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Abstract: As a typical desert in the Inner Mongolia Autonomous Region, the Ulan Buh Desert has
a dry climate and scarce precipitation all year round. Groundwater has become the main factor
limiting the growth of vegetation in this region. It is of great significance to study the influence of
groundwater depth on the spatial distribution pattern of vegetation in this region. Based on the
PIE-Engine platform and using long-term time-series Landsat data, this paper analyzed the spatial–
temporal distribution characteristics and trends in vegetation coverage in the Ulan Buh Desert in
the last 20 years using a pixel dichotomy model and the image difference method. The Kriging
interpolation method was used to interpolate the groundwater depth data from 106 monitoring
wells in the Ulan Buh Desert over the past 20 years, and the spatial distribution characteristics
of groundwater depth in the Ulan Buh Desert were analyzed. Finally, the correlation coefficient
between changes in vegetation coverage and changes in groundwater depth was calculated. The
results showed the following: (1) The vegetation coverage in the Ulan Buh Desert was higher in the
periphery and lower in the center of the desert. The overall vegetation level showed an increasing
trend year by year; the growth rate was 4.73%/10 years, and the overall vegetation cover showed
an improving trend. (2) The overall groundwater depth in the Ulan Buh Desert was deep in the
southwest and shallow in the northeast. In the past 20 years, the groundwater depth in the Ulan Buh
area has become shallower, and the ecological condition has gradually improved. (3) On the whole,
the vegetation coverage varied with the groundwater depth, and the shallower the groundwater
depth, the greater the vegetation coverage. When the groundwater depth increased to more than 4 m,
the change in the groundwater depth had a significant effect on the vegetation coverage. However,
when the groundwater depth was greater than 6 m, the change in the groundwater depth had no
significant effect on the change in vegetation coverage.

Keywords: Ulan Buh Desert; vegetation coverage; pixel binary model; groundwater depth; correlation
coefficient

1. Introduction

Vegetation has always been the material basis for human survival and development [1].
It is also an important part of the terrestrial ecosystem and plays an irreplaceable role in the
sustainable development of global and regional ecosystems [2–4]. In recent years, climate
change [5,6] and human activities [7–9] have significantly altered the dynamics of terrestrial
plants.

There has been a large amount of research on surface water in various regions of
the world [10–13], but relatively little research on groundwater. Inner Mongolia is in a
transition zone from a humid area to an arid and semi-arid area in the north of China, with
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an uneven distribution of water resources and great variations in runoff [14,15], both of
which are very sensitive to changes in the ecological environment, making it one of the
ideal regions to study changes in regional vegetation [16,17]. As a typical desert in Inner
Mongolia, the Ulan Buh Desert has attracted the attention of many scholars for a long time.
Due to its proximity to the border of the East Asian summer monsoon region, this region
is more sensitive to the fluctuation in monsoon intensity and is one of the most seriously
desertified areas in China. The climate in this region is arid all year long with minimal
precipitation [18,19], and the growth and development of vegetation are highly dependent
on the groundwater burial depth [20–22]. Exploring the relationship between vegetation
and groundwater burial depth in this region can provide a certain reference value for the
study of desert vegetations in northern China.

Groundwater has potential ecological consequences in the Ulan Buh Desert [23–25].
When the groundwater depth is deep, the soil moisture content becomes low, and vegeta-
tion growth is limited. When the groundwater depth is shallow, the soil moisture content
increases, and the vegetation biomass changes dramatically under the action of groundwa-
ter capillarity. However, when the burial depth is too shallow, the salinization of shallow
soil will inhibit plant growth to a certain extent [26,27]. Therefore, it is of great significance
for vegetation protection in the Ulan Buh area to conduct the quantitative analysis of
vegetation coverage in relation to different buried depths and explore the influence of
groundwater depth on the vegetation spatial distribution pattern.

At present, there are two main methods used to study the correlation between ground-
water depth and vegetation. One is to study the appropriate ecological water level of differ-
ent vegetation populations after vegetation population division in the study area [28,29].
Cheng Yan et al. [30] adopted a vegetation quadrat survey to obtain vegetation feature
information in the study area and used a Gaussian model to conduct the statistical analysis
of vegetation features and groundwater depth. Zhang et al. [31] statistically analyzed the
critical water level of ecological vegetation succession after groundwater development
using the vegetation structure map analysis method. Although these methods are sim-
ple, intuitive, and highly applicable, field investigations require a lot of manpower and
material resources, and the accuracy of the samples directly determines the reliability of
the results [32]. The second method is to use the vegetation index as a regional ecologi-
cal evaluation factor to study the response relationship between it and the groundwater
depth [33–35]. Jin et al. [34] analyzed the correlation between the NDVI (normalized dif-
ference vegetation index) and groundwater depth in the Yinchuan Plain and found that
the groundwater level depth had a significant control effect on vegetation growth. Song
et al. [36] explored the correlation between vegetation and various influencing factors
in a desert grassland area in Inner Mongolia using multiple sources of remote sensing
satellite data and groundwater data. Within a certain threshold range, there is a clear
linear relationship between the NDVI and groundwater depth. As a measure of the surface
vegetation cover condition [37,38], vegetation coverage can reveal things about the regional
ecological environment and evaluate the regional ecological quality [39,40]. At present, a
large number of studies have shown that the NDVI is the most commonly used variable
and is a highly useful index to calculate vegetation coverage [41–43].

This study used long-term Landsat data to extract vegetation coverage information
using the PIE (Pixel Information Expert) Engine platform in order to study the changes
in the vegetation cover in the Ulan Buh Desert over the past twenty years. The Kriging
interpolation method was used to process the measured groundwater data in the Ulan Buh
Desert, and the correlation coefficient between vegetation coverage and the groundwater
depth was calculated to clarify the spatial response relationship between vegetation cover-
age and groundwater depth in the Ulan Buh area in order to provide a scientific basis for
vegetation restoration and groundwater resource management in the Ulan Buh area.
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2. Materials and Methods
2.1. Study Area

The Ulan Buh Desert (Figure 1) is one of the major deserts in China. It is part of the
northwest desert region of our country, located in the Alashan League and Bayannur City
in the west of the Inner Mongolia Autonomous Region, bordering the Yellow River in the
east, reaching the northern foothills of the Helan Mountain in the south, and extending to
the Wolfshan-Bayannur Mountain Range in the west [44]. The elevation of the Ulan Buh
Desert area ranges from 971 to 1353 m, with a relative elevation difference of 340 m, and the
relative height of local dunes can reach 50–60 m [18]. The landform is mainly dominated
by denudation hills, accumulated platforms, accumulated basins, the Yellow River valley,
and alluvial plains. The Ulan Buh Desert is located in the temperate, semi-arid to arid
climate transition zone. The climate is characterized by sufficient sunshine, little rain, hot
summers, cold winters, large daily temperature differences, strong evaporation, strong
winds, and a short frost-free period. The average annual temperature reaches 8.6 ◦C. The
highest temperature in July is 38.7 ◦C, the lowest temperature in January is −32.8 ◦C, the
average annual precipitation reaches 116–162 mm, and the average annual evaporation
is 2560–3200 mm [45,46]. The main vegetation is sea buckthorn, sand holly, white thorn,
overlord, red yarn, and reed.
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Figure 1. Overview of the study area.

2.2. Data Source and Processing

The Ladsat-5 multispectral data and Ladsat-8 multispectral data used in this paper are
from the Landsat program of the National Aeronautics and Space Administration (NASA),
SRTM (Shuttle Radar Topography Mission, which was established with support from the
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German Aerospace Center (DLR)), and the Italian Space Agency (ASI). An international
project was formed by NASA and the National Geospatial-Intelligence Agency (NGA) to
acquire ordnance survey data through space shuttle-mounted radar [47]. The meteorolog-
ical data are from the National Meteorological Information Center (http://data.cma.cn/
accessed on 3 April 2023), using average annual temperatures and precipitation from 2000
to 2020.

The groundwater monitoring data used in this study consist of the measured ground-
water depth levels at 107 monitoring wells in Jilantai, Chaganwendugrige, Maiwulajia,
Bayanaobao, Heping, and other regions in 2000, 2005, 2010, 2015, and 2020 [48].

The PIE-Engine platform is a professional PaaS/SaaS cloud computing service plat-
form built on container cloud technology and independently developed by Aerospace
Hongtu, which is similar to the GEE (Google Earth Engine) and has powerful data storage
and high-performance analysis and calculation capabilities. Cheng Wei demonstrated
the effectiveness of the spatiotemporal remote sensing cloud computing platform of the
PIE-Engine Studio in their paper “Research and Application” [49]. Remote sensing data
used in this study were processed online with the PIE-Engine platform, including Landsat-5
multispectral data, Landsat-8 multispectral data, and SRTM digital elevation data. The
optical composite images were created from data obtained during the months of August
and September in 2000, 2005, 2010, 2015, and 2020. This period was chosen because it
provides the most cloud-free data and is within the growth period of vegetation, which
can retain more vegetation information. To mitigate the effects of cloud pollution, the
percentage of cloud cover was limited (<20%) when synthesizing cloudless images. Then,
the Landsat cloud mask algorithm was used to calculate the image in the specified time
and space range, and the median synthesis method was used to reconstruct the minimum
cloud coverage composite image. Benefiting from the PIE-Engine platform’s data operation
and management mechanism, all remote sensing data used in this study were sampled to
30 m, and the PIE-Engine ensured geometric registration accuracy between different data
sources by using a unified coordinate system based on the embedded algorithm. Using the
PIE-Engine platform, the near-infrared band (NIR, 0.76~0.96 µm) and visible RED band
(RED, 0.62~0.69 µm) were calculated to obtain the NDVI of each pixel in the study area.
Finally, the NDVI remote sensing images with outliers removed were obtained with the
calculation formula of outliers.

2.3. Research Method
2.3.1. Calculation of NDVI

The NDVI is used as a long-term monitoring tool to evaluate the growth status of plant
coverage and is the most common standardized method to measure vegetation cover [50].
It is sensitive to vegetation growth and change and is the most commonly used index by
analysts at present [51]. Formula (1) for calculating the NDVI is as follows:

NDVI =
NIR − RED
NIR + RED

(1)

NIR is the near-infrared wave band, and RED refers to infrared wave band. This
research adopts the Landsat TM/ETM images’ RED-corresponding wave band. The
Landsat OLI images’ NIR-corresponding band is Band5 and the RED-corresponding band
is Band4.

For outliers, with NDVI values greater than 1 and less than −1, a mask calculation on
the PIE-Engine platform was used to remove them.

2.3.2. Estimation of Vegetation Coverage

The pixel binary model is a simple and practical remote sensing estimation model. It is
often used to calculate vegetation cover because it can reduce the influence of atmosphere
and water on remote sensing images [52]. The principle of the binary pixel model is to

http://data.cma.cn/
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divide the spectral information of a remote sensing image into two parts, namely vegetation
cover and no vegetation cover. The specific calculation formula is as follows:

VFC =
S − Ssoil

Sveg − S_soil
(2)

Here, VFC is vegetation coverage, S is mixed pixels information, Ssoil means no
vegetation information, and Sveg indicates vegetation-like meta information. When the
binary pixel model is used to analyze vegetation information, the NDVI is usually used as
an estimate. Replacing pixel information with the NDVI can reduce the error caused by
radiation. The formula is as follows:

VFC =
NDVI − NDVIsoil

NDVIveg − NDVIsoil
(3)

NDVIsoil means no vegetation information and NDVIveg indicates vegetation-like
meta information. Usually, many scholars intercept the upper and lower thresholds of
the NDVI within a certain confidence interval according to the gray distribution of the
NDVI in the whole image to approximately represent NDVIv and NDVIs [53,54]. In this
paper, according to the frequency statistical chart of NDVI data, the NDVI value with a
cumulative frequency of 5% is taken as NDVIs, and the NDVI value with a cumulative
frequency of 95% is taken as NDVIv.

Five periods of remote sensing images from 2000 to 2020 were processed based on the
PIE-Engine platform, and five sets of vegetation coverage data were obtained in 2000, 2005,
2010, 2015, and 2020. The vegetation coverage data were processed and the change trend of
the vegetation coverage in the Ulan Buh Desert was analyzed.

According to the vegetation characteristics of the Ulan Buh Desert and the technical
regulations of the Land Use Status Investigation, Technical Specifications of Chinese Desert
Cataloging and National Ecological and Environmental Standards of the People’s Republic
of China [55], the vegetation coverage of the Ulan Buh Desert was divided into four levels:
very low coverage (0 ≤ VFC < 0.2), low coverage (0.2 ≤ VFC < 0.3), medium coverage
(0.3 ≤ VFC < 0.6), and high coverage (0.6 ≤ VFC < 1).

2.3.3. Difference Comparative Analysis

The image difference method involves subtracting or dividing the remote sensing
images of two time phases. The principle is that the unchanged part of the image generally
has an equal or similar gray value in the remote sensing image of the two phases, and
when the two images change, the gray value of the corresponding position will be greatly
different. It can be conducted using grayscale values or feature values to obtain the
difference image [56]. The spatiotemporal changes in vegetation in the study area could be
obtained through the image difference method, and the positive and negative values of the
difference could reflect the increase or decrease in vegetation [57]. A positive difference
indicates an increase in vegetation in the study area, a negative difference indicates a
decrease in vegetation in the study area, and a difference of 0 indicates no change in
vegetation cover status. The specific formula is as follows (4):

∆VFC = VFCyear2 − VFCyear1 (4)

In the formula, ∆VFC represents the change in vegetation coverage, VFCyear2 repre-
sents the vegetation coverage in the following year, and VFCyear1 represents the vegetation
coverage in the previous year. By comparing the vegetation cover map of the Ulan Buh
Desert in 2000 with the vegetation cover map in 2020, the spatial changes in the vegeta-
tion cover of the Ulan Buh Desert were obtained. According to the method of standard
deviation, the spatial change in vegetation cover in the Ulan Buh Desert was divided
into 7 levels, including extreme improvement (0.67 ≤ ∆VFC < 1), moderate improvement
(0.33 ≤ ∆VFC < 0.67), slight improvement (0 ≤ ∆VFC < 0.33), unchanged (∆∆VFC = 0),
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slight decline (−0.33 ≤ ∆VFC < 0), moderate decline (−0.67 ≤ ∆VFC < −0.33), and extreme
decline (−1 ≤ ∆VFC < −0.67).

2.3.4. Data Gridding

Data gridding refers to the method of converting point positioning data into surface
data through spatial topology analysis [58]. The purpose of gridding is to make each data
point more standardized for statistical purposes. This article used the fishing net tool and a
square grid as the grid shape for the data grid. A total of 1703 regular square grids with an
area of 6.25 km2 were established within the study area.

2.3.5. Kriging Interpolation

Kriging interpolation is based on the concept of spatial autocorrelation, that is, the
closer the points are, the stronger the correlation between them. It is a method of assign-
ing weight to each sample according to its spatial distribution position and the degree
of correlation between the samples, and it estimates the average value of the samples on
unknown sample points in a weighted-average manner [59]. The ordinary Kriging interpo-
lation method is the most basic and widely used interpolation method among all Kriging
interpolation methods. It first considers the variation distribution of spatial attributes in
the spatial position, determines the distance range that affects the value of a point to be
interpolated, and then estimates the attribute value of the point to be interpolated with the
sampling points in this range. Its basic principle is to estimate data from other unobserved
positions in space through regularly distributed sample data. Therefore, it is necessary to
fit an empirical semi-variogram model to reflect the relevant characteristics of the spatial
data, and then obtain weights for prediction [60]. The calculation formula for the most
basic semi variogram is as follows (5) [61]:

γ(h) =
1

2N(h)∑
N(h)
i=1 [z(xi + h)− z(xi) ]

2 (5)

In the formula, h is the sample spacing, N (h) is the logarithm of sample points
separated by a distance h in space, and z(xi) and z(xi + h) are the variable values at
points xi and xi+h, respectively. For γ(h), as the sample spacing h increases, the half
square difference of all lag distance pairs reaches a relatively stable constant value from a
non-zero value.

This study used Kriging interpolation to analyze the spatial distribution characteristics
of groundwater depth data from 106 monitoring wells in the Ulan Buh Desert region
from 2000 to 2020 and summarized the spatiotemporal changes in groundwater depth in
the region over a five-year period. This study aimed to analyze the correlation between
groundwater depth and vegetation coverage.

2.3.6. Correlation between Groundwater Depth and Vegetation Coverage

Correlation analysis refers to the analysis of two or more correlated variable elements
to measure the degree of correlation between the two factors [62]. In order to study
the impact of groundwater depth on vegetation coverage, this study used pixels as the
calculation unit to calculate the correlation coefficients of vegetation coverage changes and
groundwater depth changes between 2000 and 2020. The calculation Formula (6) is as
follows [63–66]:

R =
Σ(xi − x)(yi − y)

Σ(xi − x)2Σ(yi − y)2 (6)

In the formula, xi represents the vegetation coverage in 2000 and 2020, yi represents
the groundwater depth in 2000 and 2020, x is the average vegetation coverage over the past
20 years, and y is the average groundwater depth over the past twenty years.
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3. Results and Discussion
3.1. Temporal and Spatial Variation in Vegetation Coverage
3.1.1. Temporal Distribution Characteristics of the Vegetation Cover

The trend of vegetation cover change in the Ulan Buh Desert over the past 20 years is
shown in Figure 2. During the period from 2000 to 2020, the annual average vegetation
cover of the Ulan Buh Desert showed an overall increasing trend year by year, ranging
from 0.30 to 0.46, with an increase rate of 4.73% per decade. The highest vegetation cover
occurred in 2020, with a vegetation coverage of 0.4560. The lowest vegetation coverage
occurred in 2000, with a coverage of 0.3377. The vegetation coverage showed a slight
downward trend in 2010. Except for 2010, the vegetation coverage in other years showed an
upward trend compared to the previous period, and the growth rate of vegetation coverage
was the fastest from 2000 to 2020, with a growth rate of 11.88% per decade.
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3.1.2. Spatial Dynamic Change Characteristics of the Vegetation Cover

Through the analysis of the vegetation coverage classification map (Figure 3) of the
Ulan Buh Desert in 2000, 2005, 2010, 2015, and 2020, it was found that the degree distribution
of vegetation coverage in each year in the study area showed a certain regularity, that is,
the vegetation coverage of the Ulan Buh Desert was generally distributed in a large area,
with high coverage around the outer sections and low coverage in the middle, and the high
vegetation coverage was mainly concentrated in Aolunbulag Town, Jilantai Salt Lake, and
the surrounding areas of the Yellow River basin. The vegetation coverage in the central
region was low, especially in the towns of Qulantai and Ustai, where the middle and
low vegetation coverage areas surrounded the growth of low vegetation coverage areas.
The vegetation coverage level gradually increased as it diverged outward from the low
vegetation coverage area.



Water 2023, 15, 3000 8 of 16Water 2023, 15, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 3. Vegetation Coverage Grading Maps of the Ulan Buh Desert. 

3.1.3. Analysis of the Vegetation Coverage Change Trend 

The absolute spatial distribution map of vegetation coverage in the Ulan Buh Desert 

is shown in Figure 4. The overall vegetation coverage in the Ulan Buh Desert showed an 

improvement trend, with 67.76% of the areas showing improvement and 2.47% of the ar-

eas showing extreme improvement. It was mainly distributed in patches near the Yellow 

River basin and many urban residential areas. The proportion of areas with moderate im-

provement was 16.79%, mainly distributed around extreme improvement areas, with dis-

tribution at both ends and boundaries. The areas with slight improvement accounted for 

48.50%, spread over the entire Ulan Buh Desert, most widely distributed in the central and 

southern regions. The proportion of areas with declining vegetation coverage was 32.23%, 

with areas of extreme decline accounting for 0.29%. They were mainly distributed at the 

upper boundary of the Ulan Buh Desert and presented a local patchy pattern. The propor-

tion of areas with moderate recession was 4.03%, mainly distributed in the upper bound-

ary area; however, there was also a scattered distribution in the lower area. The proportion 

of areas with a slight recession was 27.91%, distributed above the central region, present-

ing a large-scale blocky distribution. It can be seen that areas showing improvement were 

greater than those showing a decline, and the overall vegetation coverage of the Ulan Buh 

Desert showed an improvement trend. 

Figure 3. Vegetation Coverage Grading Maps of the Ulan Buh Desert.

3.1.3. Analysis of the Vegetation Coverage Change Trend

The absolute spatial distribution map of vegetation coverage in the Ulan Buh Desert
is shown in Figure 4. The overall vegetation coverage in the Ulan Buh Desert showed
an improvement trend, with 67.76% of the areas showing improvement and 2.47% of the
areas showing extreme improvement. It was mainly distributed in patches near the Yellow
River basin and many urban residential areas. The proportion of areas with moderate
improvement was 16.79%, mainly distributed around extreme improvement areas, with
distribution at both ends and boundaries. The areas with slight improvement accounted
for 48.50%, spread over the entire Ulan Buh Desert, most widely distributed in the central
and southern regions. The proportion of areas with declining vegetation coverage was
32.23%, with areas of extreme decline accounting for 0.29%. They were mainly distributed
at the upper boundary of the Ulan Buh Desert and presented a local patchy pattern. The
proportion of areas with moderate recession was 4.03%, mainly distributed in the upper
boundary area; however, there was also a scattered distribution in the lower area. The
proportion of areas with a slight recession was 27.91%, distributed above the central region,
presenting a large-scale blocky distribution. It can be seen that areas showing improvement
were greater than those showing a decline, and the overall vegetation coverage of the Ulan
Buh Desert showed an improvement trend.

3.2. Changes in Groundwater Depth

In this study, five time nodes (2000, 2005, 2010, 2015, and 2020) were selected to obtain
groundwater depth data from groundwater level monitoring wells in the Ulan Buh Desert,
and spatial interpolation was carried out to obtain the spatial variation characteristic maps
of the groundwater level in the Ulan Buh Desert from 2000 to 2020, as shown in Figure 5.

From a spatial perspective, the groundwater depth in the Ulan Buh Desert was deep
in the southwest and shallow in the northeast. The underground water depths in the
central and northeast regions of the Ulan Buh area were shallow, with depths of 2–4 m in
most regions and 0–2 m in some regions. The depth of groundwater in the southwest was
relatively deep; the depth of groundwater in most areas was more than 6 m, and the depth
in the farthest southern region was more than 10 m.
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From the perspective of time, from 2000 to 2020, the area with groundwater depth
less than 4 m increased by 1280 m2, accounting for about 11% of the total area of the Ulan
Buh Desert, which indicates that the overall groundwater depth of the Ulan Buh Desert
showed a trend of becoming shallower. However, from 2000 to 2005, the groundwater
depth became deeper. The area of 0–2 m groundwater depths decreased significantly, from
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726 m2 in 2000 to 464 m2 in 2005, a reduction of about 36%, and the area of 2–4 m buried
depths also decreased by 674 m2. The areas with underground water depths of 4–6 m and
6–10 m increased to a certain extent, and the underground water depth of the Ulan Buh
Desert showed a trend of deepening from 2000 to 2005. This may be due to the continuous
decrease in average precipitation between 2001 and 2003, as shown in Figure 5.

From the changes in groundwater depth from 2000 to 2020, we can see that, except
for the years 2000–2005, the groundwater depth of the Ulan Buh Desert showed an overall
trend of becoming shallower. Considering the changes in vegetation coverage in the above
section, it is not difficult to see that the ecological situation of the Ulan Buh Desert showed a
gradual trend of improvement. Moreover, the shallower the buried area, the more sensitive
it was to the change in climate and precipitation, being more likely to change under the
influence of climate and precipitation and other factors.

3.3. Correlation between Changes in Groundwater Depth and Vegetation Coverage

In order to study the relationship between the groundwater depth change and vegeta-
tion coverage change, this paper first obtained the difference in groundwater depth and
vegetation coverage of each pixel in the two time nodes of the study area in 2020 and 2000
through difference calculation, then normalized the two difference values to calculate the
correlation coefficient between them. The distribution of correlation coefficients is shown
in Figure 6. It can be seen that the proportion of areas with positive correlation between
vegetation coverage changes and groundwater depth changes is 53%, while the proportion
of areas with negative correlation is 47%. It can be found that when the groundwater depth
rose to more than 4 m, the change in groundwater depth had a significant effect on the
vegetation coverage. When the groundwater depth was greater than 6 m, the change in
groundwater depth had no obvious effect on the change in vegetation coverage.
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Using 2020 groundwater depth data and 2020 vegetation coverage data, taking vege-
tation coverage as the horizontal coordinate and groundwater depth data obtained from
monitoring wells as the vertical coordinate, a rectangular coordinate system was established
to obtain the scatter plot in Figure 7. This scatter plot reflects the influence of groundwater
depth on the vegetation index. It can be seen that under the same groundwater depth,
there were great differences in vegetation coverage, which can be caused by climate, soil
type, vegetation type, and other factors. However, overall, there was a certain regularity
in the variation in vegetation coverage with the depth of groundwater. The shallower the
groundwater depth, the greater the vegetation coverage. Through analysis, it can be found
that when the groundwater depth increased to over 4 m, the change in groundwater depth
had a significant improvement effect on vegetation coverage. When the groundwater depth
was greater than 6 m, there was no significant impact of changes in groundwater depth on
vegetation coverage.
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3.4. Discussion
3.4.1. Influence of Temperature

Li Yan [67] explored the relationship between soil temperature and soil moisture con-
tent in the Ulan Buh area and utilized an evaluation index system for soil moisture content,
groundwater depth, capillary rise height of sandy soil, annual variation in groundwater
depth, groundwater mineralization, and soil salt content. The ecological suitability of
vegetation was analyzed, and the suitable area was divided into more suitable areas, less
suitable areas, and unsuitable areas. Several studies have proven that the growth suitability
of vegetation is related to temperature and groundwater depth. Reza Amiri [68] and others
retrieved the surface temperature of the Tabriz metropolitan area in Iran using Landsat
satellite data and established the temperature vegetation index (TVX). The results showed
that, over time, the TVX had migrated from low temperature dense vegetation to high
temperature sparse vegetation, indicating that the heat island effect generated by urban
development had to some extent affected the growth of vegetation. Based on the above
article, we investigated the response of the vegetation in the Ulan Buh area to temperature
and groundwater.

As shown in Figure 8, From 2000 to 2017, the average annual temperature in the Ulan
Buh area showed an overall upward trend, with some fluctuations over the years. Due to
the cold resistance, heat resistance, dryness preference, and strong ecological adaptability
of vegetation in desert areas, a slight increase in temperature can promote the growth of
vegetation in desert areas to some extent.
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3.4.2. Influence of Precipitation

Figure 9 shows a line chart of average precipitation for the years 2000–2020. It can
be seen that the precipitation decreased significantly from 2001 to 2003. At the same time,
compared with 2000, the vegetation coverage decreased in 2005, and the groundwater depth
also showed the same trend. The area with the most suitable groundwater depth decreased
by 674.3 km2. From 2005 to 2008, the precipitation was at a relatively high level, and the
vegetation growth trend was good. The area with the most suitable groundwater burial
depth increased by 498.8 km2. After 2011, the annual precipitation stabilized, vegetation
coverage also steadily increased, and the most suitable areas for groundwater burial slowly
increased. It is not difficult to see that an appropriate increase in precipitation contributes
to the growth of vegetation. It is reasonable to infer that precipitation affects the depth of
groundwater and thus affects the growth of vegetation.

Water 2023, 15, x FOR PEER REVIEW 13 of 17 
 

 

3.4.2. Influence of Precipitation  

Figure 9 shows a line chart of average precipitation for the years 2000–2020. It can be 

seen that the precipitation decreased significantly from 2001 to 2003. At the same time, 

compared with 2000, the vegetation coverage decreased in 2005, and the groundwater 

depth also showed the same trend. The area with the most suitable groundwater depth 

decreased by 674.3 km2. From 2005 to 2008, the precipitation was at a relatively high level, 

and the vegetation growth trend was good. The area with the most suitable groundwater 

burial depth increased by 498.8 km2. After 2011, the annual precipitation stabilized, vege-

tation coverage also steadily increased, and the most suitable areas for groundwater burial 

slowly increased. It is not difficult to see that an appropriate increase in precipitation con-

tributes to the growth of vegetation. It is reasonable to infer that precipitation affects the 

depth of groundwater and thus affects the growth of vegetation. 

 

Figure 9. Trend of precipitation changes in the Ulan Buh Desert. 

3.4.3. Other Influencing Factors and Analysis 

The eastern and northern parts of the Ulan Buh Desert are close to the Yellow River; 

therefore, the local government has been carrying out wind prevention, sand fixation, and 

afforestation projects around the edge of the Ulan Buh Desert for many years. This has 

resulted in high vegetation coverage in the periphery of the Ulan Buh Desert and low 

vegetation coverage in the center of the desert. 

In this paper, the Ulan Buh Desert, a typical desert in northern China, was selected 

as a research area. By revealing the correlation between the groundwater depth change 

and vegetation coverage change in the Ulan Buh Desert, the influence mechanism of 

groundwater depth on vegetation in desert areas can be obtained. Through vegetation as 

a key ecological environment element, we can also obtain the general change trend of the 

local ecological environment, which can provide a certain reference for the research and 

analysis of the ecological environment in similar desert areas. 

3.4.4. Limitations 

There are some limitations in the Landsat data used in this paper. Future studies can 

use data with higher accuracy, such as Sentinel data, to reduce the errors that may be 

introduced in the process of data acquisition and processing. When using the Kriging in-

terpolation method, it is necessary to consider whether the attribute is stationary in space 

and whether the sample points are evenly distributed to deal with the uncertainty. In or-

der to increase the reliability and accuracy of the research results, subsequent research can 

use multi-source data combined with different interpolation methods. Future studies can 

add more influencing factors for analysis, such as human factors, soil factors, etc., to fur-

ther reveal the influencing mechanism behind the change in the desert ecological environ-

ment. 

  

Figure 9. Trend of precipitation changes in the Ulan Buh Desert.

3.4.3. Other Influencing Factors and Analysis

The eastern and northern parts of the Ulan Buh Desert are close to the Yellow River;
therefore, the local government has been carrying out wind prevention, sand fixation, and
afforestation projects around the edge of the Ulan Buh Desert for many years. This has
resulted in high vegetation coverage in the periphery of the Ulan Buh Desert and low
vegetation coverage in the center of the desert.

In this paper, the Ulan Buh Desert, a typical desert in northern China, was selected
as a research area. By revealing the correlation between the groundwater depth change
and vegetation coverage change in the Ulan Buh Desert, the influence mechanism of
groundwater depth on vegetation in desert areas can be obtained. Through vegetation as a
key ecological environment element, we can also obtain the general change trend of the
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local ecological environment, which can provide a certain reference for the research and
analysis of the ecological environment in similar desert areas.

3.4.4. Limitations

There are some limitations in the Landsat data used in this paper. Future studies
can use data with higher accuracy, such as Sentinel data, to reduce the errors that may
be introduced in the process of data acquisition and processing. When using the Kriging
interpolation method, it is necessary to consider whether the attribute is stationary in space
and whether the sample points are evenly distributed to deal with the uncertainty. In order
to increase the reliability and accuracy of the research results, subsequent research can use
multi-source data combined with different interpolation methods. Future studies can add
more influencing factors for analysis, such as human factors, soil factors, etc., to further
reveal the influencing mechanism behind the change in the desert ecological environment.

4. Conclusions

This study used the PIE-Engine software for spatial interpretation, quantitatively ana-
lyzed the spatiotemporal changes in vegetation coverage and water depth in the Ulan Buh
Desert over a 20-year period, and explored the mechanism of the response of groundwater
depth to vegetation coverage.

(1) In terms of time, the vegetation coverage of the Ulan Buh Desert has shown an overall
trend of increasing year by year over the past 20 years, with an increase rate of
4.73%/10 years. The highest vegetation coverage appeared in 2020 and represented a
35% increase compared to the year with the lowest vegetation coverage (2000). The
vegetation coverage in 2010 showed a slight downward trend. Except for 2010, the
vegetation coverage in other years showed an upward trend compared to the previous
period, and the growth rate of vegetation coverage was the fastest from 2000 to 2020,
with a growth rate of 12% per decade. The downward trend of vegetation coverage in
2010 may have been influenced by precipitation and temperature.

(2) In space, the degree distribution of vegetation coverage in the Ulan Buh Desert in each
year showed a certain regularity. The vegetation coverage in the drainage basin was
high around the periphery and low across a large area in the middle. The vegetation
coverage of the Ulan Buh Desert showed an overall improvement trend, with 68%
of the areas showing improvement in vegetation coverage, including 3% showing
extreme improvement, 16.79% showing moderate improvement, and 48.50% showing
slight improvement. The proportion of areas with a declining vegetation cover was
32%, with areas of extreme decline accounting for less than 1%, areas of moderate
decline accounting for 4%, and areas of slight decline accounting for 28%. The overall
vegetation coverage in the Ulan Buh Desert was relatively stable. The vegetation
coverage in most areas of the Ulan Buh Desert basin showed a moderate-to-strong
variation, with only a small number of areas experiencing a weak variation. Strong-
variation areas were mainly distributed in the central region, while moderate variation
areas almost covered the Yellow River, which flows through the Ulan Buh Desert
region and the Salt Lake region. Weak variation areas were mainly scattered at the
eastern and southwestern boundaries.

Based on the analysis of groundwater depth, there was a certain regularity in the
variation in vegetation coverage with groundwater depth. The shallower the groundwater
depth, the greater the vegetation coverage. The proportion of areas with a positive correla-
tion between vegetation coverage changes and groundwater depth changes was 53%, while
the proportion of areas with a negative correlation was 47%. When the groundwater depth
increased to more than 4 m, the change in groundwater depth had a significant improve-
ment effect on vegetation coverage. When the groundwater depth was greater than 6 m,
there was no significant impact of changes in groundwater depth on vegetation coverage.



Water 2023, 15, 3000 14 of 16

Author Contributions: Conceptualization, J.W. and T.L.; methodology, W.Z. and Y.L. (Yangchun Lu);
investigation, T.L., J.W. and Y.L. (Yudong Lu); resources, W.Z.; data curation, J.W. and Y.L. (Yangchun
Lu); writing—original draft preparation, T.L. and J.W.; writing—review and editing, Y.L. (Yudong
Lu) and T.L.; project administration, Y.L. (Yudong Lu); funding acquisition, Y.L. (Yudong Lu). All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (Grant No.
U2243204).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jia, L.; Li, Z.; Xu, G.; Ren, Z.; Li, P.; Cheng, Y.; Zhang, Y.; Wang, B.; Zhang, J.; Yu, S. Dynamic change of vegetation and its response

to climate and topographic factors in the Xijiang River basin, China. Environ. Sci. Pollut. Res. 2020, 27, 11637–111648. [CrossRef]
2. Liu, H.; Jiao, F.; Yin, J.; Li, T.; Gong, H.; Wang, Z.; Lin, Z. Nonlinear relationship of vegetation greening with nature and human

factors and its forecast—A case study of Southwest China. Ecol. Indic. 2019, 111, 106009. [CrossRef]
3. Duan, H.; Xue, X.; Wang, T.; Kang, W.; Liao, J.; Liu, S. Spatial and Temporal Differences in Alpine Meadow, Alpine Steppe and All

Vegetation of the Qinghai-Tibetan Plateau and Their Responses to Climate Change. Remote Sens. 2021, 13, 669. [CrossRef]
4. Forkel, M.; Carvalhais, N.; Rödenbeck, C.; Keeling, R.; Heimann, M.; Thonicke, K.; Zaehle, S.; Reichsrtein, M. Enhanced seasonal

CO2 exchange caused by amplified plant productivity in northern Ecosystems. Science 2016, 351, 696–699. [CrossRef]
5. Zhu, Z.; Piao, S.; Myneni, R.; Huang, M.; Zeng, Z.; Canadell, J.; Ciais, P.; Sitch, S.; Friedlingstein, P.; Arneth, A.; et al. Greening of

the Earth and its drivers. Nat. Clim. Change 2016, 6, 791–795. [CrossRef]
6. Yuan, W.; Zheng, Y.; Piao, S.; Ciais, P.; Lombardozzi, D.; Wang, Y.; Ryu, Y.; Chen, G.; Dong, W.; Hu, Z.; et al. Increased atmospheric

vapor pressure deficit reduces global vegetation growth. Sci. Adv. 2019, 5, eaax1396. [CrossRef]
7. Qu, S.; Wang, L.; Lin, A.; Zhu, H.; Yuan, M. What drives the vegetation restoration in Yangtze River basin, China: Climate change

or anthropogenic factors? Ecol. Indic. 2018, 90, 438–450. [CrossRef]
8. Li, S.; Yan, J.; Liu, X.; Wan, J. Response of vegetation restoration to climate change and human activities in Shaanxi-Gansu-Ningxia

Region. J. Geogr. Sci. 2013, 23, 98–112. [CrossRef]
9. Chen, C.; Park, T.; Wang, X.; Piao, S.; Xu, B.; Chaturvedi, R.; Fuchs, R.; Brovkin, V.; Ciais, P.; Fensholt, R.; et al. China and India

lead in greening of the world through land-use management. Nat. Sustain. 2019, 2, 122–129. [CrossRef]
10. Kurwadkar, S.; Sethi, S.S.; Mishra, P.; Ambade, B. Unregulated discharge of wastewater in the Mahanadi River Basin: Risk

evaluation due to occurrence of polycyclic aromatic hydrocarbon in surface water and sediments. Mar. Pollut. Bull. 2022,
179, 113686. [CrossRef]

11. Kurwadkar, S.; Dane, J.; Kanel, S.; Nadagouda, M.; Cawdrey, R.; Ambade, B.; Struckhoff, G.; Wilkin, R. Per- and polyfluoroalkyl
substances in water and wastewater: A critical review of their global occurrence and distribution. Sci. Total Environ. 2022,
809, 151003. [CrossRef] [PubMed]

12. Ambade, B.; Sethi, S.; Kumar, A.; Sankar, T. Solvent Extraction Coupled with Gas Chromatography for the Analysis of Polycyclic
Aromatic Hydrocarbons in Riverine Sediment and Surface Water of Subarnarekha River and Its Tributary, India. In Miniaturized
Analytical Devices: Materials and Technology; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2021. [CrossRef]

13. Ambade, B.; Sethi, S.; Kumar, A.; Kurwadkar, S. Health Risk Assessment, Composition, and Distribution of Polycyclic Aromatic
Hydrocarbons (PAHs) in Drinking Water of Southern Jharkhand, East India. Arch. Environ. Contam. Toxicol. 2021, 80, 120–133.
[CrossRef]

14. Miao, C.; Gou, J.; Fu, B.; Tang, Q.; Duan, Q. High-quality reconstruction of China’s natural streamflow. Sci. Bull. 2022, 67, 547–556.
[CrossRef] [PubMed]

15. Gou, J.; Miao, C.; Duan, Q.; Tang, Q.; Di, Z. Sensitivity Analysis-Based Automatic Parameter Calibration of the VIC Model for
Streamflow Simulations over China. Water Resour. Res. 2020, 56, e2019WR025968. [CrossRef]

16. Ma, Z.; Sun, P.; Yao, R. Temporal and Spatial Variation of Drought and Its lmpact on Vegetation in Inner Mongolia. J. Soil Water
Conserv. 2022, 36, 231–240. [CrossRef]

17. Mu, S.; Li, J.; Chen, Y. Spatial Differences of Variations of Vegetation Coverage in Inner Mongolia during 2001–2010. Acta Geogr.
Sin. 2012, 67, 1255–1268. [CrossRef]

18. Wang, N.; Chun, X. Research progress on the quaternary environmental evolution in the Ulan Buh Desert. J. Desert Res. 2022,
42, 175–183.

19. Chun, X.; Chen, F.; Fan, Y. Formation of Ulan Buh Desert and lts Environmental Evolution. J. Desert Res. 2007, 27, 927–931.
[CrossRef]

20. Cooper, D.; Sanderson, J.; Stannard, D. Effects of long-term water table drawdown on evapotranspiration and vegetation in an
arid region phreatophyte community. J. Hydrol. 2006, 325, 21–34. [CrossRef]

21. He, J.; Zhao, T.; Chen, Y.; Shang, X.; Liu, S. Effect of Subsurface Water on Spatial Pattern of Vegetation Coverage in Mu Us Sandy
Area. J. Soil Water Conserv. 2023, 37, 90–99. [CrossRef]

https://doi.org/10.1007/s11356-020-07692-w
https://doi.org/10.1016/j.ecolind.2019.106009
https://doi.org/10.3390/rs13040669
https://doi.org/10.1126/science.aac4971
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1126/sciadv.aax1396
https://doi.org/10.1016/j.ecolind.2018.03.029
https://doi.org/10.1007/s11442-013-0996-8
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1016/j.marpolbul.2022.113686
https://doi.org/10.1016/j.scitotenv.2021.151003
https://www.ncbi.nlm.nih.gov/pubmed/34695467
https://doi.org/10.1002/9783527827213.ch4
https://doi.org/10.1007/s00244-020-00779-y
https://doi.org/10.1016/j.scib.2021.09.022
https://www.ncbi.nlm.nih.gov/pubmed/36546176
https://doi.org/10.1029/2019WR025968
https://doi.org/10.13870/j.cnki.stbcxb.2022.06.029
https://doi.org/10.11821/xb201209010
https://doi.org/10.1007/s11769-007-0376-3
https://doi.org/10.1016/j.jhydrol.2005.09.035
https://doi.org/10.13870/j.cnki.stbcxb.2023.02.012


Water 2023, 15, 3000 15 of 16

22. Eamus, D.; Froend, R.; Loomes, R. A functional methodology for determining the groundwater regime needed to maintain the
health of groundwater-dependent vegetation. Aust. J. Bot. 2006, 54, 97–114. [CrossRef]

23. Ambade, B.; Sethi, S.; Kurwadkar, S.; Kumar, A.; Sankar, T. Toxicity and health risk assessment of polycyclic aromatic hydrocarbons
in surface water, sediments and groundwater vulnerability in Damodar River Basin. Groundw. Sustain. Dev. 2021, 13, 100553.
[CrossRef]

24. Shaibur, M.R.; Ahmmed, I.; Sarwar, S.; Karim, R.; Hossain, M.M.; Islam, M.S.; Shah, M.S.; Khan, A.S.; Akhtar, F.; Uddin, M.G.
Groundwater Quality of Some Parts of Coastal Bhola District, Bangladesh: Exceptional Evidence. Urban Sci. 2023, 7, 71. [CrossRef]

25. Kodate, J.; Dhurvey, V.; Dhawas, S.; Urkude, M.; Ragini, M. Assessment of groundwater quality with special emphasison fluoride
contamination in some villages of Chandrapur district of Maharashtra, India. IOSR J. Environ. Sci. Toxicol. Food Technol. 2016,
10, 2319–2399.

26. Yin, X.; Feng, Q.; Li, Y.; Deo, R.; Liu, W. An interplay of soil salinization and groundwater degradation threatening coexistence of
oasis-desert ecosystems. Sci. Total Environ. 2022, 806, 150599. [CrossRef]

27. Cui, Y.; Shao, J. The Role of Ground Water in Arid/Semiarid Ecosystems, Northwest China. Ground Water 2005, 43, 471–477.
[CrossRef]

28. Li, F.; Qin, X.; Xie, Y.; Chen, X.; Hu, J. Physiological mechanisms for plant distribution pattern: Responses to flooding and drought
in three wetland plants from Dongting Lake, China. Limnology 2013, 14, 71–76. [CrossRef]

29. Chen, Y.; Zilliacus, H.; Li, W. Ground-water level affects plant species diversity along the lower reaches of the Tarim river, Western
China. J. Arid. Environ. 2006, 66, 231–266. [CrossRef]

30. Cheng, Y.; Chen, L.; Yin, J. Depth Interval Study of Vegetation Ecological Groundwater in the Water Source Area at Manaz River
Valley. Environ. Sci. Technol. 2018, 41, 26–33.

31. Zhang, E.; Tao, Z.; Wang, X. A study of vegetation response to groundwater on regional scale in northern Ordos Basin based on
structure chart method. Geol. China 2012, 39, 811–817. [CrossRef]

32. Zhai, J.; Dong, Y.; Qi, S. Advances in Ecological Groundwater Level Threshold in Arid Oasis Regions. J. China Hydrol. 2021,
41, 7–14. [CrossRef]

33. Lv, J.; Wang, X.; Zhou, Y.; Qian, K.; Wan, L. Groundwater-dependent distribution of vegetation in Hailiutu River catchment, a
semi-arid region in China. Ecohydrology 2013, 6, 142–149. [CrossRef]

34. Jin, X.; Schaepman, M.; Clevers, J. Groundwater Depth and Vegetation in the Ejina Area, China. Arid Land Res. Manag. 2011,
25, 194–199. [CrossRef]

35. Hu, M.; Mao, F.; Sun, H. Study of normalized difference vegetation index variation and its correlation with climate factors in the
three-river-source region. Int. J. Appl. Earth Obs. Geoinf. 2011, 13, 24–33. [CrossRef]

36. Song, Y.; Guo, Z.; Lu, Y.; Yan, D.; Liao, Z. Pixel-Level Spatiotemporal Analyses of Vegetation Fractional Coverage Variation and
Its Influential Factors in a Desert Steppe: A Case Study in Inner Mongolia, China. Water 2017, 9, 478. [CrossRef]

37. Cao, R.; Chen, J.; Shen, M. An improved logistic method for detecting spring vegetation phenology in grasslands from MODIS
EVI time-series data. Agric. For. Meteorol. 2015, 200, 9–20. [CrossRef]

38. Liu, X.; Zhang, J.; Zhu, X.; Pan, Y.; Liu, Y. Spatiotemporal changes in vegetation coverage and its driving factors in the Three-River
Headwaters Region during 2000–2011. J. Geogr. Sci. 2014, 24, 288–302. [CrossRef]

39. Liu, Y.; Zeng, P.; Sun, F. Vegetation coverage change of the demonstration area in the Yangtze River Delta, China on ecologically
friendly development based on GEE and BRT during 1984–2019. J. Appl. Ecol. 2020, 32, 1033–1043. [CrossRef]

40. Ding, M.; Guo, Y.; Chen, S. Evaluation of Vegetation Coverage Land Reclaimation Based on RS. Remote Sens. Technol. Appl. 2010,
25, 102–106. [CrossRef]

41. Hou, W.; Hou, X. Spatial–temporal changes in vegetation coverage in the global coastal zone based on GIMMS NDVI3g data. Int.
J. Remote Sens. 2019, 41, 1118–1138. [CrossRef]

42. Tu, Y.; Jia, K.; Wei, X.; Yao, Y.; Xia, M. A Time-Efficient Fractional Vegetation Cover Estimation Method Using the Dynamic
Vegetation Growth Information from Time Series GLASS FVC Product. IEEE Geosci. Remote Sens. Lett. 2020, 17, 1672–1676.
[CrossRef]

43. Wang, X.; Jia, K.; Liang, S.; Li, Q.; Wei, X. Estimating Fractional Vegetation Cover From Landsat-7 ETM+ Reflectance Data Based
on a Coupled Radiative Transfer and Crop Growth Model. IEEE Trans. Geosci. Remote Sens. 2017, 55, 5539–5546. [CrossRef]

44. Li, X.; Ma, Y.; Li, X. Plant community heterogeneity and its influencing factors in the Ulan Buh Desert. J. Desert Res. 2022, 42,
187–194.

45. Dong, X.; Xin, Z.; Duan, R. Species diversity of typical shrubs and niches of dominant shrub species in the UlanBuh Desert. Arid
Zone Res. 2020, 37, 1009–1017. [CrossRef]

46. Niu, Y.; Ren, G.; Lin, G.; Di Biase, L.; Fattorini, S. Fine-Scale Vegetation Characteristics Drive Insect Ensemble Structures in a
Desert Ecosystem: The Tenebrionid Beetles (Coleoptera: Tenebrionidae) Inhabiting the Ulan Buh Desert (Inner Mongolia, China).
Insects 2023, 11, 6–19. [CrossRef]

47. Rabus, B.; Eineder, M.; Roth, A. The shuttle radar topography mission—A new class of digital elevation models acquired by
spacebome radar. ISPRS-J. Photogramm. Remote Sens. 2003, 57, 241–262. [CrossRef]

48. Gou, J.; Miao, C.; Samaniego, L. CNRD v1.0: A High-Quality Natural Runoff Dataset for Hydrological and Climate Studies in
China. Bull. Am. Meteorol. Soc. 2021, 102, E929. [CrossRef]

https://doi.org/10.1071/BT05031
https://doi.org/10.1016/j.gsd.2021.100553
https://doi.org/10.3390/urbansci7030071
https://doi.org/10.1016/j.scitotenv.2021.150599
https://doi.org/10.1111/j.1745-6584.2005.0063.x
https://doi.org/10.1007/s10201-012-0386-4
https://doi.org/10.1016/j.jaridenv.2005.11.009
https://doi.org/10.2503/hrj.1.41
https://doi.org/10.19797/j.cnki.1000-0852.20195391
https://doi.org/10.1002/eco.1254
https://doi.org/10.1080/15324982.2011.554953
https://doi.org/10.1016/j.jag.2010.06.003
https://doi.org/10.3390/w9070478
https://doi.org/10.1016/j.agrformet.2014.09.009
https://doi.org/10.1007/s11442-014-1088-0
https://doi.org/10.13287/j.1001-9332.202103.011
https://doi.org/10.11873/j.issn.1004-0323.2010.1.102
https://doi.org/10.1080/01431161.2019.1657603
https://doi.org/10.1109/LGRS.2019.2954291
https://doi.org/10.1109/TGRS.2017.2709803
https://doi.org/10.13866/j.azr.2020.04.22
https://doi.org/10.3390/insects11070410
https://doi.org/10.1016/S0924-2716(02)00124-7
https://doi.org/10.1175/BAMS-D-20-0094.1


Water 2023, 15, 3000 16 of 16

49. Cheng, W.; Qian, X.; Li, S.; Ma, H.; Liu, D.; Liu, F.; Liang, J.; Hu, J. Research and application of PIE Engine Studio, a spatiotemporal
remote sensing cloud computing platform. Can. J. Remote Sens. 2022, 26, 335–347. [CrossRef]

50. Schnell, J. Monitoring the vernal advancement and retrogradation (greenwave effect) of natural vegetation. In Nasa/Gsfct Type
Final Report; Remote Sensing Center Texas A&M University: College Station, TX, USA, 1974.

51. Lu, Q.; Zhao, D.; Wu, S.; Dai, E.; Gao, J. Using the NDVI to analyze trends and stability of grassland vegetation cover in Inner
Mongolia. Theor. Appl. Climatol. 2019, 135, 1629–1640. [CrossRef]

52. Li, F.; Chen, W.; Zeng, Y.; Zhao, Q.; Wu, B. Improving Estimates of Grassland Fractional Vegetation Cover Based on a Pixel
Dichotomy Model: A Case Study in Inner Mongolia, China. Remote Sens. 2014, 6, 4705–4722. [CrossRef]

53. Miao, Z.; Liu, Z.; Wang, Z.; Song, K.; Ren, C. Dynamic Monitoring of Vegetation Fraction Change in Jilin Province Based on
MODIS NDVI. Remote Sens. Technol. Appl. 2010, 25, 387–393.

54. Zhang, C.; Lou, Y.; Li, Y. Change of Vegetation Coverage in Funiu Mountain Regions Based on the Dimidiate Pixel Model. Res.
Soil Water Conserv. 2020, 27, 301–307. [CrossRef]

55. HJ 1170-2021; Technical Specification for Investigation and Assessment of National Ecological Status—Field Observation of Desert
Ecosystem. Ministry of Ecology and Environment: Beijing, China, 2021.

56. Wen, H.; Song, C.; Xiang, X. Optical remote sensing change detection method for the identification of landslide clusters induced
by heavy rainfall. Sci. Surv. Mapp. 2022, 47, 193–202. [CrossRef]

57. Murashko, F.; Ryzhkova, E.; Vlasenko, O. Search for an Object in an Image by Image Difference Method to Find Contours of a
Natural Leather Blank in Pattern Cutting Process. Fibre Chem. 2018, 50, 38–41. [CrossRef]

58. Wu, M.; Wang, J.; Wang, X. Spatio-temporal analysis of urban built-up area extension in Yantai City based on multi-source remote
sensing images. In Proceedings of the 2011 19th International Conference on Geoinformatics, Shanghai, China, 24–26 June 2011.
[CrossRef]

59. Yu, Y. Application of ArcGlS Kriging Interpolation Method in Spatial Characteristics Analysis of Precipitation Evolution in Linghe
River Basin. Heilongjiang Hydraul. Sci. Technol. 2022, 50, 160–163. [CrossRef]

60. Arfaoui, M.; Hédi, M. Advantages of using the kriging interpolator to estimate the gravity surface, comparison and spatial
variability of gravity data in the El Kef-Ouargha region (northern Tunisia). Arab. J. Geosci. 2013, 6, 3139–3147. [CrossRef]

61. Zhang, Y. Common mode error filtering method for GPS coordinate time series based on Kriging interpolation. Geomat. Technol.
Equip. 2022, 24, 28–31.

62. Bao, G.; Gao, Q. Correlation Analysis between the Emotion and Aesthetics for Chinese Classical Garden Design Based on Deep
Transfer Learning. J. Environ. Public Health 2022, 2022, 1828782. [CrossRef]

63. Liu, Y.; Shen, X.; Zhang, J.; Wang, Y.; Wu, L.; Ma, R.; Lu, X.; Jiang, M. Temporal and Spatial Variation in Vegetation Coverage and
Its Response to Climatic Change in Marshes of Sanjiang Plain, China. Atmosphere 2022, 13, 2077. [CrossRef]

64. Xu, F.; Li, P.; Chen, W.; He, S.; Li, F.; Mu, D.; Elumalai, V. Impacts of land use/land cover patterns on groundwater quality in the
Guanzhong Basin of northwest China. Geocarto Int. 2022, 37, 16769–16785. [CrossRef]

65. Wang, D.; Li, P.; He, X.; He, S. Exploring the response of shallow groundwater to precipitation in the northern piedmont of the
Qinling Mountains, China. Urban Clim. 2023, 47, 101379. [CrossRef]

66. Xu, F.; Li, P.; Du, Q.; Yang, Y.; Yue, B. Seasonal hydrochemical characteristics, geochemical evolution, and pollution sources of
Lake Sha in an arid and semiarid region of northwest China. Expo. Health 2023, 15, 231–244. [CrossRef]

67. Li, Y. Water Vapor Heat Coupling Migration Law and Ecological Significance of Vegetation in Ulanbuhe Desert; Chang’an University:
Xi’an, China, 2013.

68. Amiri, R.; Weng, Q.; Alimohammadi, A.; Alavipanah, S.K. Spatial–temporal dynamics of land surface temperature in relation
to fractional vegetation cover and land use/cover in the Tabriz urban area, Iran. Remote Sens. Envion. 2009, 113, 2606–2617.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.11834/jrs.20211248
https://doi.org/10.1007/s00704-018-2614-2
https://doi.org/10.3390/rs6064705
https://doi.org/10.13869/j.cnki.rswc.2020.03.043
https://doi.org/10.16251/j.cnki.1009-2307.2022.05.024
https://doi.org/10.1007/s10692-018-9925-z
https://doi.org/10.1109/GeoInformatics.2011.5980720
https://doi.org/10.14122/j.cnki.hskj.2022.03.060
https://doi.org/10.1007/s12517-012-0549-y
https://doi.org/10.1155/2022/1828782
https://doi.org/10.3390/atmos13122077
https://doi.org/10.1080/10106049.2022.2115153
https://doi.org/10.1016/j.uclim.2022.101379
https://doi.org/10.1007/s12403-022-00488-y
https://doi.org/10.1016/j.rse.2009.07.021

	Introduction 
	Materials and Methods 
	Study Area 
	Data Source and Processing 
	Research Method 
	Calculation of NDVI 
	Estimation of Vegetation Coverage 
	Difference Comparative Analysis 
	Data Gridding 
	Kriging Interpolation 
	Correlation between Groundwater Depth and Vegetation Coverage 


	Results and Discussion 
	Temporal and Spatial Variation in Vegetation Coverage 
	Temporal Distribution Characteristics of the Vegetation Cover 
	Spatial Dynamic Change Characteristics of the Vegetation Cover 
	Analysis of the Vegetation Coverage Change Trend 

	Changes in Groundwater Depth 
	Correlation between Changes in Groundwater Depth and Vegetation Coverage 
	Discussion 
	Influence of Temperature 
	Influence of Precipitation 
	Other Influencing Factors and Analysis 
	Limitations 


	Conclusions 
	References

