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Abstract: The environmental quality of a mining city has a direct impact on regional sustainable
development and has become a key indicator for assessing the effectiveness of national environmental
policies. However, against the backdrop of accelerated urbanization, increased demand for resource
development, and the promotion of the concept of ecological civilization, mining cities are faced with
the major challenge of balancing economic development and ecological environmental protection.
This study aims to deeply investigate the spatial and temporal variations of environmental quality
and its driving mechanisms of mineral resource-based cities. This study utilizes the wide coverage
and multitemporal capabilities of MODIS optical and thermal infrared remote sensing data. It
innovatively develops the remote sensing ecological index (RSEI) algorithm on the PIE-Engine cloud
platform to quickly obtain the RSEI, which reflects the quality of the ecological environment. The
spatial and temporal evolution characteristics of the environmental quality in seven typical mining
cities in China from 2001 to 2022 were analyzed. Combined with the vector mine surface data, the
spatial and temporal variability of the impacts of mining activities on the ecological environment
were quantitatively separated and explored. In particular, the characteristics of mining cities were
taken into account by creating buffer zones and zoning statistics to analyze the response relationship
between RSEI and these factors, including the distance to the mining area and the percentage of the
mining area. In addition, the drivers and impacts of RSEI in 2019 were analyzed through Pearson
correlation coefficients pixel by pixel with 10 factors, including natural, economic, and mining.
Regression modeling of RSEI in 2019 was performed using the random forest (RF) model, and these
drivers were ranked in order of importance through random forest factor importance assessment.
The results showed that (1) the ecological quality of mining cities changed significantly during the
study period, and the negative impacts of mining activities on the ecological environment were
significant. (2) The areas with low RSEI values were closely related to the mining areas and cities.
(3) The RSEI in the mining areas of mining cities was generally lower than the average level of the
cities. The RSEI gradually increased as the distance to the mine site increased. (4) The increase in the
size of the mine area initially exacerbates the impact on the ecological environment, but the impact is
weakened beyond a certain threshold. (5) The distance to the mining area is the most important factor
affecting the quality of the ecological environment, followed by DEM, GDP, and precipitation. This
study is of great importance for advancing sustainable development in mining cities and formulating
sustainable strategies.

Keywords: mining cities; environmental quality; PIE-Engine; remote sensing ecological index;
spatiotemporal impact
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1. Introduction

The quality of the ecosystem is the result of the interaction between human activities
and the natural environment [1], which is closely linked to harmonious regional develop-
ment [2]. It can reflect the extent to which the sustainable development of human society
affects the human living environment [3,4]. Urban land is expected to continue expanding
in the coming decades [5], especially in rapidly urbanizing areas, and degradation of the
natural environment is challenging [6]. In recent years, there has been continued large-scale
development of mineral resources such as coal, iron ore, and rare earth ore [7]. It has
provided important energy and material conditions for China’s rapid economic and social
development [8,9]. However, the rise and prosperity of mining cities also pose significant
challenges to ecosystems [10,11]. Mining, as the most human-disturbing of human activi-
ties [12], has caused great damage to the ecosystems of mining cities in particular. Mining
causes surface movement and deformation, which in turn leads to groundwater reduction,
surface subsidence, etc., ultimately leading to vegetation degradation and threatening the
ecological environment. Therefore, timely, objective, and quantitative ecological environ-
ment evaluation of mining cities is of great significance for sustainable urban development
and environmental protection [13,14].

Reasonable methods for evaluating the quality of the ecological environment are the
basis for analyzing the benefits of the ecological environment [15]. Remote sensing has the
advantages of a wide range of observations, long time-series monitoring, and speed [16,17].
It shows great potential and advantages in the field of eco-economic measurement [18].
Most of the previous studies were limited to the monitoring and evaluation of single
remote sensing factors, such as the use of surface temperature to evaluate the urban heat
island effect [19], the use of precipitation utilization rate of vegetation to evaluate regional
desertification [20], and the use of the enhanced vegetation index to reflect the impact of
drought on surface vegetation [21]. However, due to the complexity of ecosystems, changes
in ecosystems are the result of a variety of factors [22]. It is difficult for a single indicator
to comprehensively reflect the state of environmental quality [23,24]. Therefore, it is of
great significance to explore the pattern of change in ecological factors and their synergistic
relationship, with the aim of identifying a comprehensive indicator that can effectively
integrate these factors to reflect the state of environmental quality more accurately [25].
Scholars have proposed various evaluation index systems for this purpose. For example,
some studies have applied DS (Dempster Shafer) theory combined with decision-making
models to ecological environment evaluation [26]. Some studies have coupled the pressure-
state-response (PSR) model and the improved analytic hierarchy process with ranking and
nonhierarchic comparison method (AHP-RANC) to construct a comprehensive evaluation
system of environmental quality [27]. In addition, there are studies based on the driving-
pressure-state-impact-response (DPSIR) model to assess the ecological condition of northern
Iran [28].

However, these methods often suffer from problems such as subjectivity and do not
fully and accurately reflect the true state of the regional ecological environment. The remote
sensing ecological index (RSEI) is one of the most widely used indicators for evaluating the
quality of the ecological environment [29]. It uses principal component analysis (PCA) to
comprehensively couple four ecological indicators (greenness, humidity, heat, and dryness)
to objectively assess environmental quality [30]. The four ecological indicators selected by
RSEI are important factors that humans can intuitively perceive and are closely related to
human survival [31], thus offering good representativeness [32]. The core of RSEI lies in
PCA transformation. PCA transforms a set of possibly correlated variables into linearly
uncorrelated principal components, effectively compressing the original variables while
eliminating redundant information [33]. Consequently, the evaluation process of RSEI
is free from the influence of human subjective factors, and possesses good scalability,
visualization characteristics, and comparability across different time and space scales [34],
making it capable of quantitatively depicting the quality of the city’s ecological environment
and its changing trends [35]. When using RSE]I, it is necessary to (1) construct RSEI using
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the first principal component (PC1); (2) use images from the growing season; and (3) apply
a mask over water bodies [32]. The higher the value, the better the ecological quality
of the region [36]. Researchers have widely applied RSEI in regional ecological quality
assessment in different parts of the world, such as the Xiong’an New Area in China [37],
the Three Gorges economic corridor in China [38], the Kolkata city group in India [39], the
Samara region in Russia [40], and Freetown in Sierra Leone [41]. All of them have proven
its validity and reliability in ecological quality assessment.

Traditionally, RSEI has been calculated by downloading remote sensing imagery and
using desktop software such as ENVI 5.3 or ArcGIS 10.2 [42]. For assignments dealing with
small regions or specified time periods, this approach is simple and convenient. However,
for tasks covering large regions, such as urban agglomerations, countries, or the globe, or
even timeframes spanning decades, this approach has significant limitations in terms of
acquiring data and processing analyses [43], as well as facing a huge workload.

In recent years, with the rapid development and increasing maturity of cloud comput-
ing technology, remote sensing applications have gradually developed from the traditional
desktop model to the cloud service pattern [44]. Nowadays, the remote sensing cloud
computing approach can efficiently process and analyze large-scale geospatial data, provid-
ing unprecedented opportunities for the processing and analysis of massive, global-scale
remote sensing data [45,46]. Among them, PIE-Engine is a spatiotemporal remote sensing
cloud computing platform independently developed by PIESAT Information Technology
Co., Ltd., Beijing, China to address the specific problems of remote sensing applications in
China [47]. It provides localized and highly customized access to a rich set of data that is
highly relevant to China’s research needs [44]. It also boasts robust computational perfor-
mance. It is equipped to handle comprehensive workflow orchestration, flexible CPU and
GPU resource scheduling, and distributed parallel computing for massive data remote sens-
ing processing and real-time cloud computing capabilities [48]. Furthermore, PIE-Engine
enhances data sharing convenience. It pioneers an “open, co-build, and share” model,
allowing for the customized publication of SaaS application services, greatly facilitating
data sharing and collaboration [48]. The robust performance and versatility of PIE-Engine
have already been demonstrated in various fields of geology and remote sensing. Notable
applications include the extraction of vegetation changes in the Yellow River Delta wet-
lands [49], the fine classification and mapping of wetlands [50], and the monitoring of the
area of large inland lakes [51]. In addition, the remote sensing cloud computing platform
helps researchers to easily access high-performance computing resources by providing a
convenient environment for algorithm development and data interaction [52]. It is espe-
cially suitable for raster image operations, principal component transform analysis, and
long-time series partition statistics. Therefore, the data resources provided by PIE-Engine
are particularly suitable for projects with China as the study area [53].

Natural topography, climatic precipitation, urbanization, and economic development
are often used as key indicators in the analysis of ecological drivers. It has been shown that
elevation and slope are important factors influencing RSEI [54]. Natural factors such as
vegetation, soils, and precipitation together dominate more than 40% of spatial variability
in RSEI [55]. At the same time, previous studies have interpreted the coupling of ecological
quality and urbanization from a remote sensing perspective and demonstrated a linear
negative correlation between urbanization and ecological quality [56].

Among the various influencing factors, the level of economic development is regarded
as a “catalyst” that affects the ecological environment [38]. In addition, scholars have
conducted research using a variety of methods and models. For example, partial correlation
analysis was used to study the response of RSEI to climate and anthropogenic factors [57].
A geographic detector was used to explore the influence of the digital elevation model
(DEM), land use, and other factors on RSEI [58]. A geographically and temporally weighted
regression (GTWR) model was used to analyze the mechanism of the influence of economic,
anthropogenic, and other indicators on the ecological environment [59]. In addition,
machine learning methods have been utilized in studies exploring the contribution and
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response relationships of different factors to RSEI [60]. In contrast to previous research,
random forest is a machine-learning algorithm based on decision trees [61]. In the random
forest algorithm, the generation of each tree relies on an independently sampled random
vector that has the same distribution across all trees in the forest [62]. It is highly resistant
to overfitting, noise anomalies, and multicollinearity between variables [63,64], and is
particularly good at dealing with nonlinear relationships [65]. Consequently, random
forest algorithms have been widely used in regression prediction problems [66] and feature
classification [67] in the ecological field. In addition, the random forest model can effectively
assess and rank the importance of each variable [68]. Therefore, it is also possible to
further determine the degree of importance of each factor to the RSEI of mining cities,
and this method has been applied in the study of ecological quality changes in mainland
China [69]. However, it is important to note that random forest cannot directly determine
the positive and negative correlations between drivers and RSEI. Therefore, it is necessary
to use Pearson’s correlation analysis method to detect correlations between variables as a
complement to random forest modeling [70].

There are two main problems faced at present. Firstly, traditional ecological envi-
ronment evaluation methods are not suitable for ecological monitoring and assessment
on a large scale. Although there have been studies using the GEE (Google Earth Engine)
platform to construct RSEI [71], its coding process is complex and cumbersome. This
pain point can be solved by using PIE-Engine, whose advantages in constructing RSEI
models have not yet been widely promoted and deeply applied. Furthermore, there is a
lack of comprehensive and integrated research on the changing conditions of ecological
and environmental quality in mining cities. More in-depth studies are needed to clarify
the relationship between mining activities and natural factors, environmental quality, and
socioeconomic activities around mining areas. Therefore, this study took seven typical
mining cities in China as examples. The environmental quality assessment framework of
the PIE-Engine cloud platform was established. The environmental quality of mining cities
from 2001 to 2022 was quantitatively evaluated through the cloud computing platform
and its spatial distribution pattern and evolution were analyzed. It focused on analyzing
the impacts of the mining area on the regional environmental quality. At the same time,
it revealed the impact of mining activities, the natural environment, and socioeconomic
and other drivers on the environmental quality of mining cities, and identified key drivers.
This will provide a scientific basis for mining cities to assess sustainable development
goals, thus realizing a win-win strategy for environmental governance and promoting
sustainable development.

2. Materials and Methods
2.1. Study Area

The seven mining cities selected in this paper are mainly dominated by iron ore re-
sources, which are distributed in North China, Northeast China, Central China, East China,
Southwest China, and Hainan Province (Figure 1). (1) Panzhihua City has 7.18 billion tons
of vanadium-titanium magnetite and other resources. The mines are mainly located in the
East District, Yanbian County, and Miyi County in the north. (2) Tangshan City contains
6.2 billion tons of iron ore and is one of the three major iron ore concentration areas in
China. The mines are mainly located in the northeastern areas of Qianxi, Qian’an, and
Luanzhou. (3) Handan is a famous coal and high-grade iron ore-producing area in China,
with an output of over 18 million tons and nearly 5 million tons, respectively. The mines
are mainly located in Wu’an City, Fengfeng Mining District, and She County, which are on
the west side of the Beijing-Guangzhou Railway. (4) Anshan City, with proven reserves
of 10 billion tons, is China’s largest iron ore mining area. The Dagushan mine in Anshan
City is the largest open-pit iron ore mine in Asia. (5) Ma’anshan City mines, the main
mineral resources for iron ore, are mainly located east of the Yangtze River in Nanshan,
Gushan, Huangmeishan, and other places. (6) Huangshi City has a long history of mining
and metallurgy. The ores are mainly iron and copper symbiotic ores, and the iron minerals
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are mainly magnetite and hematite. The mining area is mainly located in the northwest
of Daye City. (7) The reserves of Shilu iron ore in Changjiang Lizu Autonomous County
account for 71% of the country’s iron-rich ore reserves.
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Figure 1. Location of the study area.

2.2. Data Acquisition and Preprocessing

The data processing mode of this study is carried out by PIE-Engine combined with
local computing. PIE-Engine is a remote sensing cloud computing platform similar to GEE,
which provides multisource remote sensing satellite data, including China’s Resource series
and Gaofen series data, as well as foreign Landsat and MODIS series data. In this study,
administrative boundaries, land use, DEM, NDVI, and precipitation data were obtained
on a cloud platform by processing data services provided by the cloud. The specific data
products and their resolutions are detailed in Table 1. The MODIS standard products for
the growing seasons before and after a total of three years were selected as the base data for
RSEI calculations [72]. For example, 2022 MODIS imagery was synthesized by averaging
June to September images for 2021, 2022, and 2023 to ensure that a sufficient number of
valid pixels were acquired. MODIS surface reflectance products were subjected to pixel-by-
pixel de-clouding and quality filtering prior to synthesis based on a bitwiseAnd() operation
on the sur_refl gqc_500m band and sur_refl_state_500m band. refl_state_500m bands for
the bitwiseAnd() operation. The final processed RSEI data has a resolution of 500 m.
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Table 1. Data products offered by PIE-Engine.

Data Resolution Indicator Data Sources
Terra vegetation indices 0.5 km x 0.5 km, NAShAd (httPS?ﬁ

MOD13A1.006 16 days NDVI / /www.earthdata.nasa.gov/,
’ accessed on 22 November 2023)

Terra surface reflectance 0.5km x 0.5 km, Wetness //wwwljitsﬁj (j;:tg:s o)
MOPOALO%e 8 days NDBSI accessed on 22 November 2023)

Terra land surface temperature and 1km x 1km, LST , /WwwljﬁtSﬁd il;ﬁtgis e

emissivity MOD11A2.006 8 days : ata.nasa.gov/,

Administrative boundaries of
municipal divisions in China

Database of global-scale mining sites

Elevation—global version 1

1-km monthly precipitation dataset
for China [74]

China’s population in km grid
dataset [75]

VIIRS stray light corrected nighttime
day: Night band composites version 1

Global gridded electricity

consumption data

ODIAC fossil fuel CO, emissions
dataset [77]

1 km ground-level PM2.5 dataset for
China [78,79]

Vector data

Vector data

1km x 1km

1km x 1km

1km x 1km

750 m x 750 m

1km x 1km

1km x 1km

1km x 1km

Administrative boundaries of the
study area

Mine area polygons
Distance to the mine
Area of the mine
Percentage of the mine area

DEM, slope

Annual precipitation

GDP

Nighttime light intensity

Electricity consumption

CO; emissions

PM2.5 content

accessed on 22 November 2023)
National Catalogue Service for
Geographic Information
(https:/ /www.webmap.cn/,
accessed on 15 November 2023)

Tang et al. [73]

Geospatial Information Authority
of Japan (https:
//globalmaps.github.io/el.html,
accessed on 4 December 2023)
National Tibetan Plateau Data
Center
(https:/ /data.tpdc.ac.cn/home,
accessed on 4 December 2023)
Resource and Environment
Science and Data Center
(https:/ /www.resdc.cn/DOI/
DOlLaspx?DOIID=33, accessed on
4 December 2023)

Earth Observation Group
(https:/ /eogdata.mines.edu/
products/vnl/, accessed on
4 December 2023)

Chen et al. [76]

Center for Global Environmental
Research, National Institute for
Environmental Studies
(https:/ /db.cger.nies.go.jp/
dataset/ODIAC/, accessed on
4 December 2023)
National Tibetan Plateau
Data Center
(https:/ /data.tpdc.ac.cn/home,
accessed on 4 December 2023)

Driving factor data such as DEM, nighttime light intensity, PM2.5 concentration, and
meteorology were downloaded or processed through the PIE-Engine cloud platform. Slope
was calculated by ArcGIS based on DEM. The distance to the mine site was calculated by
Euclidean distance, setting the coastal zone as an obstruction line. Consistency of raster
attributes such as raster extent, number of rows and columns, resolution, etc., needs to be
ensured when processing other factors (e.g., distance to mine) produced with non-cloud
platforms. The month-by-month data were summed up to synthesize the annual data. All
driving rasters were projected to the “Asia_North_Albers_Equal_Area_Conic” coordinate
system and standardized to a resolution of 1 km.

2.3. Methods

In this study, seven typical mining cities in China were selected as research objects.
The PIE-Engine cloud platform was used to rapidly generate remote sensing ecological
indices (RSEI) as a way to reflect the spatial and temporal changes in the environmental
quality of mining cities. In addition, this study separated the RSEI of mining areas based
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on mine surface data and compared the differences between the RSEI of mining cities and
mining areas. The relationship between the RSEI and the distance and area of mining areas
was analyzed. Finally, the connection between each driving factor and RSEI was explored
through correlation analysis, and the random forest model was used for RSEI simulation
and factor importance analysis. The specific technical process is shown in Figure 2.
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Figure 2. Flowchart.

2.3.1. Construction of the Remote Sensing Ecological Index Evaluation Model

The remote sensing ecological index (RSEI) combines four evaluation indexes, the
normalized vegetation index (NDVI), coma-cap transformed moisture component (Wet),
land surface temperature (LST), and built-up and bare soil index (NDBSI), which represent
greenness, humidity, heat, and dryness in the region, respectively. Since the scale of the
individual indicators is not uniform, it is necessary to normalize the indicators [80]:

NIZ' _ Ii — Imin

Imux - Imin

)
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where NI; is the normalized indicator value at image element [; I; is the initial value of the
indicator at image element i; and I,,,;;, Inax are the minimum and maximum values of the
indicator.

Principal component analysis (PCA) was applied to centralize the information of
each index to the first principal component to obtain the initial ecological remote sensing
index RSEIy:

RSEly = f{(NDVI, Wet, LST, NDBSI) )

In order to facilitate the comparison of the indicators, Equation (1) was used to
normalize RSEI [81]. In order to facilitate the comparison of the indicators, the RSEI was
normalized using Equation (1). The normalized RSEI is the constructed remote sensing
ecological index. The RSEI is between 0 and 1, and the larger the value, the better the
environmental quality in the study area [82].

In addition, the modified normalized difference water index (MNDWI) was used
to mask water bodies in conjunction with the corresponding year’s land use data [83] to
exclude water bodies from interfering with the inverted moisture component [84]. When
processing the land use data, pixels with categories of water bodies and wetlands were
excluded. The calculation formula of MNDWI is as follows:

MNDWI = (Pgreen - Pmir) / (Pgreen + sz'r) 3)

where pgreen, 0,,; denote the green and mid-infrared bands corresponding to MOD09A1
images, respectively.

2.3.2. Pearson Correlation Analysis

Pearson’s correlation coefficient was used to analyze the correlations between the
10 drivers and RSEI on a pixel-by-pixel analysis, revealing the degree of interaction and
association between each driving factor and RSEI. The formula is as follows:

iy (rsei; — rsei) (x; — X)
r =
\/Z,”:l (rsei; — @)2\/2?21 (x; — 7)2

where 7 is the correlation coefficient between RSEI and driving factor x, rsei is the average
of all RSEI pixels, x is the average of all pixels of driving factor x, and 7 is the total number
of the pixels. The larger the absolute value of the correlation coefficient r, the stronger the
correlation between the driving factor x and RSEI [85]. A plus or minus sign in front of r
indicates a positive or negative correlation between the two.

(4)

2.3.3. Random Forest Regression Model

Random forest models are integrated learning methods consisting of numerous de-
cision trees [86]. Models are trained by independent random sampling from the training
dataset using the bootstrap method to form multiple independent subsets [87,88]. Each
subset is used to generate a decision tree independently, and each tree makes predictions
independently. The final prediction of the model is based on the average vote of all the de-
cision trees [89]. In this study, the random forest regression method was used to predict the
distribution of the remote sensing ecological index (RSEI) for each mining city. The inputs
to the model include the raster data of the 10 drivers for each mining city in 2019 as the
independent variables, and the RSEI raster data of the corresponding city as the dependent
variable. The pixel values of these rasters were extracted by the Extract Multi Values to
Points tool, and the blank values were eliminated to construct the random forest model
samples. In this study, each image element of the raster was extracted to ensure sufficient
model training and validation samples. The main tuning parameters in the model training
process include the number of trees (ntree) and the number of features selected at each split
(mtry). After testing and parameter tuning, the number of trees was set to 1000 and the
number of features considered during splitting was set to 3. The training process of the
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random forest model was carried out in the R 4.2.3 environment using the randomForest
package. After the training was completed, the trained randomForest model for each city
was applied to the overall RSEI spatial distribution prediction for that city, and the residual
maps were drawn.

2.3.4. Accuracy Verification of Random Forest Models

The accuracy of the model is assessed by the coefficient of determination (R?), calcu-

lated as follows:
S res

Stot

where S, is the sum of squares of the difference between the simulated and actual values
of RSEI, which is the residual sum of squares. Sy is the total sum of squares.

In addition, the root mean square error (RMSE) and mean absolute error (MAE) of the
model are calculated by the following equations, respectively:

RZ=1

(5)

n
RMSE = \/iZ(RSEli — RSEL)? ©6)
i=1
18 .
MAE = = Y"|RSEL; — RSEL| )

i=1

where n denotes the number of pixels in the validation set, and RSEI; and RSEI; are the
actual RSEI values and model-simulated RSEI values, respectively.

3. Results
3.1. Analysis of Spatiotemporal Variation of the RSEI Long Time Series in Mining Cities
3.1.1. Changes in the Spatial Pattern of RSEI in Mining Cities

From 2001 to 2022, the remote sensing ecological index (RSEI) of mining cities changed
significantly (Figure 3a). In general, with the increase of urbanization and the expansion of
mining cities, the RSEI of the urban core area of mining cities in 2022 decreased significantly
compared with that in 2001, which is manifested by the deepening and widening of the red
area (low-value area) in the figure. For instance, this can be seen in Lishan District, Tiexi
District, and Tiedong District in northeast Anshan City and Haicheng City in the middle
of the city; Daye City in north Huangshan City; Huashan District and Yushan District in
north-central Ma’anshan City; and the central and western coastal areas of Changjiang
Lizu Autonomous County. The decline in RSEI is particularly significant in these areas,
reflecting the significant deterioration of ecological quality in the urban areas over the past
20 years.

On the contrary, urban mountain forests with high vegetation cover have a better
ecological quality, i.e., the green areas in the figure (high RSEI areas). These areas have
grown significantly in size since 2001, and the “green” part of the area has deepened. For
example, this can be seen in Xiuyan Manchu Autonomous County in the south of Anshan
City; She County in the southwest of Handan City; the forest farms in the central and
south-central part of Huangshi City and the mountainous areas around the Qingshan
Reservoir; and Taihu Mountain National Forest Park, Baifu’an, Xita, and Handongshan
forest farms in the western part of Ma’anshan City. Changes in the latitudinal distribution
of RSEI in mining cities (Figure 3b) and the latitudinal distribution of the number of mining
sites (Figure 3c) show some correlation in some cities. For example, the city of Anshan
shows an RSEI trough at 41° N latitude, where there are mines and cities distributed, which
together lead to a decrease in the mean RSEI value. In the central part of Panzhihua City
at 26.6° N latitude, dense urban areas and high-density mining sites combine to cause the
lowest RSEI mean value in the region. In the range of 19.2 to 19.3° N in the central part of
Changjiang Lizu Autonomous County, the number of mining sites is high and the mean
value of RSEl is also lower.
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Figure 3. Spatial and temporal changes in RSEI in mining cities, 2001-2022. Note: (a,b) represent

the spatial distribution of RSEI in 2001 and 2022, respectively, where greener colors indicate better

environmental quality and redder colors indicate worse quality; (c) The line charts reflect the mean

RSEI values for each latitude, with the light blue shadow representing the standard deviation of RSEI;

(d) The bar chart shows the number of mining areas corresponding to each latitude; (e) The density

plots illustrate the pixel distribution of RSEI from 2001 to 2022, with different colors distinguishing

the years.



Sustainability 2024, 16, 1447

11 of 29

3.1.2. The RSEI Pixel Distribution Characteristics and Mean Value Changes over the Years

The distribution results of RSEI pixels (Figure 3e) show that the overall distribution
of RSEI pixels in mining cities shows a pattern of more in the middle and less at both
ends. Most of the cities, such as Handan, Ma’anshan, Panzhihua, and Tangshan, show a
single peak distribution with only one peak of more concentrated RSEI pixels. Anshan City,
Huangshi City, and Changjiang Lizu Autonomous County show a bimodal distribution,
with two peaks widening over time, indicating that the RSEI pixel values are moving in two
opposite directions and the difference is gradually increasing. Specifically, areas with lower
environmental quality have experienced a continued decline, while regions with better
environmental quality show improvement. This divergence is prominently depicted in the
widening gap between the two peaks. Overall, Ma’anshan City has the highest multiyear
average value of RSEI (0.695), showing that its environmental quality is the best among
mining cities. Panzhihua City, which is a traditional mineral resource city, has the lowest
mean RSEI value (0.377), reflecting its poor environmental quality.

3.2. Analysis of Changes in the Spatial and Temporal Difference Characteristics of RSEI in Mining
Areas and Mining Cities

3.2.1. Differences in Spatial Patterns of RSEI

In order to deeply explore the spatial and temporal distribution characteristics of the
environmental quality in the mining areas of mining cities, this study divided the RSEI
values of mining cities in 2022 into 10 classes at 0.1 intervals and focused on observing
the typical mining areas (Figure 4a). By overlaying the analysis with the vector boundary
data of mining areas, it can be seen that the RSEI can well characterize the morphological
range of mining areas. There is a significant difference between the RSEI values of mining
and non-mining areas, with the RSEI values of mining areas being lower than those of
the surrounding green areas with higher vegetation cover. It is slightly higher than those
of impervious surface areas such as towns and residential areas. By extracting the RSEI
pixels in mining areas from 2001 to 2022 and comparing them with the citywide RSEI
pixel density (Figure 4b), it is observed that the peak RSEI density in mining areas of most
mining cities is generally lower than the citywide peak, especially in Anshan City, Handan
City, Huangshi City, and Panzhihua City, where this result is most obvious. In contrast,
the differences between the peak RSEI pixel densities in the mining areas and the city as a
whole in Ma’anshan City, Tangshan City, and Changjiang Lizu Autonomous County are
not significant.

3.2.2. Differences in Temporal Changes in RSEI

The mean values of the RSEI image pixels and their differences between the mining
areas and the city as a whole were further analyzed (Figure 4c). It can be seen that the
mean values of RSEI in the mining areas of Anshan, Handan, Huangshi, Panzhihua, and
Tangshan are always lower than the citywide mean. The temporal trends of the peaks and
troughs of the two can basically match, and there is significant consistency between the
changes in the mine area and the citywide mean value.

Specifically, the difference between the mine area and the citywide RSEI mean in
Anshan City has gradually increased since 2001, reaching a peak in 2013. The rapid
growth of the mean RSEI value in the mining area of Handan City and the decrease of the
difference year-by-year reflect the improvement of its ecological quality. In Huangshi City,
the variability of the two is more stable, with the difference always stabilizing at around
0.10. The mean RSEI value in the mining area of Ma’anshan City was once higher than
the citywide average until 2013, after which it began to decline, with the largest difference
in 2022. Panzhihua City’s citywide RSEI mean is on an upward trend, but the difference
between the mine and citywide means is widening each year. The difference between the
two is narrowing in Tangshan City, and the RSEI in the mining area is trending beyond
the citywide average. Changjiang Lizu Autonomous County has the smallest difference
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between the mine area and the citywide RSEI mean, and after 2010, the mine area mean is

always lower than the citywide mean.
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Figure 4. Ecological quality of mining areas in mining cities from 2001 to 2022. Note: From left to
right, the figures depict the geographical location of mining areas, (a) magnified image of selected
mining areas, and the corresponding distribution of RSEI; (b) The density plot show the distribution
of RSEI pixels in mining cities and areas; (c) Green and red colors represent the average RSEI values of

mining cities and areas from 2001 to 2022, respectively, while blue represents the absolute difference
between the two. The larger the blue dot, the greater the difference in the average RSEI values

between the two.
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3.3. Analysis of the Gradient Change in RSEI along the Distance from the Mine Site

According to the mine vector boundaries, buffer gradients at 1 km intervals were
created in ArcGIS to explore the variation in the mean values of the RSEI (Figure 5). The
process of zonal statistics of the year-by-year mean values of the RSEI and fitting the trend
to the multiyear mean values was done in R 4.2.3, where the mean value of all image pixels
within the mine was computed when the distance was 0. The average value of all image
elements within the mine was calculated when the distance was 0.
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Figure 5. The relationship between RSEI and the distance to the mine from 2001 to 2022.

For most of the mining cities studied in this paper, there is a significant process of
incremental increase (improvement) in the mean RSEI value as the distance to the mine
increases. The speed of the increment is different in different cities, and there are differences
in the critical distance at which the increment stops or stabilizes and decreases. Anshan has
the most significant incremental trend of RSEI mean, reaching the peak of RSEI at a buffer
distance of 4 km from the mine, after which it declines slightly and then fluctuates upward.
In Handan, the RSEI increases with distance to the mine and reaches its maximum value
at 18 km. In Huangshi City, the RSEI shows a fluctuating upward trend with the increase
of distance to the mine, and reaches the peak at 27 km, at which time the mean value of
RSEI is 0.774. In Ma’anshan City, the RSEI shows a decreasing and then increasing trend
with the increase of distance, with a trough at 13 km, and after that, the RSEI rises rapidly.
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Panzhihua City RSEI has been in an increasing trend in the first 15 km, after which the RSEI
bands around 0.41. Tangshan City overall decreases first and then rises, and the 11 km
distance to the mine is the transition point of decline to rise. Changjiang Lizu Autonomous
County is in a wave upward trend in the first 11 km.

3.4. Analysis of the Relationship between RSEI and Mine Area

The area of each mining area was calculated in ArcGIS, and the RSEI mean value of
each mining area was extracted for analysis (Figure 6). Mining areas were divided into
different area intervals for statistical purposes: <0.25 km?, 0.25~0.5 km?, 0.5~0.75 km?,
0.75~1 km?, and = 1 km?. The RSEI values of the mining areas in Anshan City were
negatively correlated with the area of the mines, and the trend was the most significant
among the seven mining cities. The mean value of RSEI was as high as 0.681 for mine
areas smaller than 0.25 km?, and decreased to 0.432 for mine areas larger than 1 km?2 The
RSEI values of Huangshi and Tangshan also showed a decreasing trend with the increase
of the mine area, although the trend was more moderate. The relationship between the
RSEI value and the mine area in Handan is not obvious, and the mean value fluctuates
between 0.332 and 0.382. The RSEI of Ma’anshan City and Changjiang Lizu Autonomous
County showed a decreasing and then increasing trend with increasing mine area, with
Ma’anshan City having the lowest RSEI, in the interval of 0.5 to 0.75 km?, and Changjiang
Lizu Autonomous County having the lowest RSE], in the interval of 0.75 to 1 km?2. Unlike
other cities, the RSEI of mining areas in Panzhihua City first increased and then decreased
with the increase in area.
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Figure 6. The relationship between RSEI and mine area size from 2001 to 2022. Note: Scattered dots
of different colors indicate outliers for the corresponding year.
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3.5. Analysis of Driving Factors of RSEI in Mining Cities
3.5.1. Driving Factors and Processing

Ten potential drivers, including mining factors, were selected for the study (Figure A1,
in Appendix A), including natural environment (DEM, slope, precipitation) and socioe-
conomic factors (GDP, night lighting, electricity consumption). In addition, important
environmental data such as CO, emissions and PM2.5 concentrations, which are commonly
used by the government to monitor mining areas, were also considered. At the same time,
the distance to the mine and the percentage of the mining area analyzed in the previous
section were taken into account to fully analyze the influence of these mining factors on
the ecological quality of mining cities. Since the area of the mining area is small compared
with the total area of the city, this study adopts the focus statistics tool in ArcGIS to set up a
10 km x 10 km analysis window. It was converted to calculate the percentage of mining
area within each 100 km? and used as a potential driving variable affecting the quality of
the environment. In addition, to unify the analysis, the RSEI data were resampled to 1 km
resolution by bilinear interpolation and pixel-aligned with the driving factors data.

3.5.2. Correlation of RSEI with Factors

The results of the image-by-image correlation analysis between RSEI and each driver
are shown in Figure 7a. RSEI showed a negative correlation with the percentage of mine
area (MineA), indicating that the environmental quality is poorer in areas with a larger
percentage of mine area. In most cities, RSEI is positively correlated with the distance
from the mine area (DisM), indicating that the closer the city is to the mine area, the
worse the environmental quality. Conversely, the further the city, the better the ecological
quality. This is consistent with the results of the previous analysis. In addition, RSEI is
negatively correlated with PM2.5 content (PM2.5) in the majority of mining cities, while it
shows a weak positive correlation in Changjiang Lizu Autonomous County and Ma’anshan
City (R < 0.20). RSEl is always negatively correlated with carbon dioxide emission (CO;).
RSEI is negatively correlated with electricity consumption, reflecting the socioeconomic
activities of human beings (Elec), and the intensity of nighttime lighting (NTL) and Gross
Domestic Product (GDP) were also generally negatively correlated, but the correlation
between RSEI and GDP in Changjiang Lizu Autonomous County was weakly positive
(R =0.11). The correlation between RSEI and annual precipitation varied from city to city;
for instance, the correlation between RSEI and annual precipitation in Anshan City and
Panzhihua City was significantly positive (R > 0.55), whereas the correlation between RSEI
and annual precipitation in Ma’anshan City was negative (R = —0.32). For elevation (DEM)
and slope (Slope), RSEI was positively correlated with both (R > 0.20). The higher the
elevation and the greater the slope, the better the quality of the environment.

3.5.3. Results of Random Forest Regression Model

The model explained more than 80% of the data variability in all mining cities (shown
as % Var, and explained in Figure 7g), indicating its high accuracy and reliability in
simulating RSEI. The simulation results from the validation set were analyzed by plotting
scatter plots of modeled RSEI versus observed RSEI, and calculating R?, RMSE, and MAE
to assess the effectiveness of the model (Figure 7c). The results show that the model fits
relatively well in all cities, with R? values exceeding 0.80. The model simulates smaller
errors, with RMSE and MAE values below 0.1. In particular, the model in Changjiang Lizu
Autonomous County fits the best, with an R? of 0.947, implying that the model is able to
account for 94.7% of the variability in the data. Handan has the smallest prediction error
among all mining cities, with an RMSE of 0.038 and an MAE of 0.028, the highest simulation
accuracy. However, the model also suffers from a small amount of bias. As seen against the
1:1 line, the model is slightly overestimated in the low RSEI area and underestimated in the
high RSEI area (RSEI > 0.60).
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Figure 7. Correlation of drivers with RSEI and random forest regression results. Note: DEM, Slope,
Prec, GDP, NTL, Elec, CO,, PM2.5, DisM, and MineA are elevation, slope, annual precipitation, GDP,
nighttime light intensity, electricity consumption, CO, emissions, PM2.5 content, distance to the mine,
and percentage of the mine area within 100 km?. In reference to (b), AS: Anshan, HD: Handan, HS:
Huangshi, MAS: Ma’anshan, PZH: Panzhihua, TS: Tangshan, and CJ: Changjiang.
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Applying the trained model to the RSEI simulation of the whole city (Figure 7d) and
comparing it with the original RSEI (Figure 7e) shows that the model is able to characterize
the RSEI of different areas more accurately, and accurately identify the high and low-
value areas of the RSEIL The residuals between the simulation results and the original
values were further calculated (Figure 7f). The results show that the underestimation of
the RSEI of some image elements can be seen in the high RSEI value areas with higher
vegetation cover. However, the distribution of residuals generally shows randomness
without obvious systematic bias, indicating that the model fit is reliable. The random forest
model constructed through these 10 influencing factors has validity and applicability in the
simulation of RSEI in mining cities.

3.5.4. The Importance of the Driving Factors

The relative importance of the 10 key factors to RSEI was assessed by plotting their
percent reduction in simulation error (% IncMSE) (Figure 7g). In Anshan City, the most
significant factor affecting RSEI was GDP, with an IncMSE of 94.17%, followed by distance
to the mine (79.53%), nighttime light intensity (77.66%), slope (77.49%), and terrain height
(DEM, 70.89%). In Handan, the factor that most influenced RSEI was also GDP, with an
IncMSE of 130%, followed by precipitation (95.47%), distance to the mine (88.61%), and
slope (70.11%). In Huangshi, Ma’anshan, and Panzhihua, DEM was the most critical factor
influencing RSEI, with IncMSEs of 115.36%, 79.64%, and 108.68%, respectively. In Tangshan
City, PM2.5 had the most significant effect on RSEI, with an IncMSE of 167.15%, followed
closely by distance to the mine (161.14%), GDP (129.59%), DEM (119.04%), and precipitation
(118.36%). The major factors affecting RSEI in Changjiang Lizu Autonomous County were,
in order, distance to the mine (48.71%), slope (46.24%), precipitation (43.21%), and DEM
(39.37%).

4. Discussion
4.1. Applicability of the RSEI Model Applied to the Assessment of Ecological Quality in
Mining Cities

RSEI shows good applicability not only in the small-scale ecological quality assessment
of mining areas [90,91], but also in coastal zones [92] and urban agglomerations [72]. It sug-
gests that RSEI is suitable for both local-scale fine analysis and large-scale comprehensive
studies. In this study, RSEI was applied to assess the ecological quality of mining cities,
focusing on the specific situation within the mining area as well as examining the impacts
of mining activities on the entire mining city from a macro perspective.

In terms of the comprehensive assessment of mining cities, this study utilized the
PIE-Engine cloud platform to quantitatively analyze the 2001-2022 RSEIs of seven typical
mining cities. The main features of the four key environmental indicators were effectively
integrated through the principal component transformation method [93] (Table Al). Zoom-
ing in on the local details (Figure 4a), for example, the low RSEI area of Handan is highly
consistent with its “1237” new town pattern (a specific urban planning structure in Handan
consisting of one central city area, two subcentral areas, three regional subcenters, and
seven county centers). It correctly reflects the rapid development of the city’s subcenters
and regional subcenters and their impact on the ecological environment. This is consistent
with the multicenter urban-rural development pattern of Handan, which verifies that RSEI
can accurately capture the urban ecological spatial structure. In addition, the superposition
of RSEI with the vector boundaries of the mining area shows that RSEI can well characterize
the boundary extent of the mine area, and coincides with the results of the remote sensing
images. The trend of environmental quality in Panzhihua City in this study is basically
consistent with the conclusion that the environment of Panzhihua City has been improving
from 2001 to 2020 in Dai et al. [94]. These show that RSEI has high applicability and
objective accuracy as an indicator for assessing the environmental quality of mining cities.
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4.2. Advantages of Cloud Computing Platforms and Comparison with GEE Platforms

In this study, the remote sensing ecological index (RSEI) and the rasters of driving
factors were generated using the PIE-Engine cloud computing platform, and the data were
derived from the cloud platform. Desktop-based remote sensing typically involves down-
loading and preprocessing a large volume of geospatial data, which is a time-consuming
and computationally intensive process [43]. In contrast, cloud computing platforms di-
rectly utilize data and algorithms stored on servers, eliminating the need for cumbersome
data downloading and preprocessing steps [95], thereby significantly enhancing efficiency.
Especially in batch processing and long-term data analysis, cloud platforms offer replicabil-
ity, scalability, and efficient resource utilization [52,96,97], which substantially reduce the
time required for long-term RSEI mapping. Meanwhile, remote sensing cloud computing
platforms make it easier for researchers to publish their research results for decision-makers
and even the public [98].

Compared with Google Earth Engine (GEE), PIE-Engine features a built-in principal
component analysis (PCA) capability, enabling users to quickly perform principal com-
ponent transformations. In contrast, we found that implementing PCA on GEE usually
requires manually writing complex code or referencing external libraries. Furthermore,
compared with the GEE platform, PIE-Engine, as a Chinese-developed remote sensing
cloud computing platform, integrates a vast array of high-resolution data, such as Gaofen
satellite series data, which is not available on the GEE platform. Therefore, PIE-Engine is
particularly suitable for research focused on the Chinese region, which is also the reason
for our choice of this platform. Consequently, this study suggests that scholars in related
research can consider using the PIE-Engine platform when performing this part of the work.

4.3. Impact of Mining Activities on the Quality of the Ecological Environment in Mining Cities

For mining cities, mining activity is an important human activity. Its impact on the eco-
logical environment is often overlooked [99]. However, it not only causes serious damage to
the ecological environment, but even accelerates its deterioration process [100]. Therefore,
mining, as the most dominant industry in mining cities, is considered in this study as
deserving to be taken into account when assessing the environment and the economy of
mining cities. Existing studies have shown that mining activities have significant negative
effects on the ecological environment [101]. Even around closed mining areas, ecological
disturbances due to construction development still exist [102]. Although studies have
been conducted to reveal the environmental impacts of open-pit mining [91], there is still
a lack of comprehensive understanding of the extent of disturbance in mining areas, the
variability of ecological impacts of mines of different sizes, and the extent of ecological
impacts of mining activities compared with natural and economic and social activities.

To deal with this problem, this study innovatively explores and analyzes in depth
the interactions between RSEI and mining activities in terms of two dimensions: distance
to the mine and mine area. It shows that mining activities are significantly destructive to
the ecological environment of mining cities, similar to urbanization (Figure 4a). Further
analysis shows that the closer the area is to the mining area, the more destruction to the
ecological environment (Figure 5). The impact of mines on the ecological environment
shows significant changes along the distance gradient. For example, in Tangshan City,
although the disturbance of the surrounding environment by the mining area is relatively
small and weaker than that in other cities, a significant upward trend occurs within a 3 km
range. Pixel-by-pixel correlation analysis (Figure 7b) further confirms that the positive
correlation between RSEI and distance is strong (R > 0.45) in mining cities such as Panzhihua
and Ma’anshan. These results suggest that the ecological problems caused by mining
activities are not limited to the mining area itself, but extend to the surrounding area, and
their negative effects diminish with increasing distance. This is consistent with the findings
of Niu et al. [103] and Song et al. [104]. With the promotion of the concept of sustainable
development, ecological restoration of mining areas is imperative [105]. When managing
the ecological environment of mining cities, special attention should also be paid to the
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ecological condition of the areas closer to the mining area. This finding offers significant
implications for mining policy formulation. Firstly, policies should prioritize areas near
mines, possibly implementing stricter environmental protection measures for these regions.
Secondly, this finding may prompt urban planners and policymakers to reconsider the
layout of mining activities, such as limiting or adjusting mining operations close to cities to
mitigate negative impacts on the surrounding environment, thereby promoting sustainable
development in mining cities.

This study also found that the size of the mining area affects its RSEI In most mining
cities, RSEI is negatively correlated with the size of the mining area (Figure 6). This
may be due to the fact that, in the early stage of mining, the size of the mining area is
small, the construction of supporting facilities is incomplete, and the land occupation of
mining buildings and construction waste affects the ecological environment to a lesser
extent [106]. However, with the increase of mining volume, the size of the mining area
expands accordingly [107], which may lead to the reduction of surface runoff, or it may
even completely disappear and transfer to the underground, exacerbating the deterioration
of the ecological environment [108]. However, the relationship varies from city to city. For
example, the situation in Panzhihua City is different from that in other cities. In addition,
the ecological quality of large mines may sometimes be better than that of small mines
(Figure 6). This may be related to stricter management by large mining companies and
close monitoring by the government. According to the notice issued by the Ministry of
Natural Resources of China on “Further Strengthening the Construction of Green Mines”,
it is required that, by the end of 2028, all large mines and 80% of medium-sized mines in
China should meet the requirements of green mine standards. As for small mines, localities
are encouraged to enhance their management in accordance with green mine standards,
considering their specific conditions.

In conclusion, changes in the scale of mining areas are crucial for ecological man-
agement. In addition to paying attention to the ecological environment in the vicinity of
mining areas, we should be alert to the fact that small mines are increasing their mining
efforts to generate more profit and stay open, causing the size of the mining area to expand
and thus exacerbating damage to the environment.

4.4. Key Driving Factors for RSEI in Mining Cities

There is significant spatial heterogeneity in the ecological quality of the region [109].
To explain this situation, it is crucial to identify its key driving factors and clarify the
interactions between these factors and the environment. It is also key to developing and
implementing ecological policies for targeted mining cities. In this study, during the
construction of the random forest model, the RSEI value of each pixel in the study area and
its corresponding driving factor value were extracted. Of the pixels, 70% were used for
random forest model construction, and 30% for model validation [70]. The importance of a
factor was assessed by calculating the degree of decrease in the average accuracy of the
model (% IncMSER). The greater the decrease in accuracy, the greater the importance of the
factor in explaining the RSEI [110]. Finally, by ranking the % IncMSER values of the factors
from highest to lowest (Figure 7g), the importance of each factor to the ecological quality of
mining cities can be clarified, with larger values indicating higher importance of the factor.
Further, this study obtained a comprehensive ranking of the importance of the factors by
ranking the importance of each factor in different cities (Figure 7g) and calculating the
comprehensive ranking (Figure 8). The smaller the value of the overall ranking (the shorter
the bar), the higher the combined importance of the factors across the cities. Combining
the data from the seven mining cities, the order of importance is distance to mine > DEM
> GDP > Precipitation > Slope > PM2.5 concentration > CO, emissions > Nighttime light
intensity > Percentage of mine area > Electricity consumption.
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Figure 8. Importance ranking of drivers. Note: The smaller the value, the more important the factor.
DEM, Slope, Prec, GDP, NTL, Elec, CO,, PM2.5, DisM, and MineA are elevation, slope, annual
precipitation, GDP, nighttime light intensity, electricity consumption, CO, emissions, PM2.5 content,
distance to the mine, and percentage of the mine area within 100 km?.

This study indicates that the distance to the mine is the most critical factor for ecological
quality in mining cities and is a promoting sensitivity factor for RSEI. Elevation was second
only to the distance to the mine and ranked first in importance in all three mining cities.
Slope ranked fifth, possibly due to the fact that there are fewer anthropogenic activities in
high-elevation and steep areas [111], which cause relatively less damage to the ecological
environment. This is in line with the high-high aggregation characteristics of RSEI in
high-elevation areas in Xiong et al.’s study [14]. On the contrary, human activities are more
frequent in plain areas with flat topography [112], together with ground subsidence caused
by mining activities [113], vegetation degradation [114], and obstruction of plant growth
by abandoned mine tailings [115], leading to lower RSEI values. Therefore, elevation and
slope are also promoting sensitivity factors for RSEI.

GDP, as an inhibitory sensitivity factor, ranked third in influencing RSEI and showed
a negative correlation with RSEI (Figure 7b). This reflects the negative correlation between
economic growth and ecological degradation. Mineral resources form the basis of national
economic growth [116], and in cities where mining is the main economic contributor, extrac-
tion and utilization of economic growth and the destruction of the ecological environment
form a “double-edged sword” effect [117]. How can these cities best manage this double-
edged sword? The role of mining policies becomes crucial. Considering the negative
correlation between GDP and RSEI, the economic growth driven by mining can lead to
ecological harm if not managed carefully. Therefore, the balance between mining economic
development policies and environmental protection policies is particularly critical in min-
ing cities. The importance of CO, and PM2.5 ranks after slope. The increase of greenhouse
gas content in the atmosphere is the main cause of global warming [118]. In particular, the
mining industry consumes large amounts of energy and produces large carbon emissions
during extraction and processing [119], which places a significant ecological burden on the
region. Furthermore, deforestation caused by mining activities indirectly leads to the loss
of vegetation and contributes to CO, emissions [120]. These are the reasons for the negative
correlation between CO, emissions and RSEI in mining cities. PM2.5 concentration is
one of the main reasons for haze pollution, which directly affects urban air quality [121].



Sustainability 2024, 16, 1447

21 of 29

In addition, PM2.5 is a major pollutant in the air of open-pit mining [122], which is an
important indicator widely used by local governments to monitor the compliance of mining
production. Previous studies have shown that Huangshi City has experienced frequent
haze in recent years due to coal-based metal smelting [123]. The RSEIs of Panzhihua
City, Handan City, and Anshan City all showed a strong negative correlation with PM2.5.
Therefore, CO, and PM2.5 are inhibitory retardation factors for RSEL

Nighttime light intensity, percentage of the mine area, and electricity consumption
were less important relative to the other factors. Nighttime light intensity usually reflects
the degree of urbanization [124], and the negative correlation with RSEI indicates lower
ecological quality in urban areas. Although electricity is the most important source of
energy consumption in the mining industry [125], electricity consumption and mining area
are both weakly correlated with the RSEI, reflecting their relatively limited impact on the
ecological environment. In summary, these factors are weak inhibitory factors of RSEL

4.5. Limitations and Prospects

This study also has some limitations. First, due to data time constraints, this study
focuses mainly on 2019 in its driver analysis and random forest simulation, and fails to
cover drivers in the early 21st century. A timespan of more than 20 years may trigger
significant changes in the drivers of mining cities. The dynamics of the drivers need to be
studied in greater depth in order to better understand the dynamic development of mining
city ecosystems and thus optimize policy formulation and renewal. Second, this study
analyzed the relationship between mine distance and RSEI by taking a macroscopic view
of all mine sites in mining cities as a whole [126]. However, in addition to the mine, the
impacts of surrounding mines and cities also need to be considered, especially when the
distance between the mine and the city reaches a certain range [127]. Their combined effects
may complicate the situation, which deserves further exploration. Third, this research
utilizes MODIS data for annual-scale quantitative analysis of RSEI changes. The frequent
revisit cycle of MODIS data, offering more cloud-free images, lays the groundwork for
future studies with higher temporal resolution. Further refinement of the temporal scale,
such as seasonal and monthly environmental monitoring studies of mining cities, will be
our focus moving forward.

In mining cities, mining serves as the pillar industry of the city’s economy, while the
ecological environment is related to the healthy development of the city. To balance the
relationship between the two and promote the joint development of mines and the economy,
the guidance and direction of relevant policies are of great importance. Human activities
do not only have negative impacts on ecosystems [128]. Positive ecological impacts are
also possible with proactive measures [72]. Therefore, this study improves the ecological
environment evaluation system of mining cities. It is proposed that, in the evaluation
of the environmental quality of mining cities, it is reasonable to consider the influencing
factors of their own characteristics in order to obtain a reasonable driving relationship. It is
of great significance for comprehensively assessing the ecological environment status of
mining cities and formulating locally adapted ecological management and environmental
protection strategies.

In addition, the methodology of this study has some generalization value. The evalua-
tion methodology based on the PIE-Engine cloud platform can be applied to other mining
cities in China and even globally. Meanwhile, for other types of cities in China, such as
forest resource cities, harbor cities, heavy industry cities, etc., relevant industrial factors
can also be appropriately introduced when conducting ecological environment assessment.

In conclusion, the ecological quality evaluation system of mining cities in this study
has a wider application value for decision-makers than previous ecological quality studies.
In the future, this study will continue to improve the evaluation indexes and carry out
more research on spatial and temporal scales.
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5. Conclusions

In this study, a remote sensing ecological index (RSEI) was rapidly constructed with
the help of the PIE-Engine cloud platform to assess the environmental quality of seven
typical mining cities in China from 2001 to 2022. By comprehensively analyzing multiple
factors, such as nature, economy, and mining, the spatial and temporal evolution of the
ecological environment and its driving forces in these cities were explored. The results of
the study showed that (1) there were significant changes in the quality of the ecological
environment in the mining cities during the study period, with mining activities being
the main factor contributing to the deterioration of the ecological environment. (2) The
areas with low RSEI values are closely related to the distribution of mining areas and cities,
showing the destructive effect of mining on the ecological environment. (3) The RSEI of
mining areas in most mining cities is lower than the average value of cities. As the distance
from the mining area increases, the RSEI gradually rises, reflecting the gradual weakening
(or destructive) of the impact of mining on the ecological environment. (4) The increase in
the mine area exacerbated the deterioration of the ecological environment, but the degree
of its influence was weakened after reaching a certain threshold. (5) The distance from the
mining area was the most critical factor affecting the quality of the ecological environment.
The combined importance of the drivers was ranked as follows: distance to mine > DEM
> GDP > precipitation > slope > PM2.5 concentration > CO, emissions > nighttime light
intensity > percentage of the mine area > electricity consumption.

This study proposes a methodological framework based on the PIE-Engine platform
for efficiently assessing the ecological quality of mining cities, and innovatively considers
drivers in the context of urban industries in the evaluation process. The study suggests that
factors related to mining activities should be included in similar assessments of mining
cities to obtain more comprehensive assessment results. The insights gained from this study
and the discussions can help guide the formulation of strategies and policies to ensure the
sustainable development of mining cities.
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Figure A1. Driving Factors. Note: DEM, Slope, Prec, GDP, NTL, Elec, CO,, PM2.5, DisM, MineA are
elevation, slope, annual precipitation, GDP, nighttime light intensity, electricity consumption, CO,
emissions, PM2.5 content, distance to the mine, and percentage of the mine area within 100 km?.

Table A1. The first principal component in PCA analysis of 2001-2022.

Mining City Index 2001 2004 2007 2010 2013 2016 2019
Anshan NDVI 0.510 0.566 0.561 0.595 0.641 0.543 0.530
WET 0.272 0.183 0.131 0.114 0.023 0.231 0.140

NDBSI —0.619 —0.624 —0.610 —0.623 —0.601 —0.620 —0.619

LST —0.532 —0.507 —0.544 —0.495 —0.476 —0.517 —0.562

Contribution (%) 62.444 65.938 66.907 70.017 73.715 72.669 71.917
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Table Al. Cont.

Mining City Index 2001 2004 2007 2010 2013 2016 2019
Handan NDVI 0.589 0.603 0.592 0.560 0.596 0.512 0.502
WET 0.071 0.012 0.034 0.063 0.101 0.229 0.226
NDBSI —0.498 —0.571 —0.568 —0.617 —0.472 —0.468 —0.496
LST ~0.633 ~0.557 ~0.571 ~0.549 —0.641 —0.683 ~0.671
Contribution (%) 56.012 55.623 56.489 55.674 60.350 61.235 61.852
Huangshi NDVI 0.451 0.553 0.411 0.570 0.495 0.499 0.522
WET 0.220 0.126 0.214 —0.015 0.122 0.075 0.122
NDBSI —0.587 —0.614 —0.605 —0.665 —0.654 —0.654 —0.620
LST —0.636 ~0.549 —0.648 —0.482 ~0.559 —0.564 ~0.572
Contribution (%) 56.012 55.623 56.489 55.674 60.350 61.235 61.852
Ma’anshan NDVI 0.079 0.212 —0.170 0.695 0.650 0.611 0.656
WET ~0.735 —0.812 0.777 —0.682 —0.241 —0.175 —0.349
NDBSI 0.481 0.372 —0.430 —0.212 —0.521 —0.619 —0.590
LST 0471 0.396 —0.428 —0.086 —0.498 —0.462 ~0.316
Contribution (%) 62.295 56.179 48.250 51.023 47.683 52.300 50.155
Panzhihua NDVI 0.636 0.486 0.327 0.366 0.569 0.370 0.357
WET 0.104 —0.175 —0.244 —0.166 —0.063 —0.175 —0.266
NDBSI ~0.030 0.290 0.491 0.359 0271 0.506 0.485
LST 0.764 0.805 0.769 0.842 0.774 0.760 0.753
Contribution (%) 50.872 51.301 57.600 53.516 50.098 58.150 57.755
Tangshan NDVI 0.265 0.379 0.391 0.450 0.460 0.436 0.399
WET 0.380 0.353 0.412 0.312 0.264 0.370 0.298
NDBSI —0.545 —0.545 —0.337 —0.404 —0.494 —0.450 —0.374
LST —0.699 —0.659 —0.751 —0.733 —0.690 —0.686 —0.783
Contribution (%) 70.957 67.091 66.187 70.512 69.402 70.161 73.519
Cangjiang NDVI 0.358 0.357 0.268 0.262 0.179 0.244 0.273
WET 0.371 0.358 0.322 0.392 0.272 0.392 0.390
NDBSI —0.555 —0.648 —0.657 —0.655 —0.640 —0.644 —0.639
LST —0.653 —0.570 —0.627 —0.590 —0.696 —0.611 —0.604
Contribution (%) 77.137 86.831 84.226 86.643 81.287 87.124 85.311
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