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Abstract: Investigating the spatiotemporal variations in the Normalized Difference Vegetation Index
(NDVI) in the Shanxi section of the Yellow River Basin and its coal mining areas holds significant
importance for dynamic vegetation monitoring and mining area management. This study employs
MODIS NDVI data and combines various analytical methods, including trend analysis and coefficient
of variation analysis, to reveal the characteristics of NDVI spatiotemporal variations and their
response to climatic factors in the study area. The results indicate the following: (1) The overall
NDVI in the Shanxi section of the Yellow River Basin exhibits a growth trend with an annual growth
rate of 1.82% and a 36% increase. Among the mining areas, the NDVI increase is most prominent
in the Hebaopian mining area with a 100% growth, while the QinYuan mining area shows the
lowest increase at 21%; (2) The NDVI in the Shanxi section of the Yellow River Basin displays high
fluctuations, with areas of moderate and high fluctuations accounting for 54.39% of the total. The
Hebaopian mining area has a substantial portion of high-fluctuation areas at 38.85%; (3) According to
the Hurst index analysis, future vegetation changes in the Shanxi section of the Yellow River Basin
are uncertain, with approximately 9.77% of areas expected to continue improving; (4) The variations
in the NDVI and climatic factors across the Shanxi section of the Yellow River Basin display spatial
heterogeneity. The NDVI exhibits a positive correlation with both temperature and precipitation, with
the correlation with precipitation being more pronounced than that with temperature. Precipitation
exerts a more significant influence on the NDVI than temperature. These findings not only provide
scientific guidance for vegetation restoration and area management in the Shanxi section of the Yellow
River Basin and its mining areas but also serve as a scientific basis for decision making regarding
vegetation management under the influence of climate change and human activities.

Keywords: vegetation cover; mining area; spatial–temporal; trend analysis; climatic response

1. Introduction

As a vital component of terrestrial ecosystems, vegetation plays a pivotal role in
indicating the quality of the surrounding ecological environment [1]. Consequently, the
long-term monitoring of vegetation dynamics holds significant importance in various
domains, including global climate change [2], climate regulation [3,4], soil and water
conservation [5,6] and other aspects. The Normalized Difference Vegetation Index (NDVI),
being one of the commonly employed indicators in the study of vegetation cover changes,
effectively captures the growth status of regional vegetation [7].

Coal mining can result in varying degrees of surface subsidence, surface cracks, land
damage [8], and groundwater pollution [9], factors that contribute to vegetation damage in
different ways. Research utilizing MODIS NDVI data has found that the analysis of NDVI
time-series trends is suitable for detecting changes in vegetation areas and identifying land
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degradation [10]. By analyzing NDVI time series and comparing the changes in the NDVI
between mining and non-mining areas, it becomes evident that mining activities have a
very noticeable negative impact on ecosystem vegetation [11]. Studies conducted on several
large mining areas have shown that 40% of these areas exhibit reduced vegetation trends
following mining, with 8.34% of them significantly impacted by human activities, leading
to vegetation degradation [12]. Vegetation degradation can further lead to a decline in the
ability of vegetation to absorb carbon [13]. Furthermore, existing research has indicated
that there are still risks of overall vegetation degradation in reclaimed coal mining areas.
All of the above discussions collectively emphasize the effectiveness of using the NDVI
time series to monitor changes in vegetation conditions caused by mining activities [14,15].

The Yellow River Basin serves as a crucial ecological barrier in China and is also a
significant economic region, often referred to as the “energy basin” [16]. Among China’s
14 major coal bases, nine are situated within the Yellow River Basin [17]. Shanxi province
holds a prominent position in the Yellow River Basin and is one of the country’s most critical
coal production areas, playing a vital role in ensuring China’s energy security [18]. While
large-scale coal mining has driven national and local economic and social development,
it has also brought about a series of issues, including surface water and soil erosion,
vegetation degradation, and damage to arable land. These problems have severely harmed
the originally fragile ecological environment of the basin. According to relevant survey data,
Shanxi province has witnessed the formation of a coal mining subsidence area covering
6500 square kilometers, which accounts for 4.20% of the province’s total area. Within
this subsidence area, the portion within the Yellow River Basin amounts to 4100 square
kilometers, constituting 63.07% of the total coal mining subsidence area in the Shanxi
province. Furthermore, the coal-mining subsidence area continues to expand at an annual
rate of 50 square kilometers, significantly affecting the livelihoods and productivity of the
local population [19].

Among the many scholars’ studies, a considerable focus has been placed on moni-
toring the ecological environment across the entire Yellow River Basin [20,21]. Numerous
research findings indicate favorable improvements in the vegetation conditions within
the Yellow River Basin, with the most pronounced enhancements occurring in the central
region. Overall, the changes have exhibited a degree of stability and sustainability. An
analysis of the driving factors reveals that precipitation, humidity, and sunlight exert the
most significant influence on vegetation cover. The relationship between these factors
and changes in runoff and runoff coefficients is relatively complex, lacking clear corre-
lations. With increased national attention on ecological governance in the Yellow River
Basin, experts and scholars have gradually expanded their research to encompass various
provinces within the basin [22]. Existing research indicates that the vegetation cover in
the Shanxi section of the Yellow River Basin has experienced a highly significant increase.
The variations in the NDVI are influenced by climate changes, human activities, and the
combined effects of both [23]. In the Henan section of the Yellow River Basin, there has
been a significant improvement in vegetation cover from 2001 to 2020, with noticeable
spatial disparities. Land-use type emerges as a primary influencing factor [24]. Through an
examination of the NDVI changes across different land-use types in the Shanxi section of
the Yellow River Basin, researcher Fu Jianxin has determined that forested areas exhibit
superior vegetation cover compared to cultivated land and grasslands. Furthermore, there
are significant spatial variations in the NDVI values among different land-use types [25].

In previous research, there has been a predominant focus on studying the long-term
NDVI trends and influencing factors across the entire Yellow River Basin, with relatively
limited attention given to ecological research within the mining areas of the Shanxi section
of the Yellow River Basin. Shanxi province, known for its significant coal mining activities
and numerous mining areas, serves as the backdrop for this study. Based on this, the
study focuses on the Shanxi section of the Yellow River Basin and eight coal mining areas
within this region. Given the multitude of mining activities within the study area that
may potentially result in vegetation damage, the research aims to investigate the temporal
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changes in vegetation cover. By monitoring the dynamic changes in vegetation cover, the
study intends to provide scientific guidance for the ecological restoration and management
of vegetation in both the Shanxi section of the Yellow River Basin and the mining areas.

2. Materials and Methods
2.1. Study Area

The Shanxi section of the Yellow River Basin is situated in the western region of
Shanxi Province, within the middle reaches of the Yellow River Basin (34◦34′–40◦17′ N,
110◦13′–113◦32′ E) (Figure 1) [26]. It spans across four cities, namely Xinzhou, Lüliang,
Linfen, and Yuncheng, encompassing a total of 19 counties. The Yellow River’s course
within the Shanxi segment extends approximately 965 km, accounting for nearly one-fifth
of the river’s total length. Furthermore, the drainage basin in this region covers an exten-
sive area of 97,100 square kilometers, representing 62.2% of the total land area of Shanxi
Province [27]. The topography within the study area is characterized by significant un-
dulations, and it belongs to the eastern part of the Loess Plateau. The predominant soil
types found in this region are primarily loess and brown soil. The study area is located in
the inland region of the mid-latitude zone and is characterized by a temperate continental
monsoon climate. Influenced by factors such as solar radiation, monsoon circulation, and
topography, the climate in the study area exhibits four distinct seasons, concurrent rainfall
and warmth, ample sunshine, and significant north–south climate variations. The annual
average temperature in the study area ranges between 10.1 ◦C and 11.5 ◦C. Generally, there
is a trend of increasing temperatures from north to south and decreasing temperatures
from basin areas to highlands. Meanwhile, the annual cumulative precipitation in the
study area varies between 391 mm and 679 mm, with notable influence from the local
topography [28]. Notably, the Shanxi section of the Yellow River Basin is home to eight
mining areas, including the Jincheng, Qinyuan, and Huozhou mining areas, which are
designated as the initial batch of state-planned mining areas within this specific segment of
the Yellow River Basin.

2.2. Data Sources and Preprocessing

The NDVI data utilized in this study were sourced from the MOD13Q1 dataset pro-
vided by the National Aeronautics and Space Administration (NASA) of the United States
(https://www.earthdata.nasa.gov/, accessed on 18 February 2023). This dataset has a
spatial resolution of 250 m and a temporal resolution of 16 days. Using Google Earth
Engine (GEE), a total of 460 NDVI images from 1 January 2001 to 2020 were stitched to-
gether, subjected to coordinate transformation, and then cropped. Afterward, the mean
value method was used to obtain annual NDVI images for the study area. The boundary
data for the mining areas were extracted from the “Planning for the Construction of Large
Coal Bases” issued by the National Development and Reform Commission (NDRC) of
China (Fa Gai Energy [2006] No. 352), which includes eight nationally planned coal mining
areas within the Shanxi section of the Yellow River Basin. The study boundaries were
adjusted based on the boundary data of the Shanxi section of the Yellow River Basin. Digi-
tal Elevation Model (DEM) data were obtained from the Geographic Spatial Data Cloud
(https://www.gscloud.cn/search, accessed on 18 February 2023). Meteorological data,
including daily temperature and precipitation records from meteorological stations within
the Shanxi section of the Yellow River Basin, were sourced from the China Meteorological
Data Network (http://data.cma.cn, accessed on 14 March 2023). Interpolation and resam-
pling processes were performed using ArcGIS 10.2 software to match the resolution of the
NDVI data.

https://www.earthdata.nasa.gov/
https://www.gscloud.cn/search
http://data.cma.cn
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2.3. Research Methods
2.3.1. Trend Analysis Method

To investigate the spatial changes in vegetation cover within the Shanxi section of
the Yellow River Basin from 2001 to 2020, a univariate linear trend analysis method was
employed. This involved calculating trends for each pixel in the NDVI data on an annual
basis [29]. The results provide insights into the spatiotemporal characteristics of vegetation
cover changes across the entire study area [30]. The formula for this analysis is as follows:

slope =
n×

n
∑
i

i× NDVIi −
n
∑
i

i×
n
∑

i=1
NDVIi

n×
n
∑

i=1
i2 −

(
n
∑

i=1
i
)2 (1)

where slope represents the slope of the NDVI change trend for each pixel, where a positive
slope (slope > 0) indicates a growth trend and a negative slope (slope < 0) indicates a
degradation trend; n denotes the number of years during the study period, n = 20 in this
study; and NDVIi is the NDVI value of the ith year of the cell. The significance of the
change trend is determined using the F-test method, with the significance level indicating
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the confidence associated with the trend rather than the speed or magnitude of the change.
The formula for calculating the F-test is as follows:

F = U × N − 2
Q

, (2)

U =
n

∑
i=1

(ŷi − y)2, (3)

Q =
n

∑
i=1

(yi − ŷi)
2 (4)

where U represents the sum of squared errors for the time series; Q signifies the sum of
squared errors for the time series; yi is the NDVI value of the ith year; ŷi is its regression
value; y is the average of the NDVI; n is the number of years of study. Based on the results of
the F-test and trend analysis, this paper categorizes the trends in vegetation cover changes
as follows: extremely significant improvement (slope > 0, p≤ 0.01), significant improvement
(slope > 0, 0.01 < p ≤ 0.05), insignificant improvement (slope > 0, p > 0.05), insignificant
degradation (slope < 0, p > 0.05), significant degradation (slope < 0, 0.01 < p ≤ 0.05), and
extremely significant degradation (slope < 0, p ≤ 0.01).

2.3.2. Stability Analysis

The Coefficient of Variation (CV), also known as the “Coefficient of Dispersion”, is the
ratio of the standard deviation to the mean. It serves as a measure that can, to some extent,
reflect the spatial distribution characteristics of the interannual stability of vegetation
indices [31]. By utilizing 20 years of NDVI data in the study area, the coefficient of variation
for each pixel was calculated. This process enabled the assessment of the extent of NDVI
variation over the course of these two decades in the Shanxi segment of the Yellow River
Basin. Its calculation formula is as follows:

CV =
SDNDVI

NDVI
, (5)

SDNDVI =

√√√√√ n
∑

i=1
Ni

2 − (
n
∑

i=1
Ni)2/n

n
(6)

where CV represents the NDVI coefficient of variation, SDNDVI is the standard deviation
of the NDVI, NDVI is the mean of the NDVI, Ni is the NDVI value of the ith year, and n is
the length of the time series of the study period (here n = 20).

2.3.3. Hurst Index Analysis

The Hurst Index, originally proposed by British hydrologist Hurst, is a quantitative
measure used to describe the future trends in long time-series data [32]. It is a commonly
employed method for characterizing the persistence of trends in time-series data [33]. The
computational principles of the Hurst Index are as follows.

The NDVI time series NDVIi, i = 1, 2, 3, 4, . . ., n, for any positive integer m, define this
time series:

(1) Differential Sequence:

∆NDVIi = NDVIi − NDVIi−1; (7)

(2) Mean Sequence:

∆NDVI(m) =
1
m

n

∑
i=1

∆NDVIi (m = 1, 2, · · · , n); (8)
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(3) Cumulative Difference:

X(t) =
m

∑
i=1

(∆NDVIi − ∆NDVI(m)) (1 ≤ t ≤ m), (9)

(4) Range:
R(m) = maxX(t)

1≤m≤n
−minX(t)

1≤m≤n
(m = 1, 2, · · · , n), (10)

(5) Standard Deviation:

S(m) =

[
1
m

m

∑
i=1

(∆NDVIi − ∆NDVI(m))2

] 1
2

(m = 1, 2, · · · , n). (11)

Regarding the ratio R(m)/S(m) ∼= R/S, if R/S ∝ mH , it indicates the presence of
the Hurst phenomenon in the analyzed NDVI time series [34]. In a double-logarithmic
coordinate system, the value of H is obtained by fitting the equation using the least squares
method. H is referred to as the Hurst Index [35]. The magnitude of H can be used to
assess the persistence of the NDVI sequence. The calculation mentioned above was applied
to the pixel values for each pixel in the study area over a span of 20 years. This process
resulted in the Hurst index values for all the pixels in the study area, providing data on the
sustainability of the changing trends in the region.

The Hurst Index can assume three different values: if 0.5 < H < 1, it indicates that the
time series is a persistent sequence, characterized by long-term correlations; if H = 0.5, it
signifies that the NDVI time series is a random sequence, lacking long-term correlations; if
0 < H < 0.5, it suggests that the NDVI time series exhibits anti-persistence [36]. The closer
the H value is to 0, the stronger its anti-persistence; the closer to 1, the more persistent
it is. According to Table 1, the trends in the NDVI and the results of the Hurst Index are
combined to analyze and predict the future trends in the NDVI.

Table 1. Sustainable Prediction of the NDVI Variation Trend in Shanxi Section of the Yellow
River Basin.

NDVI Variation Trend Sustainability Forecast Trend

slope > 0 H > 0.6 Continuous improvement
slope > 0 H ≤ 0.4 From improvement to degradation
slope > 0 0.4 < H ≤ 0.6 Random change
slope < 0 H ≤ 0.4 From degradation to improvement
slope < 0 H > 0.6 Continuous degradation
slope < 0 0.4 < H ≤ 0.6 Random change

2.3.4. Partial Correlation Analysis

Partial correlation analysis is a method used to analyze the correlation between two
variables while controlling for the linear influence of other variables [37]. It has been widely
employed in studies examining the correlation between the NDVI and climatic factors [38].
Typically, one of the precipitation or temperature factors is treated as a constant and the
partial correlation relationship between the other factor and the NDVI is studied [39].
The correlation coefficients were calculated for each pixel by using the temperature and
precipitation data from 2001 to 2020 in conjunction with the corresponding NDVI data.
This process ultimately yielded information about the correlation between temperature,
precipitation, and NDVI changes across the entire study area. Its calculation formula is
as follows:

rxy,z =
Rxy − RxzRyz√(

1− R2xy
)√(

1− R2yz
) (12)
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where rxy,z is the partial correlation coefficient and Rxy, Ryz, and Rxz are the correlation
coefficients between the NDVI, precipitation, and temperature. The significance test of
the biased correlation coefficient adopts the t-test method, and its calculation formula is
as follows:

t =
r
√

n−m− 1√
1− r2

(13)

where t is the statistic, r is the partial correlation coefficient, n is the number of samples,
and m is the number of independent variables.

3. Results and Analysis
3.1. Analysis of NDVI Trends from 2001 to 2020

Examining the annual interannual variation trends of NDVI means in the Shanxi
section of the Yellow River Basin and various mining areas from 2001 to 2020 (Figure 2), it
is evident that both the Shanxi section of the Yellow River Basin and the individual mining
areas have shown an overall increasing trend during this period. Specifically, the multi-year
NDVI mean in the Shanxi section of the Yellow River Basin has increased from 0.54 in
2001 to 0.73 in 2020, with an annual growth rate of 1.82%. Among the eight mining areas,
the Xiangning, Liulin, Hebaopian, Lishi, and Huozhou mining areas have all exhibited
higher annual growth rates than the Shanxi section of the Yellow River Basin, with rates
of 1.92%, 2.79%, 4.93%, 1.95%, and 2.39%, respectively. Notably, the Hebaopian mining
area has seen a remarkable doubling in NDVI mean values, rising from 0.21 to 0.42, while
the Qin Yuan mining area had a relatively lower annual growth rate of 0.97%. Overall,
the NDVI trends in the mining areas are generally consistent with the overall trend in the
Shanxi section of the Yellow River Basin. From 2001 to 2013, they all exhibited increasing
trends, while from 2014 to 2020, they showed fluctuating trends. In 2015, there was a
significant decrease in NDVI values in both the Shanxi section of the Yellow River Basin
and the various mining areas. This decline may be attributed to an increase in geological
disasters such as landslides and ground collapses. The NDVI in the Shanxi section of the
Yellow River Basin varied between 0.54 and 0.73, with an annual mean of 0.68, reaching its
highest value in 2013. In contrast, the NDVI in the various mining areas ranged from 0.2 to
0.5, with an annual mean falling between 0.2 and 0.4, consistently lower than that of the
Shanxi section of the Yellow River Basin. These results collectively indicate a year-on-year
improvement in vegetation cover in the Shanxi section of the Yellow River Basin and the
various mining areas.

This paper quantitatively examines the trends in the NDVI within the study area
using trend analysis. It calculates the proportion of areas falling into each trend category
and, based on the results of significance tests, categorizes the NDVI trends into five levels.
According to Table 2 and Figure 3, in the Shanxi section of the Yellow River Basin, the
proportions of areas with increased, relatively stable, and decreased NDVI are 80.56%,
17.51%, and 1.93%, respectively. This indicates a significant increase in vegetation cover
in the Shanxi section of the Yellow River Basin, with 71.25% of the area experiencing a
significant increase and only 1.93% of the area showing a slight decrease in vegetation cover.
Among the eight mining areas, Jincheng Mining Area has the lowest proportion of areas
with increased vegetation cover, at 56.24%, while the other mining areas have proportions
exceeding 80%. The research findings demonstrate that over the nearly 20-year period from
2001 to 2020, there has been a significant overall increase in vegetation cover in the Shanxi
section of the Yellow River Basin, and significant improvements in vegetation cover have
been observed in all mining areas.
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Table 2. Statistics on the changing trend of the NDVI in the Shanxi section of the Yellow River Basin
and various mining areas.

Study Area

Variation Trend Extremely Significant
Degradation Significant Degradation Insignificant

Improvement/Degradation Significant Improvement Extremely Significant
Improvement

Pixel
Numbers Percentage/% Pixel

Numbers Percentage/% Pixel
Numbers Percentage/% Pixel

Numbers Percentage/% Pixel
Numbers Percentage/%

Shanxi section of the yellow
river basin 24,328 1.24 13,567 0.69 343,711 17.51 1,398,681 71.25 182,746 9.31

Jincheng 2757 2.51 2248 2.05 43,016 39.20 50,247 45.79 11,467 10.45
Lishi 148 2.02 56 0.76 1122 15.31 5457 74.45 547 7.46
Liulin 47 0.11 49 0.11 1972 4.58 39,286 91.25 1697 3.94

Qinyuan 104 0.30 105 0.30 6074 17.37 25,581 73.13 3114 8.90
Xishangujiao 409 0.99 268 0.65 4752 11.45 33,551 80.84 2521 6.07

Xiangning 57 0.08 61 0.09 3961 5.62 61,302 86.94 5128 7.27
Hebaopian 52 0.20 25 0.10 792 3.11 23,969 94.15 620 2.44
Huozhou 1634 1.50 771 0.71 13,949 12.79 85,938 78.78 6790 6.22

Note: extremely significant degradation (slope < 0, p ≤ 0.01), significant degradation (slope < 0, 0.01 < p ≤ 0.05),
insignificant improvement/degradation (slope > 0, p > 0.05/slope < 0, p > 0.05), significant improvement (slope > 0,
0.01 < p ≤ 0.05), and extremely significant improvement (slope > 0, p ≤ 0.01).

3.2. Stability Analysis of the NDVI in the Shanxi Section of the Yellow River Basin

The coefficient of variation is calculated on a cell-by-cell basis and is divided into
five levels based on the magnitude of the CV: low fluctuation change (CV ≤ 0.05), lower
fluctuation change (0.05 < CV ≤ 0.10), medium fluctuation change (0.10 < CV ≤ 0.15),
higher change (0.15 < CV ≤ 0.20), and high volatility change (0.20 < CV) (Table 3 and
Figure 4). From 2001 to 2020, the NDVI variation in the Shanxi section of the Yellow River
Basin has exhibited relatively high levels of variability, with areas having moderate to high
variability accounting for 54.39% of the total area. High variability areas are primarily
concentrated in the southern cities of Yuncheng and Linfen, as well as the northwestern
city of Lvliang. When analyzing the variability in mining areas, the Huozhou mining
area and Hebaopian mining area have a significant proportion of high variability areas,
accounting for 17.87% and 38.85%, respectively. The remaining mining areas mostly fall
into the category of moderate variability.
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Figure 3. NDVI variation trends in the Shanxi Section of the Yellow River Basin. (Extremely sig-
nificant improvement (slope > 0, p ≤ 0.01), significant improvement (slope > 0, 0.01 < p ≤ 0.05),
insignificant improvement (slope > 0, p > 0.05), insignificant degradation (slope < 0, p > 0.05), sig-
nificant degradation (slope < 0, 0.01 < p ≤ 0.05), and extremely significant degradation (slope < 0,
p ≤ 0.01)).

Table 3. Statistics of NDVI fluctuations in the Shanxi section of the Yellow River Basin and
mining areas.

Study Area

Variation Trend Low Fluctuation Change Lower Fluctuation Change Medium Fluctuation Change Higher Fluctuation Change High Fluctuation Change

Pixel
Numbers

Area
Percentage/%

Pixel
Numbers

Area
Percentage/%

Pixel
Numbers

Area
Percentage/%

Pixel
Numbers

Area
Percentage/%

Pixel
Numbers

Area
Percentage/%

Shanxi section of the
yellow river basin 333,543 16.99 561,706 28.62 585,447 29.83 335,151 17.07 147,091 7.49

Jincheng 19,546 17.81 56,693 51.66 24,272 22.12 6954 6.34 2270 2.07

Lishi 0 0 151 2.06 4334 59.13 2439 33.27 406 5.54

Liulin 11 0.02 771 1.79 17,060 39.63 23,230 53.96 1979 4.60

Qinyuan 14,383 41.12 14,707 42.05 3873 11.07 1680 4.80 335 0.96

Xishangujiao 2641 6.36 17,820 42.94 16,884 40.68 3568 8.60 588 1.42

Xiangning 11,281 16.00 20,992 29.77 31,103 44.11 6586 9.34 547 0.78

Hebaopian 0 0 433 1.70 4160 16.34 10,974 43.11 9891 38.85

Huozhou 2362 2.17 30,441 27.91 39,361 36.08 17,423 15.97 19,495 17.87
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Figure 4. NDVI fluctuation changes in the Shanxi Section of the Yellow River Basin and mining areas.
It is divided into five levels based on the magnitude of the CV: low fluctuation change (CV ≤ 0.05),
lower fluctuation change (0.05 < CV ≤ 0.10), medium fluctuation change (0.10 < CV ≤ 0.15), higher
change (0.15 < CV ≤ 0.20), and high volatility change (0.20 < CV).

3.3. Sustainability Analysis of the NDVI in the Future

Based on the NDVI data from the Shanxi section of the Yellow River Basin for the years
2001 to 2020, Hurst Indices were calculated pixel by pixel. Referring to previous research,
the Hurst Index is classified into five categories: strong anti-persistence (0 < H ≤ 0.2), weak
anti-persistence (0.2 < H ≤ 0.4), random uncertainty (0.4 < H ≤ 0.6), weak persistence
(0.6 < H ≤ 0.8), and strong persistence (0.8 < H ≤ 1). The spatial distribution of the
Hurst Index for the Shanxi section of the Yellow River Basin is illustrated in Figure 5. The
results indicate that the overall change in the study area exhibits uncertainty and relatively
low sustainability. Approximately 17.56% of the area is expected to show a weak anti-
persistence trend, while 10.77% of the area is projected to display weak persistence. Based
on the analysis of NDVI trends and the Hurst Index results, further analysis of the future
NDVI changes in the Shanxi section of the Yellow River Basin was conducted. The future
NDVI changes in the Shanxi section of the Yellow River Basin are generally random in
spatial distribution. Areas showing continuous improvement account for 9.77% of the total
area, primarily located in the northwestern part of Xinzhou City and the central–western
part of Yuncheng City. Areas transitioning from improvement to degradation make up
16.67% of the total area, mainly concentrated in the western part of Lvliang City.

3.4. Response of the NDVI in Shanxi Section of the Yellow River Basin to Climatic Factors

Figure 6 illustrates the interannual variations in the NDVI, annual mean temperature,
and annual cumulative precipitation in the Shanxi section of the Yellow River Basin. From
2001 to 2020, the highest annual mean temperature reached 11.46 ◦C, while the lowest was
10.09 ◦C, showing relatively little variation. In contrast, the annual cumulative precipitation
ranged from a maximum of 679.37 mm to a minimum of 391.24 mm, with a significant
difference of 288.13 mm between the maximum and minimum values. Overall, precipitation
showed an increasing trend, while the annual mean temperature remained relatively stable.
By calculating the correlation coefficients between the NDVI and these two climate variables,
it was observed that the NDVI exhibited a significant positive correlation with annual
cumulative precipitation (r = 0.464; p = 0.039 < 0.05), whereas the correlation between
NDVI and annual mean temperature was positive but not statistically significant (R = 0.185,
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p > 0.05). Comparing the correlation coefficients, it was evident that the NDVI had a
stronger correlation with annual cumulative precipitation in the study area. Furthermore,
from Figure 6, it can be observed that in the years 2007, 2013, and 2016, when the annual
cumulative precipitation reached a small peak, the NDVI also exhibited a corresponding
small peak. Therefore, increased precipitation in the study area had a more significant
impact on vegetation cover.
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The classification criteria are shown in Table 1. 

Figure 5. The Hurst Index and change trend forecast of Shanxi Section of the Yellow River Basin:
(a) Spatial distribution of the Hurst Index; it is classified into five categories: strong anti-persistence
(0 < H ≤ 0.2), weak anti-persistence (0.2 < H ≤ 0.4), random uncertainty (0.4 < H ≤ 0.6), weak
persistence (0.6 < H ≤ 0.8), and strong persistence (0.8 < H ≤ 1). (b) Variation trend prediction of the
Hurst index. The classification criteria are shown in Table 1.

To further investigate the intrinsic connection between the NDVI and climate factors
in the study area, this paper conducted a quantitative study on the relationship between
climate factors and the NDVI. It calculated the partial correlation coefficients between the
NDVI and annual mean temperature, as well as between the NDVI and annual cumulative
precipitation at the pixel level. Significance tests were also performed and, based on the
magnitude of the partial correlation coefficients and their significance, the results were
categorized, leading to the generation of Figures 7 and 8.
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Figure 6. Annual cumulative precipitation (a) and annual average temperature (b) in the Shanxi
section of the Yellow River Basin.

The research results indicate that, in the Shanxi section of the Yellow River Basin,
66.01% of the region shows a positive correlation between the NDVI and annual mean
temperature, while 27.84% of the region exhibits a negative correlation. The areas with a
positive correlation are widespread, primarily concentrated in the southern and eastern
parts, whereas the regions with a negative correlation are mainly found in the central
areas of the hilly terrain in the western part of the Shanxi Plateau, the city area of Taiyuan,
and near the Yuncheng Basin. From the perspective of the distribution within mining
areas, each mining area has certain regions with a negative correlation, primarily located
in the southeastern parts of the Liulin mining area, the Hebopiao mining area, and the
southeastern part of the Jincheng mining area. From Figure 6a, it can be observed that the
proportion of significantly positive correlated regions is minimal, mainly located in the
southeastern part of the Linfen Basin.
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temperature, while 27.84% of the region exhibits a negative correlation. The areas with a 

positive correlation are widespread, primarily concentrated in the southern and eastern 

parts, whereas the regions with a negative correlation are mainly found in the central 

Figure 7. Partial correlation coefficient between the NDVI and temperature and distribution of its sig-
nificance level: (a) Partial correlation coefficient between the NDVI and temperature; (b) Distribution
of significance level, divided into 6 grades by significance test using the t statistic: extremely sig-
nificant positive correlation (r > 0, p ≤ 0.01), significant positive correlation (r > 0, 0.01 < p ≤ 0.05),
insignificant positive correlation (r > 0, p > 0.05), insignificant negative correlation (r < 0, p > 0.05),
significant negative correlation (r < 0, 0.01 < p ≤ 0.05), and extremely significant negative correlation
(r < 0, p ≤ 0.01).

The partial correlation coefficients between the NDVI and annual cumulative precipi-
tation in the Shanxi section of the Yellow River Basin range from −0.67 to 0.88. The graded
statistical results indicate that the relationship between the NDVI and annual cumulative
precipitation in the Shanxi section of the Yellow River Basin is primarily positive, account-
ing for 94.52% of the total. Among these, the areas with no significant positive correlation,
significantly positive correlation, and highly significant positive correlation account for
63.24%, 18.93%, and 12.35%, respectively. Spatially, they are mainly distributed in the
southern, northwestern, and central–western regions. The negative correlation regions
only make up 5.48% of the total. Within the Liulin mining area and the Hebopiao mining
area, there is a significant proportion of highly significant positive correlation areas, and
the Xishangujiao mining area also has a considerable presence of significantly positive
correlation areas.
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Figure 8. Partial correlation coefficient between the NDVI and annual cumulative precipitation
and distribution of its significance level: (a) Partial correlation coefficient between the NDVI and
annual cumulative precipitation; (b) Distribution of the significance level, divided into 6 grades
by significance test using the t statistic: extremely significant positive correlation (r > 0, p ≤ 0.01),
significant positive correlation (r > 0, 0.01 < p ≤ 0.05), insignificant positive correlation (r > 0,
p > 0.05), insignificant negative correlation (r < 0, p > 0.05), significant negative correlation (r < 0,
0.01 < p ≤ 0.05), and extremely significant negative correlation (r < 0, p ≤ 0.01).

4. Discussion

This study utilized various methods, including trend analysis, coefficient of variation
(CV), and Hurst Index, to analyze NDVI data in the Shanxi section of the Yellow River
Basin. Through this analysis, the study identified the NDVI trends in the Shanxi section of
the Yellow River Basin from 2001 to 2020. Additionally, by incorporating meteorological
data and information about mining areas, the study investigated the impact of climatic
factors on the NDVI variations within the mining regions.

The temporal variations in the NDVI in the Shanxi section of the Yellow River Basin
exhibit spatial heterogeneity, showing an overall improving trend. These research findings
align with conclusions about the gradual increase in vegetation cover in [40] and the Yellow
River Basin [41,42]. The annual growth rate of the NDVI in the Shanxi section of the Yellow
River Basin is 1.82% per year. Over the course of 20 years, the NDVI decreased compared
to the previous year in only 6 years, while in the remaining years, the NDVI increased
compared to the previous year. Moreover, there was a continuous growth trend from 2008
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to 2013. Areas with higher vegetation cover in the Shanxi section of the Yellow River Basin
are primarily located along the sides of the Lvliang Mountains and Taihang Mountains [43].
This is attributed to ecological comprehensive management projects, such as large-scale
afforestation and ecosystem conservation efforts. In contrast, the western highland hilly
regions exhibit significant topographical variations, receive less precipitation, and have
poorer hydrothermal conditions, resulting in relatively lower vegetation cover.

In the areas surrounding mining zones, it can be considered that they are subject to the
same climatic influences as the mining areas. The fluctuation in the NDVI within the mining
zones is higher than in other regions. To some extent, this suggests that, in accordance with
national ecological conservation requirements, improvements in vegetation management
within mining areas have led to a relatively higher increase in the NDVI compared to other
regions. The NDVI values in the mining areas are lower than the overall NDVI value in the
Shanxi section of the Yellow River Basin, which is closely associated with mining activities.
Coal-mining activities can lead to land subsidence and surface deformation, which, in
turn, affect vegetation growth [44]. Additionally, previous studies have shown that mining
activities can impact surface and groundwater, reducing water absorption by vegetation
roots and leading to a decrease in vegetation cover [45].

According to government reports, starting from 2006, the national government initi-
ated the first batch of national planning mining zones. These regulations imposed minimum
mining scales on various mining areas, with coal mines not allowed to produce less than
1.2 million tons per year. With the implementation of national economic development and
ecological environmental governance policies, various mining areas have further reduced
their impact on the surrounding ecological environment through policies such as mineral
resource integration and the closure and elimination of non-compliant mines [46]. Taking
the Jincheng mining zone as an example, according to the Jincheng mining zone’s environ-
mental impact report, mining land has decreased by 6.28% over a 10–20 year period, and the
average vegetation coverage has increased from 57% to 61%. This indicates that, with the
introduction of various environmental protection policies and the construction of ecological
conservation projects, the ecological conditions in mining areas are gradually improving.

Numerous studies have indicated that meteorological factors play a significant role
in influencing NDVI [47–49]. When analyzing the impact of these two factors in the
Shanxi section of the Yellow River Basin, it becomes evident that precipitation has a greater
influence compared to temperature. In over 90% of the study area, vegetation cover
exhibits a positive correlation with precipitation. This correlation is especially pronounced
in mountainous and hilly regions, where the impact of precipitation on vegetation change
is more significant. On the other hand, vegetation cover shows a lower response to
temperature variations. In the Shanxi section of the Yellow River Basin, the relationship
between vegetation cover and temperature change is not significant, with only 1% of the
area exhibiting an extremely significant positive/negative correlation. The Shanxi section
of the Yellow River Basin is located in the middle-latitude region and is geographically
shielded by the Taihang Mountains to the east [50]. The climate is characterized as a
temperate continental monsoon climate, with annual average temperature variations within
1 ◦C from 2001 to 2020. This may explain the relatively weak correlation between the NDVI
and temperature in the study area.

This study has analyzed the overall trends in vegetation cover changes in the Shanxi
section of the Yellow River Basin, including planned mining areas. It holds significant
implications for ecological monitoring and management in the Yellow River Basin and
the mining areas. However, there are some limitations in this research: (1) The study
lacks a detailed analysis of the impacts of human activities, such as changes in population,
ecological conservation policies, and coal mining activities within the mining areas, on
vegetation cover. (2) The research has focused primarily on climate factors as drivers of
vegetation cover changes in mining areas, and it has not extensively examined other factors
such as land use changes and alterations in groundwater patterns resulting from mining
activities. Future research should address these gaps, with a particular focus on delving
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into the patterns of surface disruption and mechanisms driving vegetation damage in
mining areas. This will provide essential theoretical support for sustainable coal mining
and ecological preservation in the Shanxi section of the Yellow River Basin.

5. Conclusions

(1) From 2001 to 2020, the vegetation cover in the Shanxi section of the Yellow River Basin
has consistently improved, with a spatial distribution showing higher values in the
central and eastern regions and lower values in the western and southern regions.
The trends in average NDVI values in the mining areas are generally in line with
the overall trend in the Shanxi section of the Yellow River Basin. All eight mining
areas have experienced an increasing trend in vegetation cover. Notably, the NDVI
values in the Hebaopian mining area have increased by 100% over the 20-year period.
The Xiangning, Liulin, Lishi, and Huozhou mining areas have also exhibited NDVI
increases greater than the overall increase in the Shanxi section of the Yellow River
Basin, with the QinYuan mining area showing the lowest increase at 21%.

(2) The NDVI variation in the Shanxi section of the Yellow River Basin exhibits significant
fluctuations, with an overall positive trend. Areas with moderate to high levels of
fluctuation account for 54.39% of the total. The Hebaopian mining area has a high
proportion of areas with significant fluctuations, accounting for 38.85%, which aligns
with the previously mentioned doubling of NDVI values. The Lishi and Xiangning
mining areas generally experience moderate fluctuations, while the remaining mining
areas exhibit low to relatively low levels of fluctuation.

(3) In the Shanxi section of the Yellow River Basin, the changes in vegetation cover
are positively correlated with both temperature and precipitation, with a higher
correlation observed with precipitation. The NDVI shows a positive correlation
with precipitation and temperature, accounting for 94.52% and 70.67% of the total
area, respectively. Precipitation is the primary driver behind the increase in the
NDVI. The changes in the NDVI and precipitation/temperature exhibit significant
spatial heterogeneity.
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