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Abstract The Loess Plateau in China has experienced a remarkable greening trend due to vegetation
restoration efforts in recent decades. However, the response of precipitation to this greening remains uncertain.
In this study, we identified and evaluated the main moisture source regions for precipitation over the Loess
Plateau from 1982 to 2019 using a moisture tracking model, the modified WAM‐2layers model, and the
conceptual framework of the precipitationshed. By integrating multiple linear regression analysis with a
conceptual hydrologically weighting method, we quantified the effective influence of different environmental
factors for precipitation, particularly the effect of vegetation. Our analysis revealed that local precipitation has
increased on average by 0.16 mm yr− 1 and evaporation by 5.17 mm yr− 1 over the period 2000–2019 after the
initiation of the vegetation restoration project. Regional greening including the Loess Plateau contributed to
precipitation for about 0.83 mm yr− 1, among which local greening contributed for about 0.07 mm yr− 1. Local
vegetation contribution is due to both an enhanced local evaporation as well as an increased local moisture
recycling (6.9% in 1982–1999; 8.3% in 2000–2019). Thus, our study shows that local revegetation had a
positive effect on local precipitation, and the primary cause of the observed increase in precipitation over the
Loess Plateau is due to a combination of local greening and circulation change. Our study underscores that
increasing vegetation over the Loess Plateau has exerted strong influence on local precipitation and supports
the positive effects for current and future vegetation restoration plans toward more resilient water resources
managements.

1. Introduction
Large‐scale vegetation restoration has emerged as one of the most effective measurements for ecosystem
remediation and climate mitigation over the past few decades (Branch &Wulfmeyer, 2019; Doelman et al., 2019;
Spracklen et al., 2018). Such land cover changes alter the surface characteristics and modify the exchange of
energy and moisture between the land and the atmosphere (Bonan et al., 1992; Piao et al., 2019; Sterling
et al., 2012; te Wierik et al., 2021). Newly established vegetation typically needs more water to grow and
significantly increases the local evaporation over land (Wang et al., 2021). Thus, many revegetation efforts and
forestation projects across the world, especially in water‐limited areas, have been observed to reduce local water
availability (Albaugh et al., 2013; Farley et al., 2005; Li et al., 2018; Spracklen et al., 2012). Precipitation, can also
be impacted by revegetation through land‐atmosphere interactions, through boundary‐layer processes, moisture
recycling, and circulation perturbation (Lawrence & Vandecar, 2015; Spracklen et al., 2018; Tuinenburg, 2013).
Small‐scale changes in land cover can produce strong gradients in surface flux on the atmosphere boundary layer.
These changes in local thermodynamic profile subsequently can thermally and dynamically affect cloud for-
mation, and convection, even mesoscale circulation (Garcia‐Carreras & Parker, 2011; Khanna et al., 2017).
Regional scale changes in land cover affect evaporation, which releases moisture to the atmosphere, and at-
mospheric circulation due to changes in the atmospheric heating gradient between land and ocean, thereby
altering the water balance and moisture recycling (Spera et al., 2016; Spracklen et al., 2018). Understanding how
precipitation responds to revegetation is, therefore, an important piece for understanding the overall hydrological
impact of restoration projects.
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There is a growing recognition that impact of vegetation changes on precipitation also highly depend on where
and the extent to which the moisture recycled from (Cui et al., 2022; Keys et al., 2019; Staal et al., 2018, 2020;
Tuinenburg et al., 2022; van der Ent & Savenije, 2011; Wang‐Erlandsson et al., 2018). To address the question of
where and what extent evaporated moisture from source region returns as precipitation in sink region (Brubaker
et al., 1993; Keys et al., 2012; Trenberth, 1999; van der Ent et al., 2010), atmospheric moisture tracking methods
have rapidly developed over the latest decades. This methodological advancement has subsequently become a
reliable foundation for mapping the effects of land‐use change on precipitation (Baudena et al., 2021). As a result,
the effects of anthropogenic revegetation in a specific area on precipitation can be isolated, while also considering
the effects associated with spatial redistribution of recycled moisture through atmospheric transport.

The Grain for Green project, initiated by the Chinese government in 1999 on Chinese Loess Plateau to halt soil
erosion ‐ is one of the world's largest active revegetation programs (Feng et al., 2016). Over the past two decades,
ecological restoration efforts have resulted in a visible “greening” trend across the Loess Plateau (Naeem
et al., 2021; Yu et al., 2020). The large‐scale vegetation restoration project brings about benefits such as soil
erosion control, reduction in sediment yield, carbon storage, and an improvement in the quality of life for the 108
million people residing in the region (Feng et al., 2016; Hoek van Dijke et al., 2022; Liu et al., 2012; Wang
et al., 2015). However, there is a growing concern regarding whether revegetation is detrimental to water
availability in the long term (Feng et al., 2016; Liu et al., 2016). Previous studies have suggested that increased
vegetation have caused a remarkable growth in evaporation, and further reduced the water availability in the semi‐
arid Loess Plateau (Jia et al., 2017; Liu et al., 2016; Zhang et al., 2018). Yet majority of the assessments neglect
that precipitation can be mediated by vegetation through land‐atmosphere feedbacks (Zhang et al., 2016). Many
modeling studies have revealed that revegetation projects can enhance precipitation in dry areas (Achugbu
et al., 2022; Liu et al., 2023; Wang, Zhang, et al., 2023; Wulfmeyer et al., 2014; Yosef et al., 2018). Moreover,
past studies have shown an increase in local precipitation over the Loess Plateau in connection to the vegetation
restoration (S. Chen, Xiong, et al., 2023; W. Chen, Xiong, et al., 2023; Liu et al., 2023; Lv et al., 2019; Tian
et al., 2022; Zhang et al., 2022). However, uncertainties still exist as to whether such vegetation‐driven increase in
precipitation is large enough to compensate for evaporation losses. Analyses based on land‐climate models,
primarily the Weather Research and Forecasting (WRF) model and Land Surface Models (LSMs), account for
both precipitation and evaporation change from revegetation, but are subject to uncertainties in biophysical
parameterization schemes implemented in the models (de Noblet‐Ducoudré et al., 2012; Forzieri et al., 2018; Ge
et al., 2020). Thus, how precipitation on the Loess Plateau responds to revegetation or afforestation still lacks a
consensus, and there is a necessity to disentangle restoration efforts' contribution based on observational
evidence.

In this study, we address the following questions: (a) What changes have occurred in the different components of
the atmospheric water cycle in the Loess Plateau over the last decades? (b)What contribution does the revegetation
over the Loess Plateau make to local precipitation? We first identified the moisture source region (i.e., precip-
itationshed) of the precipitation over Loess Plateau by using the modified Water Accounting Model‐2 layers
(WAM‐2layers) (Xiao & Cui, 2021), to help us separate the moisture contribution of local and remote sources.
Then,we constructed a hydrologically effective leaf area index (LAIw) byweighting the satellite‐observed leaf area
index (LAI) with the moisture contribution of evaporation to precipitation over study area (Cui et al., 2022). This
allows the hydrological connection between vegetation and precipitation to be detected at a regional scale,
extending beyond the local level and encompassing upwind areas. Furthermore, a multiple linear regressionmodel
was adopted to disentangle the impacts of both local and remote vegetation changes on the local precipitation. Last,
we discuss the underlyingmechanisms for the changes in local precipitation following the revegetation project. Our
study identifies the impact of restoration and revegetation efforts on improving local precipitation patterns over the
Loess Plateau. By disentangling the factors influencing precipitation, in addition to climate change affecting the
region, we provide valuable insights into the effectiveness of restoration and revegetation efforts. Outcomes of our
research supports the integration of biophysical process into ecological restoration strategies, to ultimately foster
the development of resilient water resources management, particularly in times of rapid climate change.
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2. Data and Methods
2.1. Study Area

The Loess Plateau (64,000 km2) is located in the middle reaches of the Yellow River basin in northern China
(Figure 1). The region spans arid, semi‐arid, and semi‐humid zones and is sensitive to climate change (Liu &
Sang, 2013). The average annual temperature ranges from 6 to 10°C from northwest to southeast (Li et al., 2010).
Meanwhile, it is a typical water‐limited landscape with mean annual precipitation ranging from 200 to 800 mm,
and the annual evaporation ranging from 150 to 600 mm, both computed over the 1982–2019 period. Controlled
by the East Asian summer monsoon, about 70% of the precipitation concentrates in the rainy season (from June to
September) (Tang et al., 2018). Due to the frequent rainstorms, steep landscapes, highly erodible soils, and low
vegetation cover, the Loess Plateau has become one of the most ecologically vulnerable areas in China. To
prevent soil erosion and improve local ecological conditions, the Chinese government has implemented the Grain
for Green Project since 1999, which has led to a visible “greening” trend, with the vegetation cover increasing
from 32% in 1999 to 64% in 2019 over the Loess Plateau (Wang, Fu, et al., 2023).

2.2. Data Set Collection

The satellite‐based Leaf Area Index (LAI) generated by the Global Land Surface Satellites (GLASS) was used to
analyze the vegetation cover conditions over the Loess Plateau (https://doi.org/10.12041/geodata.GLASS_LAI_
modis(0.05D).ver1.db). The GLASS LAI has a temporal resolution of 8 days and a spatial resolution of 0.05°
(Liang, 2021). Data sets of LAI from Global Inventory Modeling and Mapping Studies (GIMMS), and the Long‐

Figure 1. Location of the Loess Plateau. (a) The simulation domain which is the source area in our study. The color shading
denotes the Leaf Area Index (LAI) (m2 m− 2) for 2018 from the GLASS data sets. (b) The topography of Loess Plateau which
is the sink area. The black triangles show the locations of the China Meteorological Administration (CMA) stations.
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termGlobal Mapping LAI (GLOBMAP) were used for validation in this study. The GIMMS provides LAI twice a
month with a spatial resolution of 1/12° (Cao et al., 2023), and the GLOBMAP provides the same temporal
resolution and a spatial resolution of 4/55° (Liu et al., 2021). The Terra and Aqua combined Moderate Resolution
Imaging Spectroradiometer (MODIS) Land Cover Climate Modeling Grid (CMG) (MCD12C1) Version 6.1 data
product was used to capture land cover type change in the Loess Plateau from 2001 to 2019 (Friedl & Sulla‐
Menashe, 2022).

The input data sets used in the modified WAM‐2layers model are specific humidity (Q), surface pressure (SP), u‐
velocity (U), and v‐velocity (V) at 17 pressure levels (including 10, 100, 200, 300, 400, 500, 600, 700, 800, 825,
850, 875, 900, 925, 950, 975, and 1,000 hPa) and total column water at single level at 6‐hr intervals from the fifth
generation Earth Retrospective Analysis (ERA5) released by the European Center for Medium‐Range Weather
Forecasts (ECMWF) (Hersbach et al., 2020). In addition, precipitation (P) data were acquired at 3‐hr intervals
from the Multi‐Source Weighted‐Ensemble Precipitation (MSWEP) (Beck et al., 2017) and evaporation (E) at 1‐
hr intervals from the Modern‐Era Retrospective analysis for Research and Applications, version 2 (MERRA‐2)
(GMAO, 2015a) at single level.

Daily precipitation was validated with in‐situ observation from China Meteorological Administration (CMA) at
74 stations in the Loess Plateau (http://data.cma.cn/). In addition, the monthly P during 1982–2018 at 0.1°
resolution from the China Meteorological Forcing Data set (CMFD) (Yang et al., 2019), the monthly P during
1982–2019 at 0.5° resolution from the Climate Prediction Center (CPC) Unified Precipitation Project (Chen
et al., 2008) (https://psl.noaa.gov), the monthly P during 1982–2019 at 0.5° resolution from Climatic Research
Unit Time series version 4 (CRU TS4.0) (Harris et al., 2020) (https://crudata.uea.ac.uk/cru/data/hrg/), and the
monthly P during 1982–2019 at 0.5° resolution from Global Precipitation Climatology Center (GPCC)
(Schneider et al., 2015) (https://psl.noaa.gov/data/gridded/data.gpcc.html) were used for comparison in our
study. Monthly gridded P from MSWEP agrees well with the observed P from CMA (Figure S1 in Supporting
Information S1), with an averaged correlation strength of Pearson's R = 0.88 for all stations, supporting the
validity and accuracy of the MSWEP P over the Loess Plateau. The year 1992 was omitted from the analysis in
our study, since MSWEP P shows an anomaly in 1992 when compared to the other products (Figure S2 in
Supporting Information S1).

Similarly, the following products were used in this study for the comparison of evaporation: monthly total Latent
Energy Flux during 1982–2019 from MERRA2 at 0.625° × 0.5° resolution (GMAO, 2015b); 8d Evapotrans-
piration during 1982–2018 from Global Land Surface Satellite (GLASS) at 0.05° resolution (Yao et al., 2014);
monthly Actual Evaporation during 1982–2019 from Global Land Evaporation Amsterdam Model (GLEAM) at
0.1° resolution (Miralles et al., 2011); monthly Evapotranspiration from Breathing Earth System Simulator
(BESS) at 0.5° resolution covering the periods from 1982 to 2014, 2015, 2016 retrieved by GLASS, GIMMS,
GLOBMAP LAI respectively (Jiang & Ryu, 2016); monthly Latent Heat Flux during 2001–2013 from Fluxcom
at 0.5° resolution (Jung et al., 2019) (https://www.bgc‐jena.mpg.de/geodb/projects/Home.php). As shown in
Figure S3 in Supporting Information S1, the regional averaged E over the Loess Plateau from ERA5 is lower than
those from other products. Meanwhile, the ERA5 E exhibits a decreasing trend, which differs from the others.
Hence, the MERRA2 E data was chosen as in the absence of observation from eddy covariance tower, it can meet
the resolution requirements of the model and close the terrestrial water budget over the Loess Plateau (Tian
et al., 2022).

In addition, six monthly climatic variables and large climate variability indices on El Niño/Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD) were adopted for analysis in this study. The six climatic variables such as
10 m u‐component of wind (U), 10 m v‐component of wind (V), 2 m temperature (Ta), 2 m dewpoint temperature
(Td), surface pressure (SP), surface net solar radiation (SSR), Surface net thermal radiation (STR) and Volumetric
soil water layer 1–3 (SM) are provided by ERA5 (Hersbach et al., 2020). The climate variability indices used in
our study are Niño3.4 SST Index (hereinafter referred to as NINO) (https://psl.noaa.gov/gcos_wgsp/Timeseries/
Nino34/) and Dipole Mode Index (DMI) (https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/). ENSO and IOD
were selected for their strong influence on precipitation patterns over the Loess Plateau. Statistical analysis further
supported their relevance, showing that ENSO is a major influencing factor, while IOD, although less critical, still
holds importance among the climate variabilities analyzed (Tables S1, and S2 in Supporting Information S1).

To assess the water budget, annual runoff observations from 2000 to 2019 were obtained from the Ministry of
Water Resources of the People's Republic of China (http://www.mwr.gov.cn/sj/tjgb/szygb/), soil moisture
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content was acquired from Global Land Data Assimilation System (GLDAS) (Beaudoing et al., 2020) and
Terrestrial Water Storage data was derived from previous research (S. Chen, Xiong, et al., 2023; W. Chen, Xiong,
et al., 2023). Detailed information of the data sets used in this study are summarized Table S3 in Supporting
Information S1.

2.3. Moisture Tracking Method

Our study used the modifiedWater AccountingModel‐2 layers (WAM‐2layers) to track the atmospheric moisture
(Xiao & Cui, 2021). The WAM‐2Layers model is a Eulerian model on moisture recycling, which can track
moisture either forward or backward in time to quantify the moisture source‐sink relations (van der Ent
et al., 2010, 2014). The WAM‐2layers model divides the zero pressure to surface pressure into two layers. Within
these layers, atmospheric moisture is assumed to be well mixed. The underlying principle is the atmospheric water
balance (van der Ent et al., 2014):

∂Sk

∂t
=
∂(Skuk)

∂x
+
∂(Skvk)

∂y
+ Ek − Pk + σk ± Fv [m3] (1)

where Sk refers to atmospheric moisture storage in layer k (the top or bottom layer); E refers to evaporation; P
refers to precipitation; u and v refer to wind speed in the zonal and meridional direction, respectively; σ refers to
residual; and Fv refers to vertical moisture transport. For each grid cell, total evaporation is denoted as E, and the
evaporation that passes through the atmosphere and falls as precipitation over the Loess Plateau is denoted Er. For
grid at location (i, j), the grid cell evaporation recycling ratio (εi,j) and the grid cell contribution ratio expressing as
the contribution of the grid cell evaporation to the precipitation over the Loess Plateau (ωi,j) are defined as follows
(van der Ent et al., 2010).

εi,j =
Eri,j
Ei,j

(2)

ωi,j =
Eri,j
PLP

(3)

Thus, for the entire Loess Plateau (LP), the locally recycled moisture (ERLP), the moisture evaporated from the
Loess Plateau and landed on the downwind areas outside the plateau (Eout), the local evaporation recycling ratio
(εLP) and the local contribution ratio (ωLP) are defined as follows (van der Ent et al., 2010) (Figure 2 STEP 1).

ERLP = ∑

i,jϵLP

i,j
Eri,j (4)

Eout = ELP − ERLP (5)

εLP =
ERLP

ELP
(6)

ωLP =
ERLP

PLP
(7)

The spatial resolution of the modified WAM‐2layers model in this study is 0.5° and input data were linearly
interpolated to the 10 min time step to maintain numerical stability. Our study is limited to a regional scope, and
the simulation domain spans from 0° to 180°E and from 20°S to 70°N. With the study period being 1982–2019,
the year 2020 is used as spin‐up for backward tracking inWAM‐2layers. Based on the original Python code forced
by ERA‐Interim data (https://github.com/ruudvdent/WAM2layersPython), Xiao and Cui (2021) modified the
code to fit the ERA5 data and shared it at GitHub (http://doi.org/10.5281/zenodo.4796962).

Based on the output of the modified WAM‐2layers model, the conceptual framework of precipitationshed (Keys
et al., 2012, 2014) is taken to identify the main moisture source region for the Loess Plateau precipitation. In this
study, the precipitationshed refers to the area that supplies 70% of the total evaporation to the Loess Plateau.
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2.4. Hydrologically Weighting Analysis

To more accurately reflect the physical processes driving changes in the hydrological cycle of the Loess Plateau,
we introduced a new conceptual hydrological weighting method (Figure 2 STEP 2). Our method is inspired by
Cui et al. (2022), who accounted for the contribution of vegetation by integrating the monthly effective LAI
values within the precipitationshed. The effective LAI captures the hydrological connection between vegetation
to moisture sink area by weighting LAI in each grid cell with its moisture contribution to local precipitation. First,
grid cells were weighted based on their significance, which is its relative contribution to the target area precip-
itation in this study. Then, the grid cell information was integrated into representative regional information at
different scales. Thus, this approach ensures that the influence of regional environmental factors on precipitation
over the Loess Plateau can be quantified more accurately. The hydrologically effective value of different variables
in each grid cell was defined as:

Xw,i,j = ωi,j × Xi,j, (8)

in which, X represents any of the environmental factors included in our study, namely LAI, relative humidity
(RH), air temperature (Ta), net radiation (Rn), soil moisture (SM) and windspeed (WS). The equation can be
applied to understand the local effective XLP and regional effective Xall contribution (“region” here refers to the
simulated domain, i.e. 0°–180°E, 20°S− 70°N) of the environmental factors as follows.

XLP = ∑

i,jϵLP

i,j
Xw,i,j (9)

Xall = ∑

i,jϵall

i,j
Xw,i,j (10)

Figure 2. The conceptual diagram for this study. The flowchart of this study. P, Precipitation; E, Evaporation; ER, Local recycled moisture; Po, Precipitation originated
from oceanic sources; Pt , Precipitation originated from terrestrial sources; ε, Evaporation recycling ratio; ω, Contribution ratio; LAI, Leaf Area Index; RH, Relative
humidity; Ta, Air temperature; Rn, Net radiation; SM, Soil moisture; WS, Wind speed; NINO, Niño3.4 SST Index; DMI, Dipole Mode Index; LP, Loess Plateau.
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here, to differentiate with XLP, the regional averaged value is shown as XLP

XLP = ∑

i,jϵLP

i,j
Xi,j/N (11)

in which, N is the number of grid cells that belong to the Loess Plateau.

2.5. Sensitivity and Attribution Analysis

In this study, we applied the methodology described in Forzieri et al. (2017, 2020) to explore the interplay be-
tween the environmental factors and hydrological changes within a multiple linear regression framework
(Figure 2 STEP 3). In order to isolate the effect of LAI from potential confounding effects, climatic indices and
environmental factors, including NINO, DMI, LAI, RH, Ta, Rn, SM and WS, were initially included as inde-
pendent predictors. While the hydrological terms (i.e., PLP, ERLP and ELP) are served as the dependent variables in
the regression model. Subsequently, the sensitivity was expressed as the partial derivative resulted from a
multiple linear regression analysis. Here, the sensitivity of Loess Plateau P was calculated as the partial derivative
in the multiple regression of precipitation against predictors such as NINO, DMI, and the regional effective
LAIAll, RHAll, TaAll, RnAll, SMAll and WSAll. In this study, the sensitivity is initially calculated at annual, rainy
season and dry season scales for the period from 1982 to 2019. We refer to the rainy season as the months from
June to September, and the dry season as the remaining months (S. Chen, Xiong, et al., 2023; W. Chen, Xiong,
et al., 2023). The analytical formulation for the sensitivity analyses is as follows:

PLP = β0 +
∂PLP

∂NINO
NINO +

∂PLP

∂DMI
DMI +

∂PLP

∂LAIAll
LAIAll +

∂PLP

∂RHAll
RHAll +

∂PLP

∂TaAll
TaAll +

∂PLP

∂RnAll
RnAll

+
∂PLP

∂SMAll
SMAll +

∂PLP

∂WSAll
WSAll (12)

ERLP = β0 +
∂ERLP

∂NINO
NINO +

∂ERLP

∂DMI
DMI +

∂ERLP

∂LAILP
LAILP +

∂ERLP

∂RHLP
RHLP +

∂ERLP

∂TaLP
TaLP +

∂ERLP

∂RnLP
RnLP

+
∂ERLP

∂SMLP
SMLP +

∂ERLP

∂WSLP
WSLP (13)

ELP = β0 +
∂ELP

∂NINO
NINO +

∂ELP

∂DMI
DMI +

∂ELP

∂LAILP
LAILP +

∂ELP

∂RHLP
RHLP +

∂ELP

∂TaLP
TaLP +

∂ELP

∂RnLP
RnLP

+
∂ELP

∂SMLP
SMLP +

∂ELP

∂WSLP
WSLP (14)

where each term ∂Z
∂X represents the sensitivity of the Z target variable to the X predictor variable. In particular,

∂PLP
∂LAIAll

, ∂ERLP
∂LAILP

, and ∂ELP
∂LAILP

are the sensitivity of PLP, ERLP and ELP to effective LAI changes.

Given the collinearity among the candidate variables and the insignificant performance of the full‐factor
regression model, it is necessary to filter the candidate variables. However, through our attempts, we found
that it was impossible to obtain an ideal regression model due to the complex relationships among the variables.
Therefore, we chose to develop regression models using different combinations of independent variables that
meet several criteria, generating a range of the sensitivity analysis results, rather than relying on a single value.
Variance inflation factor analysis (VIF < 10) and Analysis of Variance (ANOVA) method (with p < 0.05), were
conducted to assess the potential collinearity among predictors and the significance of the model (Gonsamo
et al., 2021).

Variations in hydrological terms attributed to long‐term changes in environmental factors were thus calculated by
multiplying the sensitivity term with the trend of the variables from 2000 to 2019 (Chen et al., 2022; Forzieri
et al., 2017, 2020). Using the LAI as an example, the formulas are as follows.

δPLP
LAIAll =

∂PLP

∂LAIAll
× δLAIAll (15)
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δERLP
LAILP =

∂ERLP

∂LAILP
× δLAILP (16)

δELP
LAILP =

∂ELPLP

∂LAILP
× δLAILP (17)

For the trend of the LAI (δLAI), we performed Linear Least Squares Regression analysis as a trend analysis in a
time series. Thus, δPLP

LAIAll , δERLP
LAILP , and δELP

LAILP refer to the variations in local precipitation, recycled
moisture and evaporation associated with the long‐term changes in LAI. Since no model could meet the criteria,
the attribution of annual PLP was calculated as the sum of its attribution for the rainy and dry seasons.

2.6. Stepwise Selection Method for Factor Significance Detection

In addition, we performed the Forward and Backward Stepwise Selection to detect the significance of potential
environmental factor combinations on hydrological terms (i.e., PLP, ERLP and ELP) (Chambers & Hastie, 1992;
Venables & Ripley, 2002). The overall significance of the regression model was tested by an ANOVA, and the
variables were added or removed according to the resulting new p‐value in comparison with the previous model.

3. Results
In the following, we first present the trends of the vegetation over the Loess Plateau in Section 3.1. Then we
investigated the trends of the local moisture recycling in Section 3.2, and the moisture source and their changes of
the precipitation in Section 3.3. Finally, we quantified the effects of the revegetation on precipitation in
Section 3.4.

3.1. Changes in Vegetation

The Loess Plateau has experienced a widespread greening over the past 38 years (1982–2019). As shown in
Figure 3, LAI for the entire Loess Plateau increased significantly from 0.51 (1982) to 0.91 (2019). Mean increase
rate 0.0076 years− 1 at the annual time scale, and higher in the rainy season (0.0160 years− 1) and lower in the dry
season (0.0035 years− 1). We found a significant increase in mean annual LAI over 76% of the areas on the Loess
Plateau (Figure 3). The greening trend has increased dramatically after the implementation of the Grain for Green
Project. Especially for mean LAI in rainy season, the changing rate grown from 0.0068 years− 1 to 0.022 years− 1.
In addition to the regional averaged LAI (LAILP), the local and regional effective LAIs (LAIAll and LAILP)
exhibited similar increasing trends, which were validated by the GIMMS and GLOBMAP products as well
(Figure S4 in Supporting Information S1). Meanwhile, by comparing the land cover type between 1982 and 2019,
we found that 6.98% of the Loess Plateau area has been converted from other land use types to grassland, 10.05%

Figure 3. Spatial distribution of (a–c) the linear trend of averaged LAI for the annual, rainy season, and dry season after the Grain for Green Project (2000–2019), and (d–
f) time series of regional averaged LAI over the entire Loess Plateau. Black dots and stars indicate that the trend is significant (Mann‐Kendall test, p‐value < 0.05).
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to cropland, and 1.33% from grassland to forest (Figure S5 in Supporting Information S1). Moreover, the greening
trend is more pronounced in the central part of the Plateau and in the rainy season.

3.2. Changes in Moisture Recycling

When P and E are spatially aggregated over the Loess Plateau, they show a transition from decreasing trends to
increasing trends after year 2000. The mean annual precipitation over the Loess Plateau (PLP) increased by about
2.7 mm, and the mean annual evaporation (ELP) by about 60.6 mm (Figures 4a and 4b). Though insignificant, the
annual PLP declined substantially at a rate of − 2.36 mm yr− 1 during 1982–2000, and had a positive rate of
0.16 mm yr− 1 for 2000–2019. Similarly, the changing rate of the annual ELP is reversed from a decreasing trend of
− 0.65 mm yr− 1 to an increasing trend of 5.17 mm yr− 1 during the same period. Spatially, the increase of P was
concentrated in central part of the Loess Plateau, while E increased over most area and was more intense over the
central‐south and west regions after 2000, which in turn led to a decline in the water budget in the southern Loess
Plateau (Figure S6 in Supporting Information S1).

The local moisture recycling was then analyzed to better elucidate the impacts of local vegetation restoration. On
average, annual locally recycled moisture (ERLP) was 37.02 mm and accounted for 7.7% of local precipitation
(Figures 4c and 6a). As shown in Figures 4c–4f, the ERLP changed at the rate of − 0.05 and 0.34 mm yr− 1 before
and after 2000. Although both are increasing, the trend in the local contribution ratio (ωLP) , after 2000 was much
sharper after the year 2000 than before. Meanwhile, Eout increased at the rate of 4.48 mm yr− 1 after 2000,

Figure 4. Time series of regional averaged (a) precipitation (PLP) , (b) evaporation (ELP) , (c) locally recycled moisture (ERLP) , (d) evaporation that flows out of the
Loess Plateau (Eout), (e) contribution ratio (ωLP) and (f) evaporation recycling ratio (εLP) for the entire Loess Plateau. Blue lines represent trends before and after the
Grain for Green Project (none of them are significant). Shaded areas denote the spatial standard deviation. Star indicates that the trend is significant. The year 1992 was
removed from the time series in this study, because the precipitation data for that year were anomalous high (Figure S2 in Supporting Information S1).
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continuously replenishing moisture to the downwind areas outside the Loess Plateau. Furthermore, the trend of
the local evaporation recycling ratio (εLP) had an increasing trend during 1982–2000, and reversed to a decreasing
trend during 2000–2019; however, both trends were shown to be insignificant. This transition suggests that
although the absolute amount of local moisture contributing to local precipitation increased after 2000, a higher
proportion of moisture evaporated from the Loess Plateau contributes to precipitation outside the region.
Comparing the trend of ERLP with that of Eout, it becomes apparent that the change in E in the Loess Plateau has
had a greater impact on the precipitation in downwind areas than within the plateau (Figure S7 in Supporting
Information S1).

Generally, the annual moisture contribution indicated that the influence from the south is substantial and intense,
while the influence from the west is mild but extensive (Figures 5a, 5b, 6a, and 6c). High contribution moisture
sources are mainly distributed in the Loess Plateau itself and in central China south of the Loess Plateau. As
shown in Figures 6b and 6c, moisture from the Indian Ocean is more important in the rainy season than dry
season. Overall, more precipitation over the Loess Plateau originated from the continents (66.5%) than from the
ocean (25.3%). The remaining 8.2% of the moisture comes from the region outside our simulation domain.
Compared to the dry season, the rainy season had a higher proportion of local moisture in precipitation, a lower
proportion of moisture from land outside the Loess Plateau, and a similar proportion of moisture from the ocean
(Figures 6b and 6c).

Figure 5. Spatial distribution of (a–c) mean annual recycled moisture (ER), contribution ratio (ω), and evaporation recycling ratio (ε) during 2000–2019; (d–f) the
difference in mean annual ER, ω, and ε before and after the project; (g–i) the linear trend of ER, ω, and ε during 1982–2000; (j–l) the linear trend of ER, ω, and ε during
2000–2019.
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3.3. Changes in Moisture Sources of Loess Plateau Precipitation

We compared the moisture sources between 1982–1999 and 2000–2019 to explore the changes in precipitation
composition over the Loess Plateau. The difference in mean annual precipitation before and after 2000 was 2.7,
9.2 and − 6.4 mm for the whole year, rainy season and dry season, respectively. Figure 6d shows that the increase
of precipitation is mainly due to land. Comparing the changes in moisture from different sources in Figures 6e and
6f, the increase in precipitation was mainly concentrated in the rainy seasons. After 2000, annual P originated
from the Loess Plateau was 6.5 mm higher than before and in the rainy season, it was 5.4 mm higher. The dif-
ference in moisture from the land outside the Loess Plateau was 12.2 mm for the whole year and 11.8 mm for the
rainy season. During the dry season, the ocean generally played a negative role, with a change of − 6.6 mm.

In most areas over the Loess Plateau, Er and the contribution ratio ω increased, while the change in evaporation
recycling ratio ε was very slight. Er showed a spatial pattern of increase in the south and decrease in the remote
west after 2000, while ε declined obviously over the Tibetan Plateau (Figures 5d–5f). As shown in Figures 5g–5l,
Er experienced an abrupt increasing trend during 2000–2019, especially in central and southwest part of the Loess
Plateau, in contrast with the downward trend during 1982–2000. Moreover, ω exhibited a similar trend to Er after
2000, and had an increasing trend in most areas before the implementation of the project. Furthermore, the
evaporation recycling ratio ε had an increasing trend over the most areas of the Loess Plateau before, while
experienced a decreasing trend during 2000–2019.

Figure 6. Precipitationsheds of (a–c) the annual, rainy season and dry season during 1982–2019. The pie charts show the percentage of different moisture sources. (d–f)
The difference in precipitationshed before and after the project. Bars on the right display the area change of the precipitationshed, and bars at the bottom show the
changes of the moisture from different sources that comprise precipitation on the Loess Plateau before and after the project (land* means land excluding the Loess
Plateau).
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The precipitationsheds for rainy season and dry season were identified by backward tracking the moisture source
of 70% of the precipitation over the Loess Plateau (Figures 6e and 6f). If the area of precipitationshed increases, it
could suggest that regional precipitation is more dependent on distant moisture sources. Conversely, a decrease in
precipitationshed area indicates that the moisture sources are more concentrated, and the region may be more
sensitive to local environmental changes. The change in precipitationshed area may, in turn, indicate instability in
regional climate, ecosystems, and atmospheric circulation. In general, the area of precipitationshed for 2000–
2019 was smaller than that for 1982–1999 (Figure 6d), suggesting a weaker contribution from south and west.
During the rainy season, the precipitationshed contrasted by about 4.3% of the simulated domain, showing a
decline of the contribution from Indian Ocean, Eastern European, and Siberian Plain (Figure 6e). While during the
dry season, the precipitationshed contrasted by about 1.8%, shrinking mainly from southward, suggesting a
weaker impact from the ocean (Figure 6f).

3.4. Impacts of Vegetation Restoration on Precipitation Over the Loess Plateau

Vegetation modifies the land surface properties, and mediates the exchange between the land and the atmosphere.
In this study, we adopted a hydrologically weighting method to quantify the hydrologically effect of the envi-
ronmental factors on precipitation. The correlation efficient between ERLP and hydrologically weighted values of
the environmental factors were much more significant than that of simply regional averaged values (Table 1),
indicating that hydrological weighted variables can better reflect their connection with atmosphere moisture
recycling. As shown in Table 1, local evaporation is significantly correlated with LAILP in both the rainy season
and dry season, and locally recycled moisture also shows positive correlation with the LAILP, implying that
vegetation had a prompt impact on local evaporation and moisture recycling. However, the correlation between
precipitation and regional effective LAI was negative in the rainy season, while was positive in the dry season,
suggesting a seasonal discrepancy in the relationship between regional vegetation and precipitation over the Loess
Plateau. According to the analyses of the Stepwise Selection Method, vegetation consistently played an essential
role in evaporation on the Loess Plateau, and was important for locally recycled moisture in the dry season, as well
as the precipitation in the rainy season (Figure 7). Meanwhile, the variability of vegetation had a moderate impact
on the variations of evaporation throughout the year, precipitation in the rainy season, and locally recycled
moisture in the rainy season. Detailed results can be found in Table S2 in Supporting Information S1.

Table 1
The Correlation Coefficient Between Hydrology Terms and the Environmental Factors

R NINO DMI LAIAll RHAll TaAll RnAll SMAll WSAll

PLP Annual − 0.11 − 0.42b − 0.23 0.01 0.02 − 0.04 0.03 − 0.04

Rainy − 0.36b − 0.44b − 0.16 − 0.12 − 0.17 − 0.16 − 0.06 − 0.05

Dry 0.33b − 0.01 0.17 − 0.31a 0.05 − 0.33b − 0.31a − 0.31a

R NINO DMI LAILP RHLP TaLP RnLP SMLP WSLP

ELP Annual 0.00 0.18 0.75b − 0.12 0.41b 0.15 − 0.16 0.04

Rainy − 0.23 − 0.02 0.63b 0.34b 0.27 0.04 0.13 0.13

Dry 0.11 0.30a 0.63b − 0.18 0.44b 0.33b − 0.21 − 0.07

R NINO DMI LAILP RHLP TaLP RnLP SMLP WSLP

ERLP Annual − 0.15 − 0.18 0.38b 0.63b 0.52b 0.49b 0.59b 0.49b

Rainy − 0.35b − 0.27 0.31a 0.59b 0.41b 0.35b 0.56b 0.41b

Dry 0.28a 0.05 0.49b 0.58b 0.53b 0.46b 0.43b 0.27a

R NINO DMI LAILP RHLP TaLP RnLP SMLP WSLP

ERLP Annual − 0.15 − 0.18 0.39b 0.18 0.11 − 0.29a 0.07 0.03

Rainy − 0.35b − 0.27 0.31a 0.51b − 0.07 − 0.39b 0.20 0.14

Dry 0.28a 0.05 0.38b 0.29a 0.18 − 0.19 − 0.04 − 0.47b

a0.01 < p ≤ 0.05. bp ≤ 0.01.
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The effect of the revegetation on precipitation over the Loess Plateau was quantified by multiplying the sensitivity
of locally recycled moisture (ERLP) to local effective LAI (LAILP) by the trend of local effective LAI (Equa-
tion 15). Here we present the range of values obtained using three different LAI products, to account for
observational uncertainties. After 2000, vegetation increased the ELP by 5.22 ± 0.36, 7.14 ± 0.46 and
6.14 ± 0.49 mm yr− 1 based on LAI from GLASS, GIMMS and GLOBMAP respectively, leading to a change of
the ERLP by 0.06 ± 0.10, 0.04 ± 0.13 and 0.10 ± 0.10 mm yr− 1 (Figures 8b and 8c). As the local effective LAI
(LAILP) had increasing trends during both seasons, it exerted an effect of about 0.11 mm yr− 1 on local precip-
itation in the rainy season and about 0.11 mm yr− 1 in the dry season (Figure 9a; Figure S4 in Supporting In-
formation S1). Meanwhile, the regional greening has resulted in a change of about 0.83 mm yr− 1 (GLASS:
0.29 ± 0.10 mm yr− 1; GIMMS: 0.52 ± 0.17 mm yr− 1; GLOBMAP: 1.68 ± 0.43 mm yr− 1) on precipitation over
the Loess Plateau, with contributions of about 0.07 and 0.76 mm yr− 1 in the rainy season and dry season,
respectively.

The change of Er in each grid cell can be considered as the result of the integrated effect of E and ε, of which ε can
identify the strength of hydrological land surface‐atmosphere coupling (Goessling & Reick, 2011). To explore the
potential reasons for the changes in P over the Loess Plateau, we selected grid cells where the changes in Er, E,
and ε were relatively pronounced. As shown in Figure 10, about 30.3% of area experienced an increasing trend in
Er, while about 42.8% of area experienced a decreasing trend. The increase of Er is primarily attributed to the
simultaneous increases in E and ε, accounting for 12.1% of the area. In contrast, with simultaneous decreases in
both E and ε, Er experienced a definite decrease, accounting for about 21.8% of the area. When E and ε change in
opposite directions, the change in Er tends to align more with ε. Approximately 18.6% of the areas where Er
decreased experienced an increase in E and a decrease in ε, and 9.9% of the areas where Er increased experienced
a decrease in E and an increase in ε. When focusing on the region within the precipitationshed, the increase in Er
generally associated with a rise in E, while a decrease in Er is often accompanied by a decline in ε (Figure 10).

Figure 7. The importance of LAI on water cycling in Loess Plateau, ranked by the Stepwise Selection method. The plus sign
(“+”) denotes the forward selection and the minus sign (“− ”) denotes backward selection. ∆PLP, ∆ELP, and ∆ERLP represent
the variance of the regional‐averaged P, E and ER, which were calculated as the differences between the values of successive
years.

Water Resources Research 10.1029/2024WR038199

CAO ET AL. 13 of 22

 19447973, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024W

R
038199 by H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

, W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



This indicates that precipitation changes in the Loess Plateau result from the interplay of two forces: an increase in
evaporation within the precipitationshed and a reduction in ε, which can be roughly considered a proxy of local
thermally and dynamically effects and large‐scale atmospheric circulations (Goessling & Reick, 2011).

4. Discussion
4.1. Atmosphere Moisture Recycling Over Loess Plateau

In this study, we first investigated the changes in the atmospheric water cycle over the Loess Plateau using the
modified WAM‐2layers model (Xiao & Cui, 2021). Our results show that most of China ‐eastern Central Asia are
the major sources of moisture uptake over the Loess Plateau. These results are consistent with the findings of Hu
et al. (2018), who used the Lagrangian flexible particle dispersion model (FLEXPART) and the areal source‐
receptor attribution method. Local evaporation and atmospheric moisture are strongly associated with precipi-
tation. Our results indicate that local evaporation contributed about 7.7% of the precipitation over the Loess
Plateau, and the proportion increased from 6.9% to 8.3% after 2000 (Figure 4e). These findings are of the same
order of magnitude as a similar study using WRF‐WVT/WRF‐DPRM model and suggest that the precipitation
recycling ratio increased from 9.06% to 10.18% after the Grain for Green Project (S. Chen, Xiong, et al., 2023; W.
Chen, Xiong, et al., 2023; Liu et al., 2023; Tian et al., 2022). In light of the substantial spatial overlap between the
Loess Plateau and the Yellow River Basin, we included studies conducted within the Yellow River Basin as

Figure 8. The attribution of environmental factors to the change of PLP, ELP, and ERLP.
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references. Using a Lagrangian atmospheric moisture tracking model (UTrack), Wang, Liu, et al. (2023) sug-
gested evaporation from the Yellow River Basin contributed 7% of local precipitation from 1980 to 2018, which is
in agreement with our finding.

In order to evaluate the uncertainty caused by input data, especially the precipitation and evaporation, P from
MSWEP and ERA5, and E from MERRA2 and ERA5, were used to force the WAM‐2layers model in four
different input configurations. Although significant differences were found in these products over the Loess
Plateau, the results of the four experiments are relatively similar (Figures S2–S3, and S8–S9 in Supporting In-
formation S1). However, the moisture tracking results were more sensitive to the evaporation products and
showed more significant differences in local contributions. Additionally, precipitationsheds driven by MERRA2
E covered larger areas than those driven by ERA5.

To further assess the uncertainty derived from the model, we compared the moisture tracking results from the
WAM‐2layers model with the UTrack data set, which is a global data set on moisture recycling from evaporation
to precipitation with a climatological mean from 2008 to 2017 (Tuinenburg et al., 2020). We conducted an
additional set of experiments from 2008 to 2017 using WAM‐2layers driven by the same ERA5 reanalysis. As
shown Figure S10 in Supporting Information S1, although moisture is recycled from the west and south through

Figure 9. The trends of the regional effective values (XAll), regional averaged values (XLP) and local effective values (XLP) for different variables.

Figure 10. The change direction of evaporation (E) and evaporation recycling ratio (ε) when recycled moisture (ER) is (a) increasing and (b) decreasing. The blue line
denotes the boundary of the precipitationshed. Dark green represents an increase in both E and ε; light green represents an increase in E and a decrease in ε; light brown
represents a decrease in E and an increase in ε; dark brown represents a decrease in both E and ε.
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the westerlies and the East Asian Monsoon in both models, the pattern is significantly different over the Tibetan
Plateau. The recycled moisture using WAM‐2layers tends to cover a wider area, exerting strong influences over
long distances. In contrast, moisture using UTrack tends to be recycled over shorter distances. Additionally, the
concentration intensity using UTrack is much higher than that of WAM‐2layers.

4.2. The Net Impact of the Revegetation Over the Loess Plateau on Precipitation

Following the launch of the Grain for Green Project, the Loess Plateau has exhibited a noteworthy greening trend
(Figure 3), accompanied by a local drying trend, concurrently prompting concerns about water sustainability.
Intuitively, vegetation growth will promote local precipitation by increasing local evaporation, thereby leading to
an increase in precipitable moisture. Indeed, that is the case, as the greening caused an increase of 5.22–
7.14 mm yr− 1 in evaporation within the Loess Plateau. Consequently, precipitation recycling from local evap-
oration has also increased. As shown in Table 1, the changes in local effective LAI (LAILP) and locally recycled
moisture (ERLP) exhibit a significant positive correlation (R = 0.38), which is more pronounced in the dry season
than the rainy season. Spatially, we observed that regions where Er show notable growth trend coincide with
significant increase in LAI by comparing Figure 3 with Figures 5j and 5k. These findings align with the results
drawn from the attribution analysis. The vegetation is sensitive to locally recycled moisture, and the rise in LAILP
after 2000 accounts for the change of precipitation by about 0.07 mm yr− 1 (GLASS: 0.06 ± 0.10 mm yr− 1;
GIMMS: 0.04 ± 0.13 mm yr− 1; GLOBMAP: 0.10 ± 0.10 mm yr− 1). Additionally, the attribution of local
vegetation to precipitation is similar but with higher uncertainty in the rainy season (GLASS:
0.10 ± 0.05 mm yr− 1; GIMMS: 0.08 ± 0.06 mm yr− 1; GLOBMAP: 0.16 ± 0.04 mm yr− 1) compared to the dry
season (GLASS: 0.10 ± 0.03 mm yr− 1; GIMMS: 0.12 ± 0.03 mm yr− 1; GLOBMAP: 0.12 ± 0.02 mm yr− 1)
(Figure 8). Studies usingWRF‐DPRMmodel suggest that revegetation project has elevated the internal branch of
the atmosphere water cycle by 8.23 mm for the whole year and 5.03 mm during the rainy season until 2015 (S.
Chen, Xiong, et al., 2023; W. Chen, Xiong, et al., 2023; Tian et al., 2022). Their findings are higher than the result
of our study, which is − 1.95 to 3.89 mm for the whole year and 0.27–4.12 mm during the rainy season. The
differences in our findings may stem from the fact that their conclusions are drawn from model experience,
whereas ours are based on observational evidence. Notably, when analyzing the uncertainty arising from input
data sets, we found that the results consistently show that the revegetation over the Loess Plateau has a positive
effect on local precipitation through recycled moisture (Figure S11 in Supporting Information S1).

Furthermore, the enhanced evaporation caused by revegetation is projected to precipitate not only within the
Loess Plateau but also outside the region. The evaporation flow to the downwind area out of the Loess Plateau
rises at the rate of 4.5 mm yr− 1, accounting for 87% of the total evaporation growth trend (Figure 4d). The increase
of moisture transfer outside the region in the dry season is greater than in the rainy season (Figure S7 in Sup-
porting Information S1). Higher exports can be explained by changes in the wind pattern transporting moisture or
effect of positive land use change to the surrounding regions.

4.3. The Causes of the Change of Precipitation Over the Loess Plateau

This study further scrutinized the causes for the increased precipitation over the Loess Plateau under simultaneous
global warming and vegetation restoration. By adopting the hydrologically weighting method, we quantify the
effect of the environmental factors both within the Loess Plateau and regionally (region here including the Loess
Plateau). After 2000, the LAIAll, RHAll, RnAll, SMAll and WSAll all showed increasing trends on an annual scale
(Figure 9). The TaAll has an increasing trend in the rainy season, while had a decreasing trend in the dry season.
The regional averaged RH and SM both exhibit decreasing trends, which is consistent with previous studies
(Zhang et al., 2018). However, the RHAll and SMAll had increasing trends after 2000, indicating that although the
Loess Plateau is experiencing a drying trend, the effective influence of regional atmospheric moisture and soil
moisture on the Loess Plateau is wetting.

Overall, regional greening is the main reason for the increase in precipitation on the Loess Plateau. Cui
et al. (2022) found a globally averaged increase of 11.0 mm of precipitation can be attributed to changes in
weighted effective LAI during 2001–2018. In this study, the change in Loess Plateau precipitation caused by
regional greening is approximately 0.83 mm yr− 1 (Figure 8). Generally, regional greening has increased the
precipitation on the Loess Plateau, with the range of 0.19–2.10 mm yr− 1 for the whole year and 0.36–
1.16 mm yr− 1 for the dry seasons. However, the conclusion regarding whether regional effective LAI had a
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positive or negative impact on rainy season precipitation in our study depends largely on the choice of LAI
products. Among them, results drawn from GLOBMAP show an enhancement effect, reaching
0.66 ± 0.28 mm yr− 1, while those from GLASS and GIMMS are − 0.14 ± 0.03 and − 0.32 ± 0.05 mm yr− 1,
respectively. We also analyzed the uncertainty arising from the precipitation and evaporation data sets. Despite
numerical differences, the effect of vegetation on precipitation, whether increasing or decreasing, is not affected
by the choice of input data for precipitation or evaporation (Figure S12 in Supporting Information S1). Moreover,
revegetation over the Loess Plateau has a high probability of increasing effect on local precipitation. In the rainy
season when vegetation grows vigorously, LAILP promoted the rise of Loess Plateau precipitation by about
0.11 mm yr− 1, while that in the dry season was also about 0.11 mm yr− 1.

Meanwhile, the attribution of regional effective Ta was about − 0.05 mm yr− 1 (GLASS: 0.05 ± 0.15 mm yr− 1;
GIMMS: 0.06 ± 0.15 mm yr− 1; GLOBMAP: − 0.26 ± 0.26 mm yr− 1), indicating a buffering effect on the
precipitation. As for TaLP, it showed an almost negligible negative impact in the rainy season, while showed a
positive impact in the dry season. In fact, apart from LAIAll, SMAll and WSAll, all other regional effective var-
iables showed a decreasing effect on precipitation. When separating the contribution of the Loess Plateau,
actually all of the terrestrial environmental factors increased the local precipitation (Figure 8). While the majority
of the environmental factors show consistent positive or negative results due to variations in input data for
precipitation and evaporation, there are cases where both positive and negative effects coexist (Figure S12 in
Supporting Information S1). In this study, we favor the combination of MSWEP precipitation and MERRA
evaporation as the more reliable choice.

Climate changes can also lead to changes in horizontal moisture transport (Lavers et al., 2015). It has been well
demonstrated that large‐scale atmospheric circulation patterns are responsible for the spatial and temporal
variability of rainfall (Ren et al., 2022; Tan et al., 2014). Wang et al. (2019) identified that rainy season pre-
cipitation over the Loess Plateau predominantly originates from the Indian and Pacific oceans, rendering it
vulnerable to large‐scale climate variability, such as sea surface temperature anomalies over the eastern Pacific.
Two climate variability indices are adopted to represent the change of sea surface temperature in this study. NINO
is used to represent the strength of ENSO, which is regarded as the changes of sea surface temperature in the
eastern Pacific Ocean. DMI is adopted to assess the strength of the IOD, which is characterized by anomalies in
sea surface temperatures between the western and eastern parts of the Indian Ocean. As illustrated in Table 1, the
influence of ENSO and IOD on evaporation over the Loess Plateau is not significant, due to its inland location.
ENSO exhibits significant negative correlations with precipitation and locally recycled moisture during the rainy
season, while shows significant positive correlations during the dry season. In the rainy season, IOD manifests a
significant negative impact on locally moisture recycling (Figure 8). Moreover, we quantified the impact of
ENSO and IOD on the precipitation over the Loess Plateau. In the rainy season, ENSO and IOD had a negative
effect, with − 0.52 and − 0.10 mm yr− 1, respectively. While in the dry season, ENSO contributes to an increasing
trend by about 0.38 mm yr− 1, and IOD has a positive effect of about 0.09 mm yr− 1. These results are consistent
with the mechanisms underlying ENSO and IOD. In El Niño years, a weakened monsoon influenced by an
anomalous western Pacific high, reduces precipitation in the rainy season. However, during the dry season, the
extended subtropical high‐pressure system increases moisture transport, leading to increased precipitation. In
contrast, La Niña intensifies the monsoon, increasing rainy season moisture transport but reducing it in the dry
season. Meanwhile, the stronger the IOD strength, the weaker the convective activity in the eastern Indian Ocean,
which suppresses the East Asian monsoon system during the rainy season and reduces moisture transport from the
Indian Ocean. At the same time, increased convective activity in the western Indian Ocean influences the
westerlies, leading to increased precipitation during the dry season. In contrast, when the IOD is negative,
convective activity increases in the eastern Indian Ocean and decreases in the western Indian Ocean, leading to
increased precipitation in the rainy season, and decreased precipitation in the dry season.

4.4. Water Budget Changes Over the Loess Plateau

As the increase in evaporation outweighs the increase in precipitation, we examined the changes in the water
balance over the Loess Plateau from 2000 to 2019 (Figure S13 in Supporting Information S1). The decrease in the
water budget suggests that vegetation restoration has led to an increase water consumption across the region,
while the increase in precipitation has not been sufficient to compensate for the loss. Given the observed upward
trend in runoff, the water required for evaporation was most likely supplied by soil moisture. Previous studies,
based on in situ observations, meta‐analyses, and remote sensing data sets, have indicated that soil moisture
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decreased after land use conversion, particularly in deeper soil layers (Feng et al., 2016; Jia et al., 2017; Li
et al., 2021; Su & Shangguan, 2018). As illustrated in Figure S13b in Supporting Information S1, soil moisture
over the Loess Plateau has indeed exhibited a declining trend from 2000 to 2019, with a similar decreasing trend
observed in monthly Terrestrial Water Storage from 2002 to 2019.

The effect of the revegetation on the water budget of the Loess Plateau in this study can be considered as a
combined effect on local recycled moisture and evaporation. As shown in Figure S14 in Supporting Information
S1, the growth of local vegetation has led to a decreasing trend in the water budget, accounting for about − 7.11–
5.16 mm yr− 1. The effect of the vegetation during the rainy season is relatively constant, reducing the local water
budget by about − 2.69 mm yr− 1. However, during the dry season, the effect varies depending on the product
selected.

4.5. Limitations

While the extensive sensitivity analyses and the reasonable agreement between our estimates and those reported
in previous research corroborate the overall methodological framework proposed here, a series of potential
limitations should be carefully considered. First, the moisture tracking results rely heavily on the accuracy of
input data sets and the fitness of the model (van der Ent et al., 2013; Zhang et al., 2023). Comparing various
precipitation and evaporation products that drove the model, we found significant disparities in the reanalysis
products over the Loess Plateau (Figures S2–S3 in Supporting Information S1). Despite selecting the data most
suitable for this study, considerable uncertainties persist (Figures S8–S10 in Supporting Information S1). Also,
attribution analysis is a further potential source of uncertainty. Though we employed a range of value in sensi-
tivity calculation rather than a singular value, it just explained approximately 30%, 60% and 60% of the variance
for precipitation, evaporation and locally recycled moisture respectively. Second, we investigated the revege-
tation or greening, rather than the Grain for Green Project in this study. In other words, we did not make a
distinction between greening caused by natural vegetation dynamics and anthropogenic alterations on the Loess
Plateau. Hence, we caution against directly linking our results to the impact of project. Last, given that about 91%
of moisture that evaporated from the Loess Plateau will flow out of the plateau, the impact of the revegetation may
thus strongly influence the precipitation downwind. The ultimate fate of this moisture remains to be investigated.
The spatial patterns and variations of the Loess Plateau evaporation, especially under the global warming and
greening background, are of significant scientific interest and warrant close investigation.

5. Conclusion
The Loess Plateau in China has experienced a significant greening trend due to vegetation restoration in recent
decades. However, it remains unclear how the atmospheric branch of the hydrological cycle responds to greening.
In this study, moisture sources for precipitation over the Loess Plateau during 1982–2019 were identified and
evaluated using the modified WAM‐2layers model and the conceptual framework of precipitationshed. We then
introduce a hydrologically weighting method and the multiple linear regression model to quantify the effective
influence of different environmental factors on precipitation. We found that local precipitation has increased on
average by 0.16 mm yr− 1 and evaporation has increased by 5.17 mm yr− 1 in the period 2000–2019 after the
initiation of the revegetation project. After eliminating the influence of other factors, regional greening including
the Loess Plateau is responsible for precipitation changes of 0.29 ± 0.10, 0.52 ± 0.17 mm, and
1.68± 0.43 mm yr− 1 based on LAI fromGLASS, GIMMS and GLOBMAP respectively, while local revegetation
contributes for 0.06 ± 0.10, 0.04 ± 0.13 and 0.10 ± 0.10 mm yr− 1 respectively. The local vegetation contribution
results from both increased local evaporation and enhanced local recycling, with the local contribution ratio
increasing from 6.9% in 1982–1999 to 8.3% in 2000–2019. Thus, our study highlights that local revegetation has
had a positive effect on local precipitation, and along with changes in moisture circulation, is a major contributor
to the observed increase in precipitation over the Loess Plateau. Our study provides valuable information for
landscape management and policy making in terms of climate mitigation and adaptation.
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Data Availability Statement
The ERA5 reanalysis products were obtained from the ECMWF via https://cds.climate.copernicus.eu/. The
MERRA‐2 reanalysis products were obtained from the NASA Goddard Earth Sciences Data and Information
Services Center via https://doi.org/10.5067/7MCPBJ41Y0K6 and https://doi.org/10.5067/0JRLVL8YV2Y4
(GMAO, 2015a; GMAO, 2015b). The MSWEP data was obtained via https://www.gloh2o.org/mswep/. The
GLASS LAI data set was obtained via https://doi.org/10.12041/geodata.GLASS_LAI_modis(0.05D).ver1.db
(Liang, 2021), the GIMMS LAI data set was downloaded from Zenodo (Cao et al., 2023), and the GLOBMAP
LAI data was downloaded from Zenodo (Liu et al., 2021). The Python code for the modifiedWAM‐2layers model
was downloaded from Zenodo (Xmingzh, 2021). The modeled and resulting data that support this study and the
scripts used to analyze are openly available online in a Zenodo repository (Cao et al., 2024).
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