moving wind 
speed predominantly occurred in spring (March to May), total-
ing 1,613 times, which accounted for more than half (57.96%) 
of all recorded events. In contrast, autumn (September to 
November) had the least records, with only 299 occurrences, 
representing 10.74% of the total. Additionally, winter (December 
to February) and summer ((June to August) accounted for only 
19.87% and 11.43%, respectively.        

   The cumulative frequency distribution of trajectories across 
stations displayed a distinct U-shaped seasonal pattern, with 
peaks in spring and troughs in summer and autumn (Fig.  5 B 
to E). In 2000, the peaks were concentrated in March, April, 
and May; in 2010, peaks shifted to March, April, and December; 
while in 2020, the highest number of occurrences was noted in 
April, May, and June. Overall, wind speeds exceeding the sand-
moving threshold predominantly concentrated in spring, dur-
ing which dust movement paths were most numerous, whereas 
they were least frequent in summer. Among the station, the 
station with the highest frequency of occurrences was Dingbian, 
with a total of 446 times, followed by Suide (408 times) and 
Tianzhen (342 times).

(11)PLi = G ×
Li
L
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   Trajectory transport paths analysis from 2000 to 2020 iden-
tified 4 dominant transmission routes (Fig.  6 A): 31.23% of 
trajectories originated from the Mu Us Sandy Land, flowing 
southeastward along the Wuding River basin from Shaanxi to 
Shanxi, and are finally blocked by the Lvliang Mountains; 
29.18% started from the northwest of Shanxi, crossing south-
ern Hebei and Shandong, impacting Jiangsu Province; 23.20% 
also began from the northwest of Shanxi, passing through 

Hebei, Tianjin, Jilin, and Liaoning, extending to Japan; the 
final 16.39% traveled from the northwest of Shanxi through 
Hebei, Beijing, Inner Mongolia Autonomous Region, and Jilin, 
ultimately reaching Heilongjiang Province.        

   A gradual decline in trajectories was evident from 2000 to 
2020 (Fig.  6 B to D). In 2000, a total of 220 trajectories were 
simulated. Among them, 46.37% moved eastward through 
Beijing, Tianjin, and Liaoning, continuing along the Yellow Sea 

Fig. 3. (A) Total annual quantity and average quantity of WEPS from 2000 to 2020. AQWEPS, average quantity of WEPS per unit area; TQWEP, total quantity of WEPS. (B to 
D) Quantity of WEPS per unit area in the 2000, 2010, and 2020, respectively. (E) Significant trend of WEPS.
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toward the Democratic People’s Republic of Korea, Republic 
of Korea, and Japan; 27.27% flowed southeastward, primarily 
affecting domestic regions such as Shandong, Hubei, Henan, 
and Anhui, and the remaining 26.36% were restricted to inter-
nal areas, notably Shanxi and Shaanxi provinces. By 2010, the 
number of trajectories had declined to 189, which were pre-
dominantly concentrated in central and eastern provinces, with 
some extending to Russia, the Democratic People’s Republic 
of Korea, the Republic of Korea, and Japan. By 2020, only 87 
trajectories were recorded; of these, 58.62% were directed 
toward Henan and Shandong, 33.33% extended northeastward 
to Russia, and 8.05% drifted southward to Hubei and Hunan 
provinces.

   Seasonal WEPS trajectories exhibited distinct patterns (Text 
 S3  and Fig.  S3 ). Spring, the most severe wind erosion season, 
showed that 83.25% eastward trajectories impact northeastern 
China, the Shandong Peninsula, North China Plain, and Japan, 
while 16.75% affect northwestern regions (Shaanxi, Gansu, and 
Shanxi). Summer trajectories were mainly northeastward, with 
42.86% passing through Shanxi, Hebei, Tianjin, and Liaoning, 
and 15.76% extending to northern Japan. Autumn and winter 
trajectories were similar, with over half targeting Shanxi (autumn) 
or the Central Plains urban agglomeration (winter), and 12% to 
16% extended across the Sea of Japan to Japan. Additionally, 
cross-sea transport into the Bohai Sea accounted for 29% to 33% 
of trajectories in both seasons.   

Fig. 4. (A) Single-factor average q value (2000, 2010, 2020) of AWE. (B) Single-factor average q value (2000, 2010, 2020) of PWE. (C) Interaction average q value (2000, 2010, 
2020) of AWE. (D) Interaction average q value (2000, 2010, 2020) of PWE.
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Beneficiary areas of WEPS
   The beneficiary areas of the WEPS for 2000 to 2020 were deter-
mined through spatial interpolation (Fig.  7 ). The frequency 
range of WEPS was divided into 5 intervals: 0% to 1%, 1% to 5%, 
5% to 10%, 10% to 20%, and greater than 20% [ 16 ]. Trajectory 
frequencies exhibited a concentric pattern, with WEPS benefits 
diminishing radially outward from core zones, demonstrating 
clear distance decay. Analysis of WEPS beneficiary areas from 
2000 to 2020 (Fig.  7 A) revealed a total benefiting area of 566.25 
× 104 km², encompassing approximately 58.98% of China and 
extending to Republic of Korea, Democratic People’s Republic 
of Korea, Japan, Mongolia, and portions of southern and eastern 
Russia.        

   High-frequency trajectory zones (>20% occurrence) accounted 
for only 2.35% of the total area, concentrated in Inner Mongolia 
Autonomous Region, Shanxi, Shaanxi, Hebei, and Beijing. In 
contrast, the lowest frequency category (<1%) covered 37.42% 

of the total area, predominantly affecting Heilongjiang, Gansu, 
Sichuan, Guangxi, Hunan, Shaanxi, and Jilin. Inner Mongolia 
Autonomous Region accounted for the largest proportion, fol-
lowed by Gansu (Table  S3 ). The total WEPS beneficiary areas 
in 2000, 2010, and 2020 were 1.32 × 107 km², 1.79 × 107 km², 
and 0.79 × 107 km², respectively (Fig.  7 B to D). Among these, 
the benefited areas within China were 3.93 × 106 km², 4.4 × 
106 km², and 3.59 × 106 km², accounting for 40.94%, 45.83%, 
and 37.34% of China’s territorial area, respectively. This indi-
cated a fluctuating trend of initial expansion followed by 
contraction. High-benefit frequency zones (>10%) remained 
concentrated in Shanxi, Shaanxi, Beijing, Tianjin, Hebei, and 
Henan, with frequencies exceeding 20% in parts of Hebei, 
Shaanxi, and Shanxi. Despite an increase in total benefiting 
area by 2010, the spatial extent of high-frequency zones dimin-
ished. Conversely, by 2020, while the total area declined, the 
spatial extent broadened significantly, extending southward to 

Fig. 5. (A) Trajectory number (TN) of WEPS from 2000 to 2020. (B to D) Trajectory number of the station in 2000, 2010, and 2020, respectively. (E) Trajectory number of the 
total station in 2000–2020.
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encompass Guangxi and Guangdong provinces. The seasonal 
benefiting areas of WEPS were 3.71 × 107 km² (spring), 1.33 × 
107 km² (summer), 1.76 × 107 km² (autumn), and 2.76 × 107 km² 
(winter) (Fig.  S4 ).

   We quantified the cross-regional socioeconomic and eco-
logical effects of WEPS in the LHGR by integrating data on 
population, GDP, and ESV across beneficiary areas (Table  1 ). 
From 2000 to 2020, both the benefited population and the GDP 
showed increasing trends. The total benefited population was 
894.8 million (72.01% of the national population) in 2000, 
1,127.74 million (84.61%) in 2010, and 1,212.03 million 
(61.45%) in 2020. Meanwhile, GDP amounted to 7,038.19 bil-
lion yuan (68.72% of the national GDP), 29,234.61 billion yuan 
(86.93%), and 79,884.58 billion yuan (75.99%), respectively, 
while the ESV was 56.40 billion yuan (42.8%), 125.59 billion 

yuan (51.35%), and 110.31 billion yuan (41.57%). In 2000, areas 
with trajectory frequencies below 1% accounted for the largest 
shares of population, GDP, and ESV. However, by 2010 and 
2020, the largest shares of population, GDP, and ESV were 
found in areas with trajectory frequencies between 1% and 5%. 
These results suggested that the WEPS in LHGR generated 
socioeconomic and ecological benefits nationwide—particularly 
in north and northeast China. Provinces such as Shanxi, Hebei, 
Beijing, Tianjin, Shandong, Henan, Liaoning, and western 
Inner Mongolia Autonomous Region had benefit trajectory 
frequencies greater than 5%. Areas with high-frequency distri-
bution (>20%), such as Shanxi and Hebei, contributed rela-
tively small proportions of the total beneficiary populations 
and GDP contributions. In contrast, areas with low-frequency 
distribution areas (<1%) accounted for the largest proportions. 

Fig. 6. Flow trajectories of WEPS (2000–2020): clustering analysis with Euclidean distance. (A) Number of WEPS flow trajectories from 2000 to 2020. (B to D) WEPS flow 
trajectories in 2000, 2010, and 2020, respectively.
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This spatial mismatch can be attributed to the concentration 
of economic activities and dense populations in eastern regions.    

Physical flow of WEPS
   Based on the physical quantity of WEPS and the SBAs, the 
spatial distribution of the physical flow of the WEPS was deter-
mined. The total quantity of physical flow of WEPS in the 
LHGR was 12.6 × 109 t from 2000 to 2020, of which 9.19 × 109 t 
was received by domestic benefiting areas in China. The flow 
diminished concentrically outward from core regions—Shanxi, 
Hebei, Tianjin, and Beijing—exhibiting a radial distance–decay 
pattern (Fig.  8 A).        

   The annual physical flow of WEPS in 2000, 2010, and 2020 
was 5.6 × 108 t, 6.12 × 108 t, and 6.48 × 108 t, respectively. The 
proportion of areas with a WEPS capacity less than 0.1 t/km² 
was the largest, whereas areas exceeding 0.1 t/km² were mainly 
distributed in the east, indicating that the WEPS benefited the 
eastern part of the LHGR (Fig.  8 B to D). Seasonally, WEPS 
physical flow peaked in spring (3.56 × 109 t) and reached its 
lowest level in summer (2.88 × 109 t). During spring, areas with 
WEPS below 0.5 t/km² were most widely distributed across the 
central and eastern regions of China. In contrast, during sum-
mer, the majority of WEPS concentrated in the northern 
regions of China (Text  S5  and Fig.  S6 ).    

Fig. 7. (A) Beneficiary areas of WEPS from 2000 to 2020. (B to D) Beneficiary areas in 2000, 2010, and 2020, respectively.
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Discussion

Verification of results
   The estimated WEPS for LHGR during 2000–2020 was 2,932.76 t/
(km2 ·a), which is reasonably consistent with the values of 2,214 t/
(km²·a) reported by Li et al. [  27 ] and 2,430 t/(km²·a) reported by 
Fan et al. [  28 ] in the Loess Plateau. However, our slightly higher 
estimates likely reflect unique topographic influences in the hilly–
gully ecosystem. Specifically, the characteristic “canyon effect” in 
this terrain [  29 ] may enhance wind acceleration, potentially inten-
sifying erosional processes compared to plateau averages. Moreover, 
many researchers have corroborated the accuracy of the RWEQ by 
correlating soil erosion intensity with the frequency of dust storms 
[  30 ]. In this study, we analyzed statistical data on the dust storm 
frequency on the Loess Plateau from 2000 to 2007 to validate the 
dynamic changes in wind erosion (Fig.  9 A). The interannual analy-
sis revealed consistency between the variations in WEPS capacity 
and dust storm frequency in the LHGR, reinforcing the reliability 
of temporal simulations of the RWEQ.        

   To validate the HYSPLIT simulation results, we used the 
MOD08_D3 aerosol optical depth (AOD) and PM10 observing 
data. Following Cuevas-Agulló et al. [  31 ], we defined a desert 
aerosol event as one where the AOD values ranged between 
0.18 and 0.33 and persisted at such levels for 3 consecutive days. 
On 2017 May 5 and 2019 May 19 (Fig.  9 B to D), the trajectories 
transported southeast toward Hebei Province before recurving 
northeast to northeast China and the Korean Peninsula. As the 
dust was transported during the 3 events, AOD and PM₁₀ levels 
increased markedly in areas coinciding with the trajectories, 
confirming the impact of dust transport. This consistency 

between our simulated trajectories and independent observa-
tions validates the accuracy of our simulation.

   Furthermore, the results of seasonal trajectory clustering (Fig. 
 S3 ) demonstrate that the clustered trajectories agree with the wind 
direction in the LHGR. During spring, the prevailing westerly to 
northwesterly winds, under the continuous influence of the 
Siberian High, induce atmospheric and soil aridity [  32 ]. The per-
sistent strong winds combined with dry surface conditions lead 
to frequent occurrence of dust storms, commonly known as 
“Yellow Dust”. Consequently, spring had the highest frequency of 
dust transport trajectories, affecting a vast area of up to 3.71 × 107

km², including the Korean Peninsula and Japan. In the summer, 
the convergence of the East Asian and South Asian monsoons 
causes the prevailing wind direction to shift predominantly to 
southeasterly or southwesterly [  33 ]. This flow brings warm, moist 
air that promotes precipitation and alleviates drought conditions, 
leading to a significant reduction in dust transport trajectories. 
As a result, the overall dust transport direction becomes mainly 
northeastward, decreasing the affected area. As autumn pro-
gresses, the strengthening of cold air masses causes the wind 
direction to shift from southeasterly to westerly and northwest-
erly. Wind speeds increase, accompanied by drier conditions, 
reduced precipitation, and diminished vegetation cover, which 
enhances wind erosion. Transport trajectories shift from a pre-
dominantly northeastward direction in summer to an eastward 
one. During winter, the Siberian high-pressure system dominates, 
with northwesterly winds that are strong, cold, and dry [  34 ]. The 
lack of precipitation, combined with exposed ground surfaces, 
leads to significant wind erosion. Although the prevailing trans-
port direction remains southeasterly, dust storms are less frequent 

Table 1. Population, GDP, and ESV in the beneficiary areas from 2000 to 2020

Year

Beneficiary 
areas of 
WEPS

Population in the 
service beneficiary 

areas (million)

Percentage of 
the Chinese 

population (%)

GDP in the service 
beneficiary areas 

(billion yuan)

Percentage of 
the Chinese real 

GDP (%)

ESV in the service 
beneficiary areas 

(billion yuan)

Percentage of 
the Chinese 

ESV (%)

 2000 <0.01 260.07 20.93 2,463.92 24.06 20.13 15.28

0.01–0.05 213.82 17.21 1,797.81 17.55 19.34 14.68

0.05–0.1 130.96 10.54 1,167.88 11.40 6.87 5.22

0.1–0.2 192.75 15.51 1,506.42 14.71 6.51 4.94

>0.2 97.2 7.82 102.16 1.00 3.55 2.69

Total 849.8 72.01 7,038.19 68.72 56.40 42.8

 2010 <0.01 225.46 16.92 5,446.43 16.19 27.03 11.05

0.01–0.05 424.8 31.87 10,779.9 32.05 62.34 25.49

0.05–0.1 217.56 16.32 5,772.54 17.1 6 18.28 7.47

0.1–0.2 218.55 16.40 6,108.29 18.16 13.38 5.47

>0.2 41.37 3.10 1,127.45 3.35 4.56 1.86

Total 1,127.74 84.61 29,234.61 86.93 125.59 51.35

 2020 <0.01 0 0.00 0.00 0.00 0.00 0

0.01–0.05 782.33 39.66 54,350.98 51.70 71.88 27.09

0.05–0.1 146.24 7.41 7,802.07 7.42 18.38 6.93

0.1–0.2 175.83 8.91 12,747.06 12.13 14.53 5.48

>0.2 107.63 5.46 4,984.46 4.74 5.53 2.08

Total 1,212.03 61.45 79,884.58 75.99 110.31 41.57
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compared to spring, primarily due to frozen surfaces or snow-
pack. These seasonal transport dynamics underscore the complex 
interaction between synoptic systems [  35 ], surface hydrology 
[  36 ], and anthropogenic influences [  37 ] in shaping regional dust 
transport patterns.   

Drivers of changes affecting WEPS
   Changes in WEPS are the result of the combined action of 
natural and human factors [ 15 ]. The findings demonstrate that 
FVC is the primary driver in AWE, highlighting that vegetation 

in this region plays a critical role in mitigating soil erosion [  38 ]. 
First, vegetation prevents wind-induced soil erosion by increas-
ing surface roughness and absorbing the downward momen-
tum of airflow. Secondly, plants with lower branches decrease 
wind speeds near the ground surface and capture sediment 
particles [  39 ]. Since the launch of China’s ecological restoration 
projects in 2000, strategic interventions including the Three-
North Shelter Forest Construction Project (TNP), the Grain 
for Green Project (GFGP), the Natural Forest Protection Project 
(NFP), and the Beijing–Tianjin Sand Source Control Project 

Fig. 8. (A) Physical flow of WEPS from 2000 to 2020. (B to D) Physical flow of WEPS in 2000, 2010, and 2020, respectively.
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Fig. 9. (A) RWEQ model accuracy verification: the result of WEPS and Fan et al. [28] and dust storm frequency. (B to D) HYSPLIT model and the AOD outcomes of the 3 dust 
events: (B) 2015 June 10, (C) 2017 May 5, and (D) 2019 May 19. PM10↑ showed the recorded higher concentrations compared to previous day on 3 dates.
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(BTP) [  40 ] have substantially modified vegetation patterns in 
the LHGR. Enhanced vegetation coverage emerges as a crucial 
nature-based mitigation strategy against soil wind erosion, par-
ticularly in spring. Our analysis demonstrates that wind erosion 
primarily occurs during spring when vegetation is in its initial 
growth stage, resulting in large areas with insufficient ground 
coverage where the inhibitory effect on wind erosion is not fully 
realized. The study further identifies precipitation as the domi-
nant driver factor for PWE. Increased rainfall exhibits dual pro-
tective mechanisms: physically enhancing soil cohesion through 
moisture-mediated particle bonding [  41 ], and biologically facili-
tating vegetation recovery via improved soil water availability 
[  42 ]. This precipitation–vegetation synergy underscores the 
importance of integrated hydrological and ecological manage-
ment strategies for comprehensive erosion control.   

Policy implications of WEPS flow
   By simulating the flow of WEPS in the LHGR, this study dem-
onstrates that the ESs supplied and delivered by this region to 
downstream beneficiaries are critically important and possess 
substantial economic value. Wind erosion is characterized by 
long-distance transport [  43 ]. Consequently, enhancing the WEPS 
in the LHGR not only mitigates local wind erosion but also gen-
erates significant ecological benefits for downstream regions, 
including the Beijing–Tianjin–Hebei area and the eastern coast 
of China, with positive effects extending to transboundary 
regions such as Mongolia and Japan. The quantitative assessment 
of the WEPS flow and patterns establishes a scientific basis for 
cross-regional ecological compensation policies. Horizontal pay-
ment is the highly equitable approach to implement ecological 
compensation [ 4 ]. Ecological compensation should not rely on 
a uniform standard but should instead be calibrated according 
to the actual flow of ESs and socioeconomic factors of beneficiary 
regions, such as GDP, population, and ESV. This approach opera-
tionalizes the beneficiary-pays principle, leading to more refined 
and equitable compensation criteria. The cross-regional effects 
of WEPS further indicate that wind erosion control must tran-
scend traditional administrative boundaries to establish a cross-
regional and collaborative governance framework across regions 
and even national borders [  44 ]. There is an urgent need to 
develop a multi-level cooperation system encompassing data 
sharing, institutional coordination, and joint actions for address-
ing wind erosion as a cross-regional environmental issue in an 
integrated manner.

   The ecosystems in the typical arid and semi-arid regions 
focused on in this study are particularly responsive to climate 
change due to their inherent ecological sensitivity and fragility 
[  45 ]. In the future, the synergistic effects of climate change and 
human activities are projected to become the dominant driver 
of changes in the WEPS. A broad consensus in existing research 
indicates that future climate change will increase the fre-
quency and intensity of extreme events including heavy rain-
fall, droughts, and wildfires [  46 ]. These impacts are projected 
to be most severe under high-emission scenarios (e.g., SSP5-
8.5) [  47 ], whereas they would be significantly mitigated under 
low-emission scenarios (e.g., SSP1-2.6). These changes will 
directly or indirectly trigger multiple negative effects, leading 
to a decline in soil retention capacity and significantly increas-
ing the risk of surface wind erosion. Furthermore, they will 
contribute to reduced vegetation coverage, degradation of com-
munity structure, and weakened sand fixation capacity pro-
vided by vegetation through increased surface roughness. This 

will also result in a diminished carbon sink function of ecosys-
tems [  48 ], potentially impairing the overall stability of ecosys-
tems and their long-term ability to sustain critical ecological 
services such as wind erosion prevention. Therefore, ecological 
policies must pay close attention to the potential threats posed 
by different future climate scenarios. Adaptive management is 
integrated into ecological conservation policy design to enhance 
ecosystem resilience against climate risks.   

Limitations and prospects
   Simulating the spatiotemporal dynamics of large-scale wind 
erosion remains a persistent challenge in wind erosion studies, 
with no unified measurement scale framework currently avail-
able. In this study, we employed the RWEQ model to simulate 
wind erosion patterns over a 21-year period in the LHGR, with 
particular emphasis on quantifying the spatiotemporal varia-
tions of WEPS. However, the reliability of our simulations was 
constrained by the lack of field validation data, especially for 
input parameter uncertainties. For instance, wind speed data, 
a critical input for the RWEQ model, were generated through 
ANUSPLIN interpolation software using meteorological sta-
tion observations with a local thin plate smoothing spline algo-
rithm. While this methodological approach has been validated 
in previous studies [  49 ], spatial interpolation uncertainties 
inherent to meteorological data processing remain exited. When 
selecting driver data for the HYSPLIT model, a trade-off between 
spatial resolution and temporal coverage must be considered. 
While the driving data (e.g., global data assimilation system and 
global forecast system) offer higher spatial resolution, their his-
torical records do not cover the entire period from 2000 to 2020. 
The GBL (global boundary layer) reanalysis data provide a long-
term and continuous time series, and had been widely validated 
and applied in studies such as dust transport [  50 ]. This study 
ultimately employs the GBL data to ensure temporal complete-
ness of the research period. 

   To address these limitations, future work should prioritize 
the integration of multi-scale field observations with process-
based modeling frameworks. Such integrated approaches 
would significantly improve model parameterization accuracy. 
Furthermore, we will develop and apply coupled climate–
vegetation–erosion models to simulate the evolution of WEPS 
under different future climate scenarios [e.g., shared socio-
economic pathways (SSPs)], which represents a key direction 
for our subsequent research.    

Conclusion
   Utilizing the RWEQ model, this study evaluated the spatiotem-
poral dynamics of WEPS in the LHGR from 2000 to 2020, 
revealing key insights regarding service flow transmission and 
cross-regional effects. 

1.  The physical quantity of WEPS exhibited a marked 
overall increase during the study period, indicating an 
enhanced regional capacity for wind erosion prevention. 
Spatially, the northwestern arid zones, particularly the 
Mu Us Sandy Land, demonstrated the highest WEPS 
values due to their sandy land cover and intense winds. 
This spatial heterogeneity emphasizes geomorphologi-
cal–climatic coupling in wind erosion.

2.  FVC was the dominant factor for AWE, primarily through 
dual mechanisms: increasing surface roughness and 
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reducing near-surface wind dynamics for trapping sedi-
ments. The implementation of China’s ecological restoration 
projects has significantly amplified this protective function. 
PWE was predominantly regulated by PRE. Interaction 
analysis revealed that FVC and PRE serve as pivotal factors 
for AWE and PWE, respectively. Moreover, these key fac-
tors exhibited synergistic effects with other drivers, high-
lighting the necessity of integrated management strategies 
that consider multiple factors simultaneously.

3.  A total of 2,783 trajectories were identified, with 3 domi-
nant directions: 39.6% moving eastward/northeastward, 
29.18% dispersing southward through southern Hebei 
and Shandong, ultimately reaching Jiangsu Province, 
and 31.23% circulating within the LHGR. Spring 
accounted for 57.96% of total trajectories (n = 1,613). 
Among these, 83.25% extended eastward to high-pop-
ulation zones, such as Shandong Peninsula and North 
China Plain, with some even reaching areas including 
Japan. These findings confirm spring as a crucial period 
for mitigating transboundary dust impacts.

4.  The WEPS service flow covers beneficiary area of 599.96 × 
104 km2 (62.5% of China’s territory), with Inner Mongolia 
Autonomous Region accounting for the largest propor-
tion. Spatially, beneficiary zones exhibit a concentric cir-
cular structure centered on the LHGR, with the benefits 
decreasing radially following a distance–decay pattern. 
This flow pattern highlights the critical role of the LHGR 
in protecting downstream socioecological systems, par-
ticularly in regions such as Shanxi, Hebei, Tianjin, and 
Beijing. The increasing beneficiary population, GDP, 
and ESV highlight its benefits of WEPS in safeguarding 
human health, preserving ecosystems, and promoting 
sustainable economic development. This helps quantify 
the often-neglected socioeconomic benefits arising from 
regional wind erosion control.

   Finally, this study reveals a pronounced spatial mismatch 
between WEPS “source” areas (LHGR) and downstream “sink” 
beneficiaries. It establishes a comprehensive framework for assess-
ing the cross-regional flow benefits of WEPS, providing a theoreti-
cal foundation for ES management and policy-making.   
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Wind erosion prevention service (WEPS) is critical for mitigating soil erosion and desertification in China’s arid–semiarid
zones. However, most existing studies have overlooked the spatial flow of WEPS, particularly the interannual variability
and seasonal dynamics of sand transport pathways. This study focused on the loess hilly–gully region (LHGR), a
climate-sensitive zone with intensified aeolian activity. We quantified the spatiotemporal dynamics of WEPS from 2000
to 2020 and simulated sand transport trajectories to assess cross-regional effects and socioeconomic dynamics. The
results showed a marked increase in WEPS, indicating improved capacity of wind erosion prevention, with persistently
high-value zones concentrated in northwestern arid regions such as the Mu Us Sandy Land. Wind trajectory identified
2,783 transport paths, dominated by spring winds (57.96%), which carried dust eastward toward densely populated
areas and transboundary regions like Japan. Beneficiary areas exhibited a concentric spatial pattern, covering 599.96
× 104 km² (62.5% of China). The growing population, gross domestic product, and ecosystem service value highlighted
its dual role in safeguarding human health and supporting sustainable development. Fraction vegetation coverage
(FVC) emerged as the dominant factor for actual wind erosion by increasing surface roughness, with China’s ecological
restoration policies amplifying this function. Precipitation (PRE) predominantly regulated potential wind erosion, while
synergistic interactions between FVC, PRE, and other drivers underscored the necessity for multi-factor governance.
Our framework integrating physical flow and beneficiary mapping provides practical insights for optimizing payment for
ecosystem service to enhance cross-regional ecological benefits.
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