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Abstract: Evapotranspiration (E), a pivotal phenomenon inherent to hydrological and thermal dy-
namics, assumes a position of utmost importance within the intricate framework of the water–energy
nexus. However, the quantitative study of E on a large scale for the “Grain for Green” projects under
the backdrop of climate change is still lacking. Consequently, this study examined the interannual
variations and spatial distribution patterns of E, transpiration (Et), and soil evaporation (Eb) in the
Northern Foot of Yinshan Mountain (NFYM) between 2000 and 2020 and quantified the contributions
of climate change and vegetation greening to the changes in E, Et, and Eb. Results showed that E
(2.47 mm/a, p < 0.01), Et (1.30 mm/a, p < 0.01), and Eb (1.06 mm/a, p < 0.01) all exhibited a signifi-
cant increasing trend during 2000–2020. Notably, vegetation greening emerged as the predominant
impetus underpinning the augmentation of both E and Eb, augmenting their rates by 0.49 mm/a and
0.57 mm/a, respectively. In terms of Et, meteorological factors emerged as the primary catalysts, with
temperature (Temp) assuming a predominant role by augmenting Et at a rate of 0.35 mm/a. Temp,
Precipitation (Pre), and leaf area index (LAI) collectively dominated the proportional distribution
of E, accounting for shares of 32.75%, 28.43%, and 25.01%, respectively. Within the spectrum of
predominant drivers influencing Et, Temp exerted the most substantial influence, commanding the
largest proportion at 33.83%. For Eb, the preeminent determinants were recognized as LAI and Temp,
collectively constituting a substantial portion of the study area, accounting for 32.10% and 29.50%,
respectively. The LAI exerted a pronounced direct influence on the Et, with no significant effects on
E and bare Eb. Wind speed (WS) had a substantial direct impact on both E and Et. Pre exhibited a
strong direct influence on E, Et, and Eb. Relative humidity (RH) significantly affected E directly. Temp
primarily influenced Eb indirectly through radiation (Rad). Rad exerted a significant direct inhibitory
effect on Eb. These findings significantly advanced our mechanistic understanding of how E and
its components in the NFYM respond to climate change and vegetation greening, thus providing a
robust basis for formulating strategies related to regional ecological conservation and water resources
management, as well as supplying theoretical underpinnings for constructing sustainable vegetation
restoration strategies involving water resources in the region.
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1. Introduction

Evapotranspiration (E) denotes the comprehensive flux of water vapor translocated
from the Earth’s surface to the lower strata of the atmosphere. This process embodies a fun-
damental linkage encompassing the realms of the atmosphere, hydrosphere, and biosphere,
thus constituting a pivotal constituent within the intricate fabric of water transfer and
metamorphosis within the continuum of soil, vegetation, and the atmospheric milieu [1–3].
E encompasses primarily the trilateral components of vegetation canopy Et, Eb, and canopy
interception evaporation (Ei) [4]. This amalgamation of processes collectively delineates
pivotal conduits governing ecological system productivity, energy dynamics, and water
circulation within the intricate framework of the vegetation–atmosphere system [5]. The
profound ramifications of global climate change have markedly altered the intricate inter-
play between land and atmosphere, thus substantially influencing the dynamics of soil
moisture and the growth patterns of vegetation, thereby exerting a notable impact on
E [6–8]. Therefore, the precise delineation of the spatial and temporal intricacies surround-
ing E and its components assumes a pivotal role in effectively gauging the multifaceted
impacts stemming from climate change, vegetation rejuvenation, and anthropogenic inter-
ventions on the intricate cycles of land water dynamics. This endeavor further contributes
to the advancement of scientific water resource management strategies [9–11].

Conventional techniques employed for the estimation of E [12] have demonstrated a
propensity for generating relatively precise outcomes. Nonetheless, their utility is confined
by the constraints of spatial extent, rendering their extrapolation to regional or global scales
a formidable task. FluxNet, a worldwide network of observation towers employing the
eddy covariance methodology, furnishes dependable sequences of observations for E [13].
However, the limited and sparse observational conditions prevalent in China introduce
notable uncertainties when attempting to simulate the spatial distribution of E. In contrast,
remote sensing models provide a heightened precision in estimating E across various
scales [14–16]. Illustrative instances encompass the MODIS Global Evapotranspiration
(MOD16) product [17,18], the Global Land Evaporation Amsterdam Model (GLEAM) ET
product [19], and the Global Land Data Assimilation System (GLDAS) ET product [20], all
of which demonstrate robust performance.

Vegetation emerges as a pivotal determinant exerting influence upon E [21]. Primarily,
vegetation contributes to hydrological cycling through intricate mechanisms such as root
water uptake, transpiration, and interception processes [22]. Of particular significance,
transpiration, which constitutes a substantial proportion (70%) of overall E, assumes a
cardinal role within the broader context of land water flux [23,24]. Concurrently, the
vaporization of precipitation intercepted by vegetation contributes to approximately 10%
of the global E process [25,26]. Furthermore, the intricate interplay of climate change
significantly melds the temporal and spatial dynamics of E and its components. For
instance, in regions characterized by high humidity, seasonal variations in Et are primarily
modulated by radiation (Rad) [27]. Pre assumes a pivotal role as a principal water source
for the land surface, exhibiting a positive correlation with E, especially in arid and semi-arid
regions where intense Pre imposes constraints upon E [28]. The elevation of Temp exerts a
dual influence by intensifying both Et and Eb, thereby indirectly bolstering E. Additionally,
elevated Temp enhances the saturation vapor pressure, subsequently amplifying vapor
pressure deficit and exerting an influence upon E [29,30]. Diminished RH has the potential
to perturb plant stomatal conductance, consequently impacting the transpiration process.
The near-surface wind speed (WS) exercises control over the efficiency of turbulent water
vapor exchange, thereby governing this crucial hydrological process [31].
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The majority of the Northern Foot of Yinshan Mountain consists of severely degraded
grasslands and bare land, comprising 72.46% and 22.04% of the total area, respectively.
The ecosystem exhibits a simplified type structure and diminished self-regulatory and
recuperative capacities. During the preceding century, unreasonable human endeavors,
encompassing grassland degradation, overgrazing, land reclamation, and abandonment,
precipitated substantial ecological challenges within the NFYM [32,33]. Following years
of ecological restoration efforts, the environmental conditions within the NFYM have
exhibited significant improvements. Numerous studies, while endeavoring to detect
trends in E and identify influencing factors, have also devoted substantial attention to
analyzing the E variations driven by restoration projects [34–36]. Quantitative analyses of
the subsequent impacts of ecological restoration policies implemented in the NFYM are
significantly lacking. Related studies have only explored the direct contributions of climate
change and vegetation greening to E [37,38]. However, existing research has not accounted
for the indirect effects of vegetation and climate factors on E and its components due to
complex interactions among the climate–vegetation–hydrological cycle. Concurrently, the
precise mechanisms influencing the variations in E and its constituents within the NFYM
remain unclear, with the dominant factors still unidentified.

In the NFYM, the contribution of Ei to E is negligible and can be disregarded. Conse-
quently, this study quantitatively assessed the impact of vegetation greening and climate
change on the variations in E, Et, and Eb over the NFYM during the period from 2000
to 2020. Moreover, this study identified the primary direct and indirect drivers govern-
ing the ET process spatially. Therefore, the objectives of this study are the following:
(1) to investigate the spatiotemporal dynamics of E, Et, and Eb over the NFYM from 2000
to 2020; (2) to separate the independent direct and indirect contributions of vegetation and
climate changes to the variations in E, Et, and Eb; (3) to elucidate the dominant factors
and driving mechanisms of vegetation and climate changes on the variations in E, Et,
and Eb. The findings of this research provide a theoretical foundation for the establish-
ment of the “Green Great Wall” in Inner Mongolia and the implementation of ecological
compensation measures.

2. Materials and Methods
2.1. Study Area

The NFYM is in the northern region of Inner Mongolia, bordering Mongolia, which
represents a transitional zone from the Yin Mountain range to the Mongolian Plateau
and is characterized by an intricate mix of agricultural and pastoral landscapes. The
NFYM encompasses five leagues: Urad Rear Banner (URB), Urad Middle Banner (UMB),
Darhan Muminggan United Banner (DM), Siziwang Banner (SB), and Chahar Right Rear
Banner (CR) (Figure 1). Predominantly subjected to arid and semi-arid climates, the NFYM
experiences an average annual precipitation ranging from 100 to 400 mm. Additionally,
the region has an annual average wind speed ranging from 2 to 6 m/s. The majority of the
NFYM consists of severely degraded grasslands with a simple ecosystem structure and a
weak ability for self-regulation and recovery. Furthermore, the NFYM is highly vulnerable
to human interference and natural disasters, possesses poor water resources, and boasts an
extremely fragile ecological environment. Moreover, it houses a substantial proportion of
wind-eroded sandy land which serves as a primary source of sandstorms, posing a grave
threat to the ecological security of North China.

2.2. Data Sources and Processing

In the NFYM, the contribution of Ei to E is negligible and can therefore be discounted
(Figure A1). Due to the minimal proportion that Ei represents in the total E, this study
quantitatively assessed the impacts of vegetation greening and climate change on the
variations in E, Et, and Eb across the NFYM from 2000 to 2020.
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Figure 1. Study area. (a) Location, (b) elevation, and (c) land use/land cover types. 
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The GLDAS_NOAH025_M product is a global high-resolution multi-parameter re-
mote sensing land surface dataset generated by the Global Land Data Assimilation System
(GLDAS) of the National Aeronautics and Space Administration (NASA) based on the
NOAH land surface model (GES DISC Dataset: GLDAS Noah Land Surface Model L4
monthly 0.25 × 0.25 degree V2.1 (GLDAS_NOAH025_M 2.1) (https://uat.gesdisc.eosdis.
nasa.gov/datasets/GLDAS_NOAH025_3H_EP_2.1, accessed on 1 January 2023). This
product provides sub-daily and monthly data from January 2000 to near real time at a
spatial resolution of 0.25◦ for various land surface parameters including E, Et, Eb, down-
ward longwave radiation, downward shortwave radiation, air pressure, specific humidity,
Pre, Temp, and WS. The data are available in formats such as GRIB and GeoTIFF. By
assimilating satellite-based observations and ground-based measurements, this dataset
can be widely applied for research in areas including large-scale climate change analysis,
hydrological cycle modeling, and agricultural management [39–41]. RH was estimated
using Equation (1) [42]:

RH = 0.263pq
[

e(
17.67(T−T0)

T−29.65 )
]−1

, (1)

where p represents pressure (Pa), q denotes specific humidity (dimensionless), T signifies
temperature (K), and T0 stands for the reference temperature (usually 273.16 K).

Rad was calculated according to Equation (2):

Rad = LRad + SRad, (2)

where LRad represents downward longwave radiation, SRad denotes downward shortwave
radiation, and Rad stands for the total radiation.

The Global Land Surface Satellite (GLASS) LAI product is a long-term (1982–2020)
global Leaf Area Index (LAI) dataset generated from surface reflectance data acquired by
the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard NASA’s
Earth Observing System (EOS) satellites (Index of /LAI/MODIS/0.25 D (http://www.
glass.umd.edu/LAI/, accessed on 11 January 2023)). With a spatial resolution of 0.05◦ and
temporal resolution of 8 days, the GLASS LAI data are derived using optimized vegetation
index fitting models and quality controlled using multi-source references. Available in
GeoTIFF format, the GLASS LAI product enables continuous global vegetation growth
monitoring and terrestrial ecosystem research. Owing to its high quality, long-term con-
tinuity, and free accessibility, the GLASS LAI dataset has been widely utilized in global
change studies [43–45]. Before data processing, for the purpose of validating the accuracy
and usability of the GLDAS_NOAH025_M data product, we conducted a comparison

https://uat.gesdisc.eosdis.nasa.gov/datasets/GLDAS_NOAH025_3H_EP_2.1
https://uat.gesdisc.eosdis.nasa.gov/datasets/GLDAS_NOAH025_3H_EP_2.1
http://www.glass.umd.edu/LAI/
http://www.glass.umd.edu/LAI/
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between GLDAS E, Et, and Eb and their counterparts in GLEAM (Global Land Evaporation
Amsterdam Model) (Figure A2). In particular, the means and rate of change for two distinct
sets of data sources were computed and compared. Simultaneously, the Root Mean Square
Error (RMSE) was calculated to elucidate the reliability of the data. The results indicate
that the spatial distribution patterns of the means and rate of change for E, Et, and Eb in
both data sets exhibit similarity. Moreover, the RMSE values, particularly at the spatial
scale of the NFYM, were relatively small, with only slight increases observed in a minimal
number of regions. Hence, the data product from GLDAS_NOAH025_M can be employed
to investigate the spatiotemporal patterns of regional evapotranspiration and its compo-
nents. Ensuring consistency in spatial resolution across all data domains, resampling of the
aforementioned data at a resolution of 1000 m was conducted using bilinear interpolation
in ArcGIS 10.8. This method involved estimating the value of a target point by considering
the numerical values of its four adjacent points and utilizing linear relationships. This
approach allowed for accurate estimation of target point values with favorable precision,
without introducing excessive computational complexity.

Furthermore, the Advanced Spaceborne Thermal Emission and Reflection Radiometer
Global Digital Elevation Model (ASTER GDEM), collaboratively produced by NASA and
the Japan Aerospace Exploration Agency (JAXA), constitutes a global digital elevation
model with a spatial resolution of 30 m. Accessible through the platform of Geospatial
Cloud (https://www.gscloud.cn, accessed on 24 November 2022), this dataset is derived
from satellite remote sensing data and furnishes precise elevation measurements for di-
verse geographical locations on Earth’s surface (Figure 1b). The China Land Cover Dataset
(CLCD), curated by Professors Jie Yang and Xin Huang from Wuhan University, encom-
passes comprehensive data on diverse land categories within the geographical extent of
China (Figure 1c). By amalgamating high-resolution remote sensing imagery and ground-
level observations, this dataset contributes pivotal information to fields encompassing
environmental investigation, agricultural management, water resource planning, and eco-
logical conservation [46].

2.3. Methods
2.3.1. Theil–Sen Estimate

The Theil–Sen estimator is a robust non-parametric method utilized for the estimation
of temporal trends within time series data. This method demonstrates insensitivity to
measurement errors and aberrant observations, rendering it particularly applicable to
the analysis of trends within extensive time series datasets [47–50]. Computation of the
Theil–Sen estimator is achieved through Equation (3):

Slope = Median
(

Xj − Xi

j − i

)
,
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i < j, (3)

where Slope represents the median of the estimated slopes when i ̸= j; and xi and xj
denote the values of variable x in the ith and jth years (where i and j are numerical values
representing years). Slope > 0 indicates an increasing trend of the variable within the given
time series, and vice versa. The Theil–Sen estimator was employed on the obtained time
series by mean values extracted from raster data.

2.3.2. Mann–Kendall Test

The Mann–Kendall (M-K) trend test is widely employed for trend analysis in non-
normally distributed time series data [47,48,50]. The null hypothesis (H0) posits the absence
of a significant increasing or decreasing trend within the time series, while the alternative
hypothesis suggests a significant trend change within the time series. Assuming the
time series of the variable is represented as X = (X1, X2, . . ., Xn), where n is the number

https://www.gscloud.cn
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of sample observations, the calculation formulas for the test statistic S are provided by
Equations (4) and (5):

S = ∑n−1
i=1 ∑n

i=i+1 sgn
(
Xj − Xi

)
, (4)

Sgn
(
Xj − Xi

)
=


+1, Xj − Xi > 0
0, Xj − Xi = 0
−1, Xj − Xi < 0

, (5)

When n ≥ 8, the test statistic S approximately follows a normal distribution with a
mean E(S) = 0. The formula for calculating the variance Var(S) is provided by Equation (6):

Var(S) =
n(n − 1)(2n + 5)− ∑n

i=1 ti(i − 1)(2 i + 5)
18

, (6)

where n represents the number of groups with equal data, and ti denotes the number
of members in the ith group of equal data. Further derivation leads to the standardized
statistic Z, as given by Equation (7):

Z =


S − 1√
Var(S)

, S > 0

0, S = 0
S + 1√
Var(S)

, S < 0
, (7)

For a given significance level α, if Z ≥ Z1− α
2
, the null hypothesis is rejected, indicating

that the sequence exhibits a significant trend at the confidence level α. Conversely, if this
condition is not met, the null hypothesis is accepted, implying that the trend in the sequence
is not significant. A positive Z value suggests the presence of an upward trend in the data
sequence, while a negative Z value indicates a downward trend. This process allows for
the determination of whether the observed trend is statistically significant based on the
predefined confidence level α. The Mann–Kendall test was computed on the acquired
time series by mean values extracted from raster data, encompassing the calculation of the
standardized statistic Z and the detection of breakpoints.

2.3.3. Partial Correlation

Partial correlation (PC) is an analytical method used to assess the linear relationship
between two variables while controlling for the influence of other variables. In compar-
ison to simple correlation, partial correlation considers potential effects among multiple
variables, while applying specific techniques to control for other variables. This method
specifically examines the net correlation relationship between two variables. Taking the
second-order partial correlation coefficient as an example, let the dependent variable be
denoted as y, with independent variables x1 and x2. When examining the net correlation
between variables x1 and y, while accounting for the linear impact of x2, the first-order
partial correlation coefficient between x1 and y can be calculated using Equation (8):

ry1,2 =
ry1 − ry2r12√

(1 − r2
y2)(1 − r2

12

) , (8)

where ry1,2 represents the net partial correlation coefficient (PCC) between x1 and y after
eliminating the linear influence of x2 on y, and ry1, ry2, and r12 represent the correlation
coefficients between y and x1, y and x2, and x1 and x2, respectively. The magnitude of the
partial correlation coefficient serves as an indicator of the strength of the linear association
between variables. A larger absolute value signifies a stronger linear correlation, whereas a
smaller value suggests a weaker correlation. In this study, partial correlation coefficients
were calculated for each driving factor concerning E, Et, and Eb. The computation of
spatial scale partial correlation relied on each pixel of the raster image. Calculations were
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performed for each pixel, where each pixel contained yearly data from 2000 to 2020 for
various variables.

2.3.4. Multiple Regression and Contribution Analysis

Multiple Regression Analysis (MRA) involves considering one variable as the de-
pendent variable and the other variables as independent variables among the correlated
variables. It establishes mathematical models or quantitative relationships, either linear
or nonlinear, among multiple variables and evaluates the explanatory power of different
independent variables on the dependent variable. We present Equation (9) as follows:

Y = β0 + β1X1 + β2X2 + · · ·+ βkXk + ε, (9)

This is referred to as the population regression model, where β0,β1,β2, · · · ,βk are
known as regression parameters. Taking the expectation on both sides of Equation (9)
yields the population regression Equation (10):

E(Y|X1, X2, · · · , Xk , ) = β0 + β1X1 + β2X2 + · · ·+ βkXk, (10)

where E(Y|X1, X2, · · · , Xk, ) represents the conditional mean of the observed value Y given
the independent variables Xi. We estimate the corresponding population parameters
based on the sample observations as β0,β1,β2, · · · ,βk, resulting in the sample regression
equation as shown in Equation (11):

Ŷ = β̂0 + β̂1X1 + β̂2X2 + · · ·+ β̂kXk, (11)

where Ŷ is the estimate of E(YX1, X2, · · · , Xk, ). The parameters are estimated using the
method of least squares, assuming Equation (12):

Q = ∑
(

Yi − Ŷi

)2
= ∑

(
Yi − β̂0 − β̂1X1 − β̂2X2 − . . . − β̂kXk

)
= min, (12)

Partial derivatives of Q with respect to β0,β1,β2, · · · ,βk are calculated as shown in
Equation (13):

∂Q
∂β̂0

= ∑
(

Yi − β̂0 − β̂1X1 − β̂2X2 − . . . − β̂kXk

)
(−1) = 0

∂Q
∂β̂1

= ∑
(

Yi − β̂1 − β̂0X0 − β̂2X2 − . . . − β̂kXk

)
(−1) = 0

...
∂Q

∂β̂k−1
= ∑

(
Yi − β̂k − β̂0X0 − β̂1X1 − . . . − β̂k−1Xk−1

)
(−1) = 0

, (13)

The estimated values of the parameters β̂0, β̂1, β̂2, · · · , β̂k are obtained by solving the
above system of equations. In this study, standardization was applied to the variables
to address the issue of differing scales. Subsequently, MRA was employed to estimate
the values of the coefficients β̂0, β̂1, β̂2, · · · , β̂k for each driving factor, representing their
respective contributions to E and its components [51–54].

According to the contribution degrees obtained by MRA, using the method of [4], we
identified the spatial dominant factors. First, the E change rate within the study period
was evaluated for each pixel. Pixels exhibiting a positive E change rate were considered to
be primarily driven by the predictor variable corresponding to the maximum regression
coefficient derived from multivariate analysis. Conversely, for pixels displaying a negative
E change rate, the dominant factor was identified as the variable associated with the
minimum regression coefficient. For instance, in a region where E showed an increasing
trend, Pre had the maximum coefficient among all drivers calculated by MRA. Hence, Pre
was determined as the dominant factor governing the E change in this region. Based on
this approach, by comparing the E temporal derivative to zero, the predominant control at
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each pixel could be delineated according to the most positively or negatively correlated
determinant that emerged from the multivariate regression modeling. This method takes
advantage of spatial heterogeneity in the inherent relationships between E and various
potential forcing factors. Therefore, the locally derived regression coefficients facilitate
the attribution of the variable with the greatest explanatory power on E change as the
governing control for each responsive pixel. The calculations for MRA were also conducted
on a pixel-wise basis. We iteratively extracted the corresponding pixels for each factor,
obtaining time series data for each variable. Subsequently, the aforementioned calculations
were applied to each pixel, with the process automatically progressing to the next pixel.
This sequential approach enabled the realization of spatial MRA.

2.3.5. Path Analytic Method

PC and MRA can only reflect the direct impacts of various environmental factors
on E and its components, but they cannot elucidate the indirect effects of vegetation and
climatic factors on E. Therefore, to accurately quantify the mechanistic roles of climate
change and vegetation greening on E, we employed path analysis (PA) to dissect the
direct and indirect effects of different climatic variables and LAI on the variations in E
and its components. PA was first introduced by geneticist Sewell Wright in 1921 as a
mathematical and statistical technique. Today, the application of this method is prevalent
in the field of biology [55–57]. The advantage of this method is its capability to separate
correlation coefficients into direct and indirect effects in situations where there is a high
number of independent variables and intricate relationships among them. For instance,
some relationships among independent variables may be correlational, while others may be
causal. Additionally, this method is useful when certain independent variables indirectly
impact the dependent variable through other independent variables. Path analysis enables
the quantification of both direct and indirect effects of individual driving factors on variable
E and its constituent components. In this study, we utilized standardized meteorological
data and LAI data as input and intermediate variables, while E, Et, and Eb were considered
as the output variables [58]. All path analyses were conducted using the package lavaan in
R 4.2.2 [59–61]. Specifically, the normalized yearly means of each variable were input into
the pre-constructed path model, facilitating path analysis.

3. Results
3.1. Spatiotemporal Variations in E and its Components
3.1.1. Temporal Patterns

Based on the annual gridded data of E, Et, and Eb in the NFYM from 2000 to 2020, we
extracted the average values of the entire grid for each year to represent the annual values
of evapotranspiration, transpiration, and soil evaporation. Subsequently, an analysis of
the interannual variation trends of evapotranspiration and its components was conducted.
Temporally, the E exhibited a significant (p < 0.01) increasing trend with a rate of 2.47 mm/a
in the study area from 2000 to 2020 (Figure 2a). A detected change point in 2012 marked a
transition from prior fluctuating variations to a stable growth pattern (Figure 2b). Similarly,
Eb displayed a significant increasing trend (p < 0.01) at a rate of 1.06 mm/a (Figure 2a),
showing a similar trend to E, and also revealing an abrupt change point in 2012 (Figure 2c).
The trend in Et showed a significant increase (p < 0.01) at a rate of 1.30 mm/a, punctuated by
six detected change points during this period. The last change point also occurred in 2012,
followed by a period of stable growth (Figure 2d). As shown in Figure 2, the contribution of
Eb to the change in E exceeded that of Et. The beneficial impacts of vegetation restoration
efforts became increasingly discernible after the year 2012.

3.1.2. Spatial Patterns

Spatially, the regions with high average E values over multiple years were concentrated
in the southeastern part of the NFYM, encompassing mainly the southeastern portion of
the UMB, the southern part of the DM, the southern part of the SB, and the entire CR area,
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reaching a maximum E value of 322.28 mm. The regions with low E values were primarily
found across the entire URB area, with a minimum E value of 68.59 mm. Generally, there is
a decreasing trend in E from east to west (Figure 3a). The Et ranged between 0.87 mm and
236.55 mm, increasing from southeast to northwest. High Et values were observed in the
southern parts of the DM and the SB, as well as the entire CR (Figure 3b), while regions
with low values were widely distributed in most areas of the NFYM. The range of Eb values
spanned from 66.11 mm to 205.32 mm, with high values predominantly distributed in the
central part of the NFYM, including the central portion of UMB, the northwestern part of
the DM, and the northwestern and northeastern parts of the SB (Figure 3c). The low Eb
values were observed in the entire URB, the southern part of the SB, and the southern part
of the CR, among other areas.

Remote Sens. 2024, 16, x FOR PEER REVIEW 9 of 32 
 

 

 
Figure 2. Time trend of E and its components. (a) Time series of E and its components from 2000 to 
2020; (b–d) represent the mutation trends of E, Et, and Eb, respectively. 

3.1.2. Spatial Patterns 
Spatially, the regions with high average E values over multiple years were concen-

trated in the southeastern part of the NFYM, encompassing mainly the southeastern por-
tion of the UMB, the southern part of the DM, the southern part of the SB, and the entire 
CR area, reaching a maximum E value of 322.28 mm. The regions with low E values were 
primarily found across the entire URB area, with a minimum E value of 68.59 mm. Gen-
erally, there is a decreasing trend in E from east to west (Figure 3a). The Et ranged between 
0.87 mm and 236.55 mm, increasing from southeast to northwest. High Et values were 
observed in the southern parts of the DM and the SB, as well as the entire CR (Figure 3b), 
while regions with low values were widely distributed in most areas of the NFYM. The 
range of Eb values spanned from 66.11 mm to 205.32 mm, with high values predominantly 
distributed in the central part of the NFYM, including the central portion of UMB, the 
northwestern part of the DM, and the northwestern and northeastern parts of the SB (Fig-
ure 3c). The low Eb values were observed in the entire URB, the southern part of the SB, 
and the southern part of the CR, among other areas. 

Figure 2. Time trend of E and its components. (a) Time series of E and its components from 2000
to 2020; (b–d) represent the mutation trends of E, Et, and Eb, respectively.

We analyzed the trends and significance of changes in E, Et, and Eb during 2000–2020
(Figure 4). The change rates of E were positive, with high values concentrated in the central
and southwestern parts of the UMB, the southwestern part of the DM, the northeastern part
of the SB, and the border areas with the CR. These areas exhibited a significant increasing
trend (23.42%), with the highest change rate of 4.76 mm/a. The change rate for Et was
predominantly positive, with a few negative values observed in the southern part of the DM
and the northwestern part of the SB, while these changes were not significant. Significant
growth in Et was observed over nearly the entire URB, the central-western part of the UMB,
and the southwestern part of the SB. Areas exhibiting a significant increase accounted for
53.68% of the total study region. The highest growth rate is found in the southeastern part
of the SB and the southwestern part of the CR, where the rate of change reaches a maximum
of 5.59 mm/a. Regions exhibiting significant increases in Eb were distributed sporadically
across the NFYM, comprising 8.86% of the total area. The maximum Eb increase rate
attained was 3.88 mm/a within these responsive zones. However, a decreasing trend was
observed in the southern parts of the SB and the CR.

3.2. Changes in LAI and Climatic Variables
3.2.1. Temporal Variability

Based on the remote sensing meteorological and vegetation data for the NFYM from
2000 to 2020, the average values of the entire gridded dataset were extracted for each year to
represent the annual values of meteorological elements and vegetation data. Subsequently,
we analyzed the interannual variation trends. Before quantifying the impacts of vegetation
greening and climate change on E, Et, and Eb, we initially examined the changes in
vegetation LAI and climate factors. For the temporal scale, LAI exhibited an overall
increase at a rate of 0.003 m2/m2/a and displayed gradual fluctuations during the period
of 2000–2018 (Figure 5a), followed by a significant growth surge and a prominent increase
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in 2018 (Figure 5b). The annual variations in climate factors (Rad, Pre, Temp, RH, and WS)
within the NFYM from 2000 to 2020 are presented in Figure 6. The average annual Rad
showed a significant upward trend with an increase of 0.46 W/m2/a, featuring a distinct
upward mutation in 2011. Pre exhibited a significant increase with a rate of 4.21 mm/a
and underwent an upward mutation in 2012. The change rate of Temp was 0.14 ◦C/a,
showing multiple detected upward mutation points, with the last one occurring in 2013. RH
demonstrated a downward trend at a rate of 0.28%/a, characterized by the identification of
three decreasing mutation points. WS increased at a rate of 0.03 m/s/a, with an upward
mutation point detected in 2009. Overall, the study period exhibited intricate and diverse
variations in both vegetation and meteorological factors.
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3.2.2. Spatial Variability

In terms of spatial distribution, the multi-year average LAI exhibited relatively low
levels, with high values concentrated in the southern part of the NFYM due to the influ-
ence of the Yellow River Basin’s ecological restoration policies. Most other regions had
comparatively lower vegetation coverage (Figure 7a). Significant increases in LAI were
observed in the southern and central parts of the UMB, the central and southern parts of
the SB, and the southwestern part of the CR, accounting for 13.78% of the NFYM, which
could be attributed to the NFYM’s active implementation of ecological projects’ “Main
battlefield”. Conversely, regions with significantly decreased LAI were scattered in the
URB, accounting for 5.41% of the total area, possibly linked to factors such as grassland
degradation, overgrazing, and abandonment (Figure 7c).
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The spatial distribution characteristics of annual average meteorological variables
are illustrated in Figure 8. Furthermore, Figure 9 displays the spatial distribution of
the change rate in meteorological factors along with the results of the significance tests.
For Rad distribution, the highest values were found in the northwest of the URB and the
southern part of the UMB, reaching a maximum of 481.76 W/m², while the lowest value was
450.79 W/m² (Figure 8a). The change rate ranged between 0.07 W/m²/a and 0.81 W/m²/a,
exhibiting an overall decreasing trend from northwest to southeast (Figure 9(a1)). Except
for the southeast of SB and the entire CR, significant increases were evident in other regions
(Figure 9(a-2)). Pre exhibited substantial spatial variability, decreasing from southeast to
northwest, with the highest values in the southeast of the NFYM reaching up to 429.64 mm,
while the lowest values in the northwest part being only 142.61 mm (Figure 8b). High
Pre areas also witnessed significantly increased change rates, with the highest reaching
8.76 mm/a, gradually decreasing to 1.07 mm/a towards the west (Figure 9(b-1)). The
spatial distribution of Temp was closely related to elevation (Figure 9(c-1)), showing a
significant increasing trend across the entire study area (Figure 9(c-2)). Average Temp
(1.55 ◦C) and change rates (0.07 ◦C/a) were lower in the high-altitude mountain ridges,
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whereas lower elevations exhibited higher temperatures, reaching up to 10.31 ◦C, with the
highest change rate at 0.21◦C/a (Figure 9(c-1)). The multi-year average RH decreased from
southeast to northwest, resembling the spatial pattern of Pre, ranging between 33.93% and
67.83%, indicating significant differences in humidity between the eastern and western
regions (Figure 8d). RH significantly decreased at the northern and southern boundaries of
the NFYM (Figure 9(d-2)), with the fastest rate at 0.59%/a. In the high-altitude regions of
the URB, UMB, and CR, RH exhibited a slow-increasing trend, peaking at approximately
0.20%/a (Figure 9(d-1)). WS displayed an increasing trend from the southwest to the
northeast, ranging between 3.32 m/s and 5.63 m/s (Figure 8e). The northeast part of
the URB, the northern part of the UMB, and the southern part of the DM experienced a
significant increase at a rate of approximately 0.12 m/s/a, while the northeast part of the
SB and the southern boundary of the CR witnessed a notable decrease at a rate of around
0.08 m/s/a (Figure 9(e-1))). In conclusion, despite gradual vegetation recovery due to
ecological restoration measures, the NFYM’s vegetation coverage remained relatively low,
and effective measures against grassland degradation are still needed. The complex and
diverse meteorological environment in the NFYM results from its varied topography, wide
lateral span, and spatially diverse meteorological conditions.
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3.3. Changes in E, Et, and Eb Caused by Vegetation Greening and Climate Change

To assess the direct influences of driving factors on the variations in E, Et, and Eb within
the NFYM from 2000 to 2020, we conducted partial correlation analyses between E, Et, and
Eb and LAI and meteorological factors (Figure 10). Pre exhibited the strongest correlation
with E, and the PCC of Pre was 0.41. The highest partial correlations were observed in
the entire UMB, as well as in the northern parts of the DM and SB (Figure 10(a-3)). Rad
displayed an average PCC of −0.22 with E, with positive correlations accounting for 72.17%
of the area, mainly concentrated in the northwest of the NFYM, while the eastern part
exhibited predominantly negative correlations (Figure 10(a-2)). The PCC between LAI
and E was 0.20, with positive correlations covering 83.75% of the area, predominantly
distributed as scattered points and clusters across the NFYM (Figure 10(a-1)). WS exhibited
a moderate positive correlation with E, primarily concentrated in URB and UMB, as well as
the boundary between the DM and SB, accounting for 71.67% of the area, with an average
PCC of 0.15 (Figure 10(a-6)). The correlations of Temp and RH with E were relatively weak
(Figure 10(a-4,a-5)). Strong correlations were observed between LAI and Pre with Et, with
PCC values of 0.24 and 0.25, respectively. Positive correlations accounted for 85.80% and
91.04% of the area, respectively. LAI exhibited scattered positive correlations, while Pre
exhibited a positive correlation in most regions except for the western part of the URB and
the northwest part of the UMB (Figure 10(b-1,b-3)). Rad displayed an overall negative
correlation with Et, with a PCC of −0.20. Negative correlations were prominent to the east
of the UMB, accounting for 74.23% of the area, whereas positive correlations were evident
to the west, indicating significant spatial differences (Figure 10(b-2)). WS exhibited a weak
positive correlation with Et, covering approximately 63.72% of the area (Figure 10(b-6)).
Temp and RH exhibited weak correlations with Et, with PCC values being less than
0.10 (Figure 10(b-4,b-5)). Comparatively, LAI and meteorological factors displayed lower
correlations with Eb compared to E and Et. The highest PCC was observed between Pre and
Eb, reaching 0.14, with positive correlations covering 75.64% of the area, predominantly
concentrated in the western and northern parts of the NFYM (Figure 10(c-3)). WS exhibited
the second-highest PCC with Eb, reaching 0.13, and displayed a similar spatial distribution
pattern to Pre (Figure 10(c-6)). The PCC values of the remaining factors with Eb were all
below 0.10. Similar to E and Et, Rad exhibited a negative correlation with Eb (PCC = −0.05),
with negative correlations mainly concentrated in the northeast and south of the NFYM,
covering 56.30% of the area. Temp and RH displayed negative correlations with Eb, with
PCC values of −0.08 and −0.09, respectively (Figure 10(c-2,c-4,c-5)). Additionally, LAI
exhibited a weak positive correlation with Eb, covering 62.04% of the area and being
sporadically distributed to the west of the DM (Figure 10(c-1)).

The spatial patterns of contributions of LAI and climatic factors to the variations in E,
Et, and Eb during the period of 2000–2020 are depicted in the spatial distribution presented
in Figure 11. Among these factors, vegetation greening had the most pronounced impact
on E, with LAI contributing an average of 0.49 mm/a. Positive contribution zones covered
83.75% of the total area, and areas with a contribution rate exceeding 0.8 mm/a were pre-
dominantly situated in the URB, constituting 19.15% of the NFYM (Figure 11(a-1)). Among
the climatic factors, Pre yields the most significant contribution to E, augmenting it at a rate
of 0.46 mm/a. A notable 92.44% of the study area demonstrated a positive contribution,
particularly evident in the east of the URB, across the entire UMB, DM, SB, and CR northern
zones (Figure 11(a-3)). The contribution of Rad to E exhibits spatial heterogeneity. It is
segregated predominantly at the boundary of the central UMB, contributing positively to
the east and negatively to the west. Negative contribution zones encompassed 72.17% of the
region, leading to an average reduction rate of 0.36 mm/a (Figure 11(a-2)). WS contributed
to E with an average rate of 0.17 mm/a, and positive contribution zones account for 71.67%
of the total area. Notably, regions exceeding 0.8 mm/a were concentrated in the northern
parts of the DM, as well as in the southern parts of the URB and UMB (Figure 11(a-6)).
RH contributed negatively to E at a rate of −0.09 mm/a, with a balanced distribution
of positive and negative contribution zones. The western URB and UMB predominantly
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exhibited negative contributions (49.55%), whereas the eastern Three-Flag Area mainly
manifested positive contributions (Figure 11(a-5)). In contrast, Temp contributed at a slow
rate of 0.08 mm/a, gradually increasing E. The contribution rate exhibited substantial
spatial disparities, with regions exceeding 0.08 mm/a concentrated in the northwestern
parts of the DM and SB, as well as in the northeastern URB, northwestern UMB, and certain
areas of the SB and CR. Importantly, certain areas within these regions exhibited a more
substantial reduction rate in E exceeding 0.8 mm/a, constituting 18.77% (Figure 11(a-4)).
In terms of Et, climatic factors, particularly Temp, emerged as the primary drivers. Temp
contributed to Et at a rate of 0.35 mm/a, with zones exceeding 0.8 mm/a primarily con-
centrated in the southeastern regions of the NFYM, accounting for 25.77%. Conversely,
negative contribution zones were concentrated in the UMB, SB, and CR, constituting 44.24%
of the total area (Figure 11(b-4)). In contrast, Rad exhibited a negative contribution of
−0.30 mm/a to Et, with negative contribution zones covering 74.23% of the region. Positive
contribution zones were limited mainly to the western parts of the UMB (Figure 11(b-2)).
Pre also exerted a significant influence on Et, albeit less pronounced than the former, with a
contribution rate of 0.19 mm/a. Positive contribution zones were widespread, accounting
for 91.04% of the total area (Figure 11(b-3)). RH and WS exerted minor influences, con-
tributing at rates of 0.04 mm/a and 0.03 mm/a, respectively (Figure 11(b-5,b-6)). Vegetation
greening contributed 0.32 mm/a to Et, with positive contribution zones covering 85.80%
of the total area, predominantly concentrated in the UMB and the adjacent eastern region
(Figure 11(b-1)). In general, the individual impact of LAI, Rad, Pre, Temp, RH, and WS
on Eb tends to be substantial, with contributions of 0.57 mm/a, −0.09 mm/a, 0.25 mm/a,
0.78 mm/a, −0.42 mm/a, and 0.25 mm/a, respectively. Positive contribution zones of
LAI to Eb encompass 62.04% of the total area, with the highest positive contributions
concentrated mainly in the western regions of the URB and UMB, while areas with high
negative contributions were primarily concentrated in the southern parts of the CR and
SB (Figure 11(c-1)). Negative contribution zones of Rad cover 56.30% of the total area,
predominantly distributed in the southern parts of the UMB and the northern parts of
the SB (Figure 11(c-2)). The contribution of Pre to Eb exhibited an increasing trend from
southeast to northwest, transitioning from negative to positive contributions. Positive
contribution zones covered 75.64% of the total area (Figure 11(c-3)). Temp demonstrated
a bipolar phenomenon, with the central region of the NFYM showing higher positive
contributions. Areas with a contribution rate exceeding 0.8 mm/a constitute 18.74% of
the total area, while the flanking regions were dominated by areas with contribution rates
exceeding −0.8 mm/a, accounting for 42.51% (Figure 11(c-4)). Positive contributions of
RH to Eb presented a zonal distribution in the central region of the NFYM, accounting
for 32.73%, predominantly influenced by negative contributions (Figure 11(c-5)). Positive
contributions of WS encompassed 71.04% of the total area, with only a minor presence of
negative contribution areas in the southeastern part of the NFYM (Figure 11(c-6)).

The spatial distribution of dominant factors influencing E, Et, and Eb over the NFYM
is depicted in Figure 12. As shown in Figure 12a, Temp emerged as the dominant factor for
E, covering 32.75% of the study area. It was primarily concentrated in the southern part of
the DM and the northeastern portion of the SB. E driven by Pre dominated over 28.43% of
the area, scattered across the UMB with concentrations in the southern SB and northern
CR. Regions where LAI governs E changes were mainly situated in the URB, accounting
for 25.01% of the study area. The remaining variations in E were primarily influenced
by WS (7.84%), Rad (2.47%), and RH (3.49%). Figure 12b illustrates the dominant factor
distribution for Et. Temp dominated in regions predominantly situated in the southern
DM and southeastern CR, constituting the highest proportion at 33.83%. Et controlled by
LAI covered 30.04% of the study area, primarily concentrated in the northern and eastern
parts of the NFYM. Rad exerted dominance over 16.82% of the area, primarily located in
the northwestern URB. Pre’s dominant areas were scattered and accounted for 12.02%.
The influences of WS and RH were smaller, encompassing 4.46% and 2.44% of the area,
respectively. From Figure 12c, it was evident that the primary dominant factors for Eb
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were LAI and Temp, covering 32.10% and 29.50% of the study area, respectively. Areas
where WS dominates comprise 16.23% of the total, scattered across the DM, SB, and CR.
Pre governed 14.34% of the area, while Rad (4.35%) and RH (3.47%) had relatively smaller
controlling influences.
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To further elucidate the direct and indirect effects of various driving factors on E, Et,
and Eb of the NFYM, a path analysis was conducted. The results illustrated the direct
dependencies of E, Et, and Eb on their respective variables (Table 1). The final fitted
Structural Equation Model (SEM) was presented in Figure 13. The model’s goodness-of-
fit measures were satisfactory, with GFI (Goodness of Fit Index) exceeding 0.9, RMSEA
(Root Mean Square Error of Approximation) below 0.10, CFI (Comparative Fit Index)
exceeding 0.9, NFI (Normed Fit Index) exceeding 0.9, NNFI (Non-Normed Fit Index)
exceeding 0.9, and a χ2/df ratio below 3. The constructed model accounted for 91% of
E changes (R2 = 0.92), 82% of Et changes (R2 = 0.82), and 89% of Eb changes (R2 = 0.89).
Our findings suggested that LAI typically acted as an intermediate variable through which
RH, WS, and Pre influenced E (RH→LAI→E, WS→LAI→E, Pre→LAI→E), with indirect
path coefficients of −0.13, 0.01, and 0.02, respectively. LAI’s direct contribution to E
exhibited a non-significant positive effect (0.07). Rad exerted a non-significant negative
effect on E (−0.14), with an indirect path coefficient of −0.09 through Temp. Additionally,
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Temp indirectly influenced E through RH (Temp→RH→E), with a total effect of 0.01. The
impact of WS on E encompassed the paths WS→LAI→E, WS→Temp→E, and WS→RH→E,
yielding a total effect of 0.33. Pre, acting as an indirect variable, exhibited indirect effects on
E by influencing other variables, through the paths Pre→LAI→E (p < 0.05), Pre→RH→E
(p < 0.05), and Pre→WS→E, with indirect effects of 0.02, 0.05, and 0.13, respectively. The
direct effect of Pre was 0.75, contributing to a total effect of 0.96 on E. For Et, LAI’s direct
effect proved significant (0.22, p < 0.05). The combined effects of Rad and Temp on Eb were
−0.080 and −0.05, respectively. PA and MRA results suggested varying effects of Temp on
Et, possibly attributed to non-significant pathways. Pre, WS, and RH collectively exhibited
total indirect effects on Et of 0.39, 0.36, and 0.22, resulting in overall effects of 0.79, 0.50,
and 0.18, respectively. Regarding Eb, the most substantial total effect was attributed to Pre
(0.96), followed by the negative effect of Rad (−0.21), and subsequently RH (0.20) and WS
(0.16). Overall, the results of the path analysis and MRA were largely congruent, thereby
providing mutual validation to the findings. It was evident that vegetation greening exerted
a significant positive effect on Et, while exerting comparatively minor influences on E and
Eb. In general, the changes in time and the intricacies in space of the climate continued to
be important factors that affect E and its various elements.
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Table 1. Path coefficients of factors. (“-” is used to indicate that there is no path relationship between
the factors corresponding to different rows and columns within the constructed path model.)

Output
Item

Factors Direct Path
Coefficients

The sum of
Indirect Path
Coefficients

Indirect Path Coefficients Total Path
CoefficientsLAI RAD Temp RH WS Pre

E

LAI 0.07 0.00 - - - - - - 0.07
Rad −0.14 0.00 - - - - - - −0.14

Temp 0.21 −0.19 - −0.09 - −0.10 - - 0.03
RH 0.13 −0.01 −0.01 - - - - - 0.13
WS 0.20 0.13 0.01 - 0.11 0.00 - - 0.33
Pre 0.75 0.20 0.02 - - 0.05 0.13 - 0.96

Et

LAI 0.22 0.00 - - - - - - 0.22
Rad −0.08 0.00 - - - - - - −0.08

Temp 0.17 −0.22 - −0.05 - −0.17 - - −0.05
RH 0.22 −0.04 −0.04 - - - - - 0.18
WS 0.36 0.14 0.05 - 0.09 0.07 - - 0.50
Pre 0.41 0.39 0.08 - - 0.09 0.22 - 0.80

Eb

LAI 0.07 0.00 - - - - - - 0.07
Rad −0.21 0.00 - - - - - - −0.21

Temp 0.23 −0.29 - −0.13 - −0.16 - - −0.06
RH 0.21 −0.01 −0.01 - - - - - 0.20
WS 0.02 0.15 0.01 - 0.13 0.01 - - 0.16
Pre 0.84 0.12 0.02 - - 0.08 0.01 - 0.96
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4. Discussion
4.1. Spatiotemporal Variation in E, Et, and Eb

This spatiotemporal analysis provides new insights into the heterogeneous dynamics
of E and its components across the NFYM from 2000 to 2020. The multi-year mean E
ranged from 68.59 to 322.28 mm (Figure 3a), exhibiting an east-to-west decreasing trend
likely linked to regional moisture and vegetation gradients. The E change rate significantly
increased by 2.47 mm/a across most areas (Figure 2a), reflecting intensification congruent
with climate and land surface changes. The consistent east-to-west descent in long-term
E suggests the influence of regional gradients, potentially involving moisture availability,
vegetation density, and other geo-environmental factors. Furthermore, the widespread
positive change rates point to a prevailing escalation in E over the study period, indicative of
climate and land surface shifts driving regional E intensification. Et displayed a southeast-
to-northwest increasing gradient of 0.87–236.55 mm (Figure 3b), attributed to geographical
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vegetation variations. While Et mostly increased over time, localized decreasing trends
were also detected. The Et change rate spanned −0.81 to 5.59 mm/a (Figure 4(b-1)), with
a mean increase of 1.30 mm/a. Overall, the distinct Et spatial pattern appears linked to
geographical variations in vegetation density and structure. Meanwhile, the differential
temporal trends likely stem from localized land cover changes alongside background
climatic warming and wetting influencing regional transpiration. However, additional
factors related to soil moisture, vapor pressure deficit, and plant physiological shifts may
also contribute to the complex spatiotemporal variability in Et. Lastly, Eb exhibited a
northeast–southwest decreasing spatial pattern of 66.11–205.32 mm driven by climate and
soil moisture influences (Figure 3c). The mean Eb change rate was low at 1.06 mm/a
compared to Et (Figure 4(c-1)). Overall, the Eb geographical gradient arises from the effects
of regional climate and soil moisture variability on evaporation from bare land surfaces.
Meanwhile, the reduced spatiotemporal variability in Eb, compared to transpiration, likely
stems from the dominant influence of atmospheric conditions on evaporation from bare
soil. However, changes in bare ground cover fractions may also modulate Eb in some areas.

The aforementioned conclusions align with results reported in earlier investiga-
tions [37,38,62]. Typically, Et constitutes a significant portion of E [23,24]. However, as
shown in Figure 2, it is evident that E is primarily composed of Eb, likely due to extensive
grassland degradation and sparse vegetation cover. Geographically, the steep topography
and marked elevation gradients promote rapid surface runoff, increasing horizontal water
fluxes and bare soil evaporation. Aerodynamically, the north-facing slopes may obstruct
southward air masses, enhancing updrafts and vertical moisture transport and further
elevating Eb. Collectively, these geographic and atmospheric dynamics, coupled with
limited transpiring vegetation, lead to the prevalence of Eb over Et across this vulnerable
landscape. The detected spatial patterns and temporal shifts point to primary regulation by
geographical gradients in vegetation and regional climate factors. However, the complex
interactions between atmospheric conditions, soil moisture, plant physiology, and land
cover change also appear to modulate the multi-faceted spatiotemporal variability in tran-
spiration and bare soil evaporation. Further parsing of the relative contributions of these
drivers is still needed through approaches integrating in situ data, process-based modeling,
and remote sensing observations. Overall, the distinct spatial heterogeneity and escalating
temporal trends in E revealed by this study underscore the impacts of recent environmental
change across this ecologically vulnerable landscape. The findings pave the way for disen-
tangling the complex environmental controls across the mountain region and developing
adaptive water management strategies in the face of climate change and human activities.
Consideration of both natural and anthropogenic drivers will be essential to elucidate the
coupled vegetation–climate–hydrology system interactions governing E dynamics.

4.2. Responses of E, Et, and Eb to Vegetation Greening and Climate Change

The direct and indirect impacts of driving factors on E and its components were
analyzed through MRA and PA, elucidating the mechanistic responses of E, Et, and Eb to
vegetation greening and climate change. Research has indicated that vegetation greening
has a clear positive impact on regional E processes. This is because changes in vegetation
cover can regulate rainfall interception and alter surface roughness and albedo, thereby
influencing the E process [63,64]. Our study reveals that vegetation greening has been
the primary driving force behind the increase in E over the NFYM since 2000. The en-
hanced greening has contributed to an E growth rate of 0.49 mm/a, aligning with the
aforementioned perspectives. LAI reflects the density and extent of vegetation coverage,
directly determining the plant surface area available for transpiration. As LAI increases,
the vegetated area expands, enlarging the total leaf surface for transpiration. This leads
to a greater moisture surface area, with more water uptake from the soil to supply plant
transpiration needs. LAI is also closely associated with photosynthesis, whereby vegetation
absorbs and fixes CO2 while concomitantly releasing water vapor to facilitate gas exchange.
Higher LAI enables greater light capture for photosynthesis, releasing more moisture into
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the atmosphere through transpiration. Moreover, elevated LAI is typically accompanied
by more dense stomata, expanding the transpiring surface and further promoting water
loss. Among meteorological factors, Pre exhibits the largest contribution, increasing E at
a rate of 0.46 mm/a (Figure 11(a-3)). Pre exerted highly significant direct effects on the
increase in E, while also indirectly influencing E through impacts on LAI, RH, and WS. One
possible explanation is that Pre and E are integral components of the water cycle. Changes
in Pre directly influence the exchange of water vapor between the land surface and the
atmosphere, subsequently affecting E. Moreover, substantial precipitation can indirectly
impact E. As a vital water resource, precipitation significantly affects vegetation growth
and soil moisture content. Adequate rainfall can satisfy plant water needs, promoting
lush vegetation growth and resulting in higher LAI values, inducing greater transpira-
tion potential. Additionally, precipitation alters environmental moisture content, thereby
influencing air humidity. Meanwhile, rainfall events can prompt localized airflow distur-
bances, transiently impacting wind speed and indirectly affecting evaporation intensity.
Rad contributes to a decrease in E at a rate of 0.36 mm/a (Figure 11(a-2)). This may be
attributed to the effect of high radiation. Factors such as elevated temperature, increased
water demand, water limitation, humidity influences, energy balance considerations, and
wind speed effects under high radiation conditions could collectively suppress E variations.
This is consistent with the intricate role of radiation in surface energy balance and its
complex impact on temperature and water vapor evaporation. Notably, some previous
studies on the correlation between E and climatic factors have indicated a relationship with
temperature changes, which is not pronounced in our research. There are two potential
explanations for this discrepancy: Firstly, prior work has shown that temperature changes
themselves do not always provide a satisfactory indicator influencing E variations [65],
as actual E is often constrained by water availability in arid and semi-arid regions [66].
Secondly, we posit that differences in topography and landforms may also lead to shifts in
the temperature–evaporation association. The terrain characteristics in mountainous areas
can affect localized airflow and humidity distributions, resulting in moist air retention and
dampening the E response to temperature fluctuations.

Meteorological factors play a more significant role in influencing Et, particularly
Temp, which increases Et at a rate of 0.35 mm/a. Notably, our MRA results indicated
that Temp accelerated Et increase, while PA revealed an opposite effect (Temp directly
promoted Et, but Temp’s highly significant positive contribution to Rad suppressed Et).
Although ostensibly paradoxical, we posit that these findings are reconcilable, potentially
stemming from methodological distinctions in evaluating direct versus indirect effects.
Specifically, MRA emphasizes analyzing the direct temperature–E association, potentially
overlooking intermediary variables. In this context, elevated temperatures can increase
evaporation rates because warmer conditions enhance liquid water’s molecular kinetic en-
ergy, promoting vaporization. Conversely, path analysis stresses variable interrelationships,
considering potential mechanisms for indirect temperature impacts on E. For instance, the
Stefan–Boltzmann law states that higher surface temperatures induce greater terrestrial
radiation emission to the atmosphere. Heightened radiation triggers stomatal closure by
vegetation to reduce water loss, thereby constraining transpiration. Such indirect effects
could yield the suppressive temperature influence on E evident in the path analysis. From
a plant physiology perspective, Temp’s direct positive influence on Et can be contem-
plated. Elevated temperatures can accelerate plant biochemical reactions and metabolic
processes, providing more energy and substrates to support transpiration. Warmer con-
ditions promote enzyme activities, cell division, and cell elongation underlying growth,
further elevating plant transpiration. Additionally, temperature regulation of stomata is an
important mechanism enhancing transpiration. Stomata are minute pores on leaf surfaces
facilitating gas exchange, including water vapor release and oxygen uptake. Rising temper-
atures can increase plant cell osmotic pressure, opening stomata to discharge water and
carbon dioxide, resulting in greater internal water diffusion outward. Through stomatal
control, plants concurrently regulate transpiration while mediating water and gas exchange
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to maintain intracellular/extracellular water balance and gas concentration equilibrium.
Vegetation greening contributes 0.32 mm/a to Et, second only to Temperature, aligning
with our understanding. Conversely, Rad reduces Et at a rate of 0.30 mm/a. This may
involve a series of intricate physiological processes in plants. Under high temperatures,
plants experience heat stress, leading to increased photosynthetic rates but slowed growth
and stomatal closure. Simultaneously, high radiation might accelerate soil moisture de-
pletion, restricting plant root water uptake and consequently impacting transpiration—a
manifestation of plants’ external self-protection. Pre primarily enhances Et by promoting
water supply to plants and improving the growth environment, contributing 0.19 mm/a.

Regarding Eb, LAI has the strongest promoting effect, leading to an increase in Eb at a
rate of 0.57 mm/a. Rad, Pre, Temp, RH, and WS—five meteorological factors—exert inde-
pendent impacts on Eb, with rates of −0.09 mm/a, 0.25 mm/a, 0.78 mm/a, −0.42 mm/a,
and 0.25 mm/a, respectively (Figure 11c). Meteorological factors exhibit complex interplay
governing Eb. Firstly, for Rad, heightened irradiance typically energizes water molecules,
facilitating liquid-to-vapor phase shifts and enhancing evaporation. However, Rad sup-
pressed Eb in southern UMB and northern SB, feasible under certain conditions; intense
radiation at high Temp and low RH can prompt evaporation rates surpassing moisture
supply, depleting surface water and suppressing vaporization. Secondly, Pre constitutes
the primary water source, with greater rainfall providing more moisture for evaporation.
Pre directly replenishes the land surface, furnishing ample water through soil wetting to
sustain evaporation processes. Notably, the most pronounced inhibiting effect is associated
with Temp, which contrasts with the conventional assumption that higher temperatures
lead to greater Eb. In the arid region of the NFYM, this unexpected outcome may stem from
soil moisture limitations; even with elevated temperatures, there might not be a sufficient
water supply to support extensive surface water vapor evaporation. Regarding RH, our
explanation for its negative contribution to Eb is that lower RH restricts the conversion
of water from the liquid to the gas phase. Water molecules are less likely to transition to
the gas phase under lower humidity, consequently reducing surface water vapor evapo-
ration. High WS can enhance the diffusion of water vapor from the land surface into the
atmosphere, thereby promoting surface water vapor evaporation.

4.3. Implications for Vegetation Restoration and Water Resources Management

The NFYM is located within the ecological security barrier of northern China and
carries the crucial responsibility of acting as a barrier against sandstorms, wind erosion,
and serving as a vital water source for the Beijing–Tianjin area. The research findings
underscore the intricate interplay between the ecological condition of the NFYM and its
cascading impacts on local economic development, poverty alleviation initiatives, as well
as broader ecological security concerns at both regional and national scales. Thus, the
NFYM holds a highly significant position in the context of ecological security strategy.

However, existing research attention towards the NFYM remains insufficient. Our
study demonstrates that the increase in E, Et, and Eb in most areas of the NFYM is influ-
enced by vegetation greening (Figure 12), closely related to local ecological restoration
projects. Prior research indicates that vegetation greening can lead to increased water con-
sumption, potentially heightening water scarcity risks [67]. Despite the current relatively
low vegetation coverage in the NFYM, potential risks arising from vegetation restoration
should still be continuously monitored. We propose that ongoing vegetation restoration
efforts in the NFYM should continue, but with a comprehensive consideration of the po-
tential negative impact of greening on water resources. Water-saving measures should be
implemented, and the allocation of limited water resources should be rationalized. For
instance, strategies such as thinning and understory vegetation control can be employed to
generate more soil water, thereby replenishing groundwater and downstream water usage
while increasing the available water supply for remaining vegetation [33,68]. Furthermore,
while considering local environmental conditions, managers can select suitable vegetation
species (those with lower water requirements and higher ecosystem benefits) to adjust the
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existing vegetation structure and composition. This optimization can balance ecological
and hydrological benefits [69–72].

The insights gained from our investigation lend critical guidance for ongoing and
future vegetation restoration initiatives within the NFYM in the context of climate change.
The juxtaposition of increased vegetation cover and enhanced E underscores the necessity
of judicious water resource management to mitigate potential water scarcity risks. As
the ecological restoration projects within the NFYM gather momentum, our findings
advocate for a holistic approach that harmonizes ecological and hydrological considerations.
Implementing water-saving strategies and optimizing the selection of vegetation species,
based on their water requirements and ecological benefits, represent crucial steps toward
achieving a sustainable equilibrium between ecological enhancement and hydrological
stability. In conclusion, this study’s implications extend beyond its immediate research
scope, offering valuable insights into the broader domains of vegetation restoration and
water resource management. As the NFYM assumes a strategic role in China’s ecological
security strategy, our research serves as a beacon for informed decision making, highlighting
the importance of a comprehensive approach that unites ecological restoration objectives
with hydrological imperatives. The study’s findings hold immense potential to guide
effective policy formulation and on-ground implementation strategies for sustainable
vegetation restoration and water resource management within the dynamic landscape
of the NFYM. In the future, as vegetation restoration projects in the NFYM accelerate,
real-time monitoring of regional E and its components, along with assessments of drought
severity and available water quantity, will be essential and valuable research topics.

4.4. Uncertainties

This study involves certain uncertainties in the calculation and processing methods.
Firstly, the utilization of remote sensing data, while indispensable for large-scale analyses,
inherently introduces potential spatiotemporal errors due to the limitations of spatial reso-
lution, temporal frequency, and data quality. These inherent limitations can subsequently
impart constraints on the precision and accuracy of the correlation analysis outcomes.
Moreover, it should be noted that the evapotranspiration data utilized in this study, sourced
from NASA and NOAA, may be subject to certain inaccuracies.

Secondly, the interpolation of raw data, albeit a common practice in environmental
research, bears the potential to propagate errors into the derived results. The process
of interpolating sparse data points to generate comprehensive datasets may introduce
interpolation errors that could, in turn, influence the overall veracity of the findings.

Thirdly, the intricate interplay between vegetation dynamics and climatic factors
underscores the non-mutually independent nature of these variables. The very essence
of this interdependency implies that alterations in one variable could inherently lead to
changes in another. For instance, the relationship between precipitation and vegetation cov-
erage is intertwined, whereby increased precipitation stimulates vegetative growth, while
concurrently, the resultant vegetation greening may induce modifications in local water
and energy exchange dynamics, consequently reverberating into shifts in meteorological
variables [73,74]. The intricacies of inter-variable relationships encapsulate the essence of
complexity that pervades natural systems. The non-linearity and multifaceted interactions
among ecological, hydrological, and climatic parameters underline the inherent challenges
of isolating and quantifying individual effects. The complexities of feedback mechanisms,
thresholds, and non-proportional responses inherently introduce a level of ambiguity into
the direct causality between variables. This acknowledgment, while not diminishing the
significance of the study, serves as a clarion call for robust interpretations that encompass
the intricacies of these interrelations.

Lastly, the fundamental acknowledgment that different attribution methods can yield
divergent outcomes further compounds the study’s uncertainties. The intricacies of re-
lationships between variables are, by nature, multifaceted, rendering the application of
MRA and PA—the chosen methods in this study—to determine their contributions suscep-
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tible to introducing uncertainties into the interpretation of results. The recognition of the
multifaceted complexities inherent to variable relationships and the acknowledgment of
varying outcomes engendered by divergent analytical techniques serve as a clarion call
for prudence in interpretation. Furthermore, relying solely on the Mann–Kendall (M-K)
method to identify breakpoints in time series may introduce uncertainties in the results.
In future research endeavors, enhancing the reliability of the outcomes can be achieved
by adopting a multi-method approach for mutual validation. Incorporating additional
methodologies such as the Pettitt test or sliding t-test will serve to bolster the robustness of
the results.

In summation, the quest for understanding complex natural phenomena inherently
embraces uncertainties that stem from attribution methodologies and intricate variable
interactions. The exploration of such complexities is emblematic of the pursuit of scientific
understanding, wherein robust conclusions are synthesized through a judicious amalgama-
tion of evidence, methodologies, and contextual awareness. While the uncertainties might
render certain aspects of interpretation a challenge, they concurrently serve as catalysts for
refining research designs, inspiring iterative inquiry, and fostering more comprehensive
insights into the intricate dynamics that govern ecological and hydrological systems.

Despite these acknowledged limitations, it is imperative to recognize that the find-
ings of this study hold significant transformative implications for delineating the distinct
and combined impacts of climate change and vegetation greening on E and its integral
components within the NFYM. However, with a conscientious approach toward research
design and interpretation, the next phase of inquiry should undoubtedly integrate these
uncertainties as intrinsic elements, propelling a more comprehensive understanding of
the intricate relationships between climatic shifts, ecological dynamics, and hydrologi-
cal processes. Such an approach will not only enrich the scientific discourse but also
furnish robust insights for evidence-based vegetation restoration strategies and water
resources management.

5. Conclusions

Based on the GLDAS and GLASS datasets, we conducted a comprehensive spatiotem-
poral analysis of evapotranspiration (E), transpiration (Et), and soil evaporation (Eb) in
the Northern Foot of Yinshan Mountain (NFYM) from 2000 to 2020. Additionally, we
quantified the contributions of climate change and vegetation greening to E, Et, and Eb
changes. The key findings are as follows:

(1) In time, E (2.47 mm/a, p < 0.01), Et (1.30 mm/a, p < 0.01), and Eb (1.06 mm/a, p < 0.01)
all exhibited a significant upward trend. Spatially, the annual mean E decreased from
the east (322.28 mm) to the west (68.59 mm), Et increased from the southeast (0.87 mm)
to the northwest (236.55 mm), and Eb decreased from the northeast (205.32 mm) to
the southwest (66.11 mm).

(2) Vegetation greening emerges as the predominant impetus underpinning the aug-
mentation of both E and Eb, augmenting their rates by 0.49 mm/a and 0.57 mm/a,
respectively. For meteorological variables, Pre exerts the most conspicuous influence
upon E (0.46 mm/a). Meanwhile, Temp emerges as the paramount determinant affect-
ing Eb (−0.78 mm/a). Within the realm of Et, meteorological factors emerge as the
primary catalysts, with Temp assuming a predominant role by augmenting Et at a rate
of 0.35 mm/a. The contribution stemming from vegetation greening to Et is quantified
at 0.32 mm/a. In addition, Pre always acts indirectly on E, Et, and Eb through its
influence on other factors. Within E, Temp dominated in an area covering 32.75% of
the study region. For Et, Temp had the highest dominance, covering 33.83% of the
study area. For Eb, the main controlling factors were LAI (32.10%) and Temp (29.50%).

(3) LAI often acted as an intermediary variable between RH, WS, and Pre on E and its
components. LAI had a direct path coefficient on Et of 0.22 (p < 0.05). In addition to
the direct effect of Pre on E (0.75, p < 0.01) and Et (0.51, p < 0.01), it also had an indirect
effect (0.20, p < 0.05 and 0.39, p < 0.01, respectively). The indirect effect of Temp on
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Eb was more significant (−0.13, p < 0.05), while Rad mainly had a direct effect on Eb
(−0.21, p < 0.05).

Through comprehensive ecological management, the effective control and restoration
of degraded forests and grasslands has been achieved in the current stage within the region.
The foundational framework of an important ecological security barrier in the NFYM is
essentially established. These findings offer valuable insights to local governments for the
formulation of sustainable water resource and vegetation restoration strategies.
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