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Abstract

:

The quality of the ecological environment determines human well-being, and the degree of ecological environment quality has a significant impact on regional sustainable development. Currently, the assessment content of ecological environment quality in Luoyang is relatively single-indicator-based and is insufficient to comprehensively reflect the changes in the ecological environment quality of Luoyang city. Therefore, the study aims to use the Remote Sensing Ecological Index (RSEI), a comprehensive evaluation model, with Landsat remote sensing images and statistical yearbooks as the data sources, to evaluate the spatiotemporal dynamic changes in the ecological environment quality of Luoyang city from 2002 to 2022 through trend analysis and mutation testing; the study employs geographical detectors to analyze the driving factors about the changes in ecological environment quality. The study found that: (1) the average RSEI value in Luoyang city has increased by 0.102 in the past 20 years, indicating an overall improvement in the ecological environment quality of Luoyang city. (2) The northern region of the study area has lower RSEI values, while the southern region has better ecological environment quality, which corresponds to the fact that the northern part of Luoyang city has intensive human activities, while the southern part is characterized by higher vegetation coverage in mountainous areas. (3) The proportion of areas with medium and above ecological environment quality grades have increased from 47.2% to 67.5%, indicating a positive trend in future ecological environment quality changes. (4) The population change was the strongest single factor influencing the ecological environment quality change in Luoyang city. The interaction between temperature and GDP was relatively the strongest. The current ecological environment status in the study area is the result of the combined effects of natural and anthropogenic factors. The research conclusions contribute to improving regional ecological environment quality and are of great significance for the regional ecological environment planning and the achievement of sustainable development goals.
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1. Introduction


The ecological environment is a complex system comprising society, economy, and nature; a high-quality ecological environment is crucial for the survival of humans and the sustainable development of society and economy [1]. With the rapid economic development in China and the ongoing process of urbanization, the environmental quality in some regions has been seriously affected [2]; this conforms with the ecological marketing phenomenon proposed by Popescu et al. [3,4]. People often become aware of the environmental issues that arise, yet they fail to take actions to protect the ecosystem. The changes in the ecological environment affect various aspects, bringing a series of challenges. Knowing how to respond to these challenges is crucial, and accurate monitoring and analysis of environmental quality can provide a reliable scientific basis for green development in the region.



As the global ecosystem continues to suffer from severe human activities of varying scales, significant population growth and rapid social and economic development have led to a series of serious ecological environment problems [5]. Wang et al. [6] proposed that the issue of carbon emissions caused by economic growth is becoming increasingly prominent. The intensification of urbanization has significant impacts on both economic growth and environmental quality [7,8]. Urbanization is a global issue, and its impact on the ecological environment requires extensive technological and methodological detection and assessment [9,10]. Remote sensing technology, as an effective means of quantitative monitoring of environmental quality, has been widely applied [11]. With the worldwide development of remote sensing technology, the spatial–temporal resolution of remote sensing images continues to improve. Some scholars have attempted to estimate ecological environment quality entirely based on remote sensing images. However, a single index, such as the Normalized Difference Vegetation Index (NDVI), has difficulty representing the quality of the ecological environment. Whether it is evaluating wetland ecology with a water index [12] or inferring vegetation growth status with the Leaf Area Index [13], they ignore the joint effects of other natural factors on the ecological environment. Therefore, there are a series of problems such as one-sided evaluation results and difficulties in convincingly justifying the evaluation results.



In 2013, Xu et al. [14] proposed a comprehensive ecological evaluation method called Remote Sensing-based Ecological Index (RSEI). The method uses four indicators to comprehensively evaluate the ecological condition of a region, effectively solving the one-sidedness problem of the conventional single-indicator evaluation method. RSEI has been widely applied in areas with different ecological conditions. The RSEI index supports the efficient display of regional ecological quality images using remote sensing data, allowing researchers to more intuitively evaluate the ecological status of continuous land cover. Yang et al. [15] studied the spatiotemporal changes and driving factors of the ecological environment quality in the Yangtze River Basin based on RSEI and obtained the overall characteristics of the ecological quality in the region. RSEI is a comprehensive evaluation index, which is based on widely covered and long-term remote sensing data, that allows for a quick and effective evaluation of the ecological environment. Chen et al. [16] created an improved Remote Sensing Ecological Index, using an entropy-weighted method that considers the temporal and seasonal characteristics of urban environmental changes. They quantified the impact of human activities on the urban ecological environment quality through a geographically weighted regression model. The objectivity and rationality of the evaluation results are guaranteed, as this index is not affected by ground survey data or factor weighting, and thus has strong promotion value in ecological evaluation and monitoring applications.



There are many factors that influence the quality of the ecological environment, including social, economic and terrain factors. The city of Luoyang in the province of Henan has significant differences in terrain distribution, with the south being mostly mountainous and the north being densely populated urban areas, making it a typical integrated plain-mountain city. Presently, research on Luoyang’s ecology mainly focuses on analyzing the changes in ecosystem service value [17] caused by land use changes or using water ecological energy values [18] to analyze water ecological system issues, while ignoring the interaction of multiple economic and social factors as well as the spatial heterogeneity of changes within Luoyang. Ecological quality monitoring has a double spatial–temporal feature, and the factors affecting changes in ecological quality are divided into single-factor and dual-factor effects. Therefore, this paper mainly focuses on the following aspects for Luoyang: (1) What are the spatial–temporal distribution characteristics of RSEI in Luoyang in the past 20 years? (2) What is the trend of future changes in ecological environment quality in Luoyang? Which areas will improve, and which areas will decline? (3) What are the causes and influencing factors of the temporal–spatial characteristics that have led to changes in ecological environment quality in Luoyang? A comprehensive analysis of Luoyang’s ecological environment quality was conducted, which is of great significance to the local green living and sustainable economic development.




2. Materials and Data


2.1. Study Area


Luoyang city in the province of Henan is located between longitude 112°16′–112°37′ E and latitude 34°32′–34°45′ N. It is situated in the middle and lower stages of the Yellow River, and it is an ecologically important site in the Yellow River Basin, where three major watersheds and five major rivers converge. Luoyang is also a key node and regulatory city for high-quality development in the region [19]. The city features a warm temperate continental monsoon climate and is characterized by concentrated urban areas in the north, while the south is mostly mountainous (as shown in Figure 1). Overall, the terrain of Luoyang presents high terrain in the west and south, while low terrain in the east and north with complex high and low undulating topography, which is the starting point of the ancient overland Silk Road.




2.2. Data Sources and Preprocessing


This study selected 21 Landsat5 TM images data and Landsat8 OIL/TIRS data from 2002 to 2022 from the Google Earth Engine (GEE) platform database of remote sensing data. Different seasons have different surface dry/wet conditions and vegetation growth states. To reduce the differences caused by seasons during remote sensing data monitoring, summer Landsat images from June to September of each year were selected. The images were preprocessed through atmospheric and geometric correction, and then the average images for the target months of the year were composited using a cloud removal method. Some images showed missing data after cloud removal. This study used adjacent year images from the same time period to fill in these gaps. In addition, there were no Landsat5 or Landsat8 data from June to September 2012. These days used the Landsat7 dataset, and for images with band noise, the filling method was used to supplement the data. Because water bodies have a certain impact on the calculation of humidity indicators, an improved modified normalized difference water index (MNDWI [20]) was used to mask out image data that includes water bodies. According to the research objectives, land cover data were divided into seven categories: cultivated land, grassland, forest, artificial surfaces, water body, wetlands, and bare land (as shown in Figure 2). This was completed in preparation for accurately identifying their spatial dynamic changes in subsequent analyses. Population data and GDP, which were factors that influenced the ecological environment quality, were obtained from the Statistical Yearbook of Henan Province https://tjj.henan.gov.cn/tjfw/tjcbw/tjnj/ (6 May 2023). The temperature and precipitation data were obtained from the “ECMWF/ERA5/MONTHLY” dataset provided by the GEE platform. The land cover data were downloaded from the Global Land Cover Dataset (GlobleLand30), a publicly available global geospatial information product http://www.globallandcover.com/ (1 February 2023). The digital elevation model (DEM) data were acquired from the official website of Geospatial Remote Sensing Data Hub https://www.gisrsdata.com/data-gis/ (1 February 2023).





3. Methodology


Remote Sensing Ecological Index (RSEI) is a comprehensive evaluation system, which is based on natural factors unaffected by human activities, and directly related to the quality of the ecological environment, including humidity, greenness, dryness, and thermal indicators, which are combined with remote sensing technology to objectively assess the ecological environment. Relevant research [21] indicates that greenness, humidity, thermal, and dryness are crucial components of an ecosystem and also the most important indicators for human perception of ecological conditions. Therefore, they are frequently used to assess ecological quality. Using RSEI as the evaluation index, this study investigated the ecological environment status of Luoyang city from 2002 to 2022. The four indicators of greenness, humidity, thermal, and dryness were represented by the Normalized Difference Vegetation Index (NDVI), Wet component, Land Surface Temperature (LST), and Normalized Difference Soil Index (NDSI), respectively. RSEI index was constructed by normalization and Principal Component Analysis (PCA [22]) to dynamically monitor the changes in the ecological environment quality in Luoyang. Furthermore, a univariate linear regression model was used to predict the future trend of ecological environment quality based on remote sensing image data, while the Mann–Kendall mutation test was employed to explore mutation anomalies. Lastly, social and economic indicators are selected and incorporated into a geographic detector to investigate the dominant factors influencing the changes in ecological environment quality in Luoyang city (the overall flowchart is shown in Figure 3).



3.1. The Calculation of Remote Sensing Ecological Index Component Indicators


(1) Greenness indicator is represented by the Normalized Difference Vegetation Index [23] (NDVI), which can reflect intuitively and effectively the growth status of plants and the distribution of vegetation density. The extraction formula is


  N D V I = (   ρ   n i r   −   ρ   r e d   ) / (   ρ   n i r   +   ρ   r e d   )  



(1)




where     ρ   n i r     represents the reflectance of the near-infrared band in the TM and OLI image data, and     ρ   r e d     represents the reflectance of the red band in the TM and OLI image data.



(2) Humidity indicator. Humidity influences the growth of vegetation, and low humidity indicates insufficient soil moisture, poor plant growth status, low vegetation coverage on the ground, and hence reflects a poor ecological environment quality. On the other hand, high humidity indicates sufficient soil moisture, good plant growth status, and hence, this indicates a higher quality of the ecological environment. Therefore, one of the selected indicators is the humidity indicator represented by the Wet component. The extraction formulas for humidity indicators in Landsat 5 and Landsat 8 images differ due to the different sensors used, and their formulas are as follows.



Landsat5 TM data [24]:


  W E T = 0.0315   ρ   b l u e   + 0.2021   ρ   g r e e n   + 0.3102   ρ   r e d   + 0.1594   ρ   n i r   − 0.6806   ρ   s w i r 1   − 0.6109   ρ   s w i r 2    



(2)







Landsat8 OLI data [25]:


  W E T = 0.1511   ρ   b l u e   + 0.1973   ρ   g r e e n   + 0.3283   ρ   r e d   + 0.3407   ρ   n i r   − 0.7171   ρ   s w i r 1   − 0.4559   ρ   s w i r 2    



(3)




where     ρ   b l u e   ,       ρ   g r e e n   ,       ρ   r e d   ,   ρ   n i r   ,       ρ   s w i r 1     and     ρ   s w i r 2     represent the reflectance values in the blue, green, red, near-infrared, shortwave infrared 1, and shortwave infrared 2 bands of TM and OLI images, respectively.



(3) Thermal indicator. The atmospheric correction method that can retrieve surface temperature is used for extraction. The specific extraction formula is


    L   λ   = G a i n × D N + B i a s  



(4)






  B     T   s     =     L   λ   −   L   ↓   − τ   1 − ε     L   ↑     / τ ε  



(5)




where Gain and Bias, respectively, refer to the meanings of the gain and bias,     L   λ     represents the radiance of the sensor, and   B     T   S       represents the brightness exhibited by the blackbody thermal radiation. τ is the atmospheric transmission in the thermal infrared band,     L   ↑     and     L   ↓    , respectively, represent the measurements of upward and downward atmospheric radiations. Finally, the surface temperature,     T   s     can be obtained by solving the equation.



(4) Dryness indicator. The dryness metric is expressed in terms of the Normalized Difference Built-up Index (NDBSI), which is a normalized index. It is represented by fitting two indices, namely Soil Index (SI [26]) and Building Index (IBI [27]), into a single composite index. The extraction of the relevant area of each index is achieved by setting appropriate threshold values. The weighted average of the area ratio is computed and used as the dryness metric. The formula for calculating the NDBSI is given below.



Soil Index:


  S I =       ρ   s w i r 1   +   ρ   r e d     −     ρ   b l u e   +   ρ   n i r       / [     ρ   s w i r 1   +   ρ   r e d     + (   ρ   b l u e   +   ρ   n i r   ) ]  



(6)







Built-up Index:


  I B I =   2   ρ   s w i r 2   /     ρ   s w i r 1   +   ρ   n i r     −     ρ   n i r   /     ρ   r e d   +   ρ   n i r     +   ρ   g r e e n   /     ρ   s w i r 1   +   ρ   g r e e n         2   ρ   s w i r 2   /     ρ   s w i r 1   +   ρ   n i r     +     ρ   n i r   /     ρ   r e d   +   ρ   n i r     +   ρ   g r e e n   /     ρ   s w i r 1   +   ρ   g r e e n          



(7)







Dryness indicator (NDBSI):


  N D B S I = α · S I + β · I B I  



(8)




where     ρ   g r e e n   ,   ρ   b l u e   ,   ρ   r e d   ,       ρ   n i r   ,   ρ   s w i r 1   a n d   ρ   s w i r 2     represent the reflectance values for the green, blue, red, near-infrared, mid-infrared 1, and mid-infrared 2 bands of the TM and OLI images, respectively. 𝛼 and 𝛽 denote the weighting coefficients for SI and IBI, respectively.




3.2. Construction of Remote Sensing Ecological Index Evaluation Model


The article, departing from the traditional weighted sum method, employs principal component analysis to establish a remote sensing ecological index. The first principal component (PC1 [27]) of the four indicators largely captures the majority of the important information in the indicators. Since the four component indicators of RSEI have different units, normalization is carried out on each component using the following formula:


  N   I   i   =     I   i   −   I   m i n       I   m a x   −   I   m i n      



(9)




where   N   I   i     represents the normalized value of a certain indicator,     I   i     is the indicator value, and     I   m i n     and     I   m a x     represent the minimum and maximum values of that indicator, respectively.



The function for calculating the initial   R S E   I   0     represented by four component indicators is as follows:


  R S E   I   0   = 1 − { P C 1   f   W E T , N D V I , L S T , N D B S I     }  



(10)




where PC1 represents the first principal component, WET refers to the soil moisture index, “NDVI” represents the Normalized Difference Vegetation Index, “LST” stands for Land Surface Temperature, and “NDBSI” represents the Normalized Difference Built-up and Bare Soil Index.



Finally, normalization is carried out again on   R S E   I   0     as follows:


  R S E I =   R S E   I   0   − R S E   I   0 − m i n     R S E   I   0 − m a x   − R S E   I   0 − m i n      



(11)







The RSEI value is normalized to be between 0 and 1. The smaller RSEI value between the intervals indicates a poorer ecological quality, whereas a larger value indicates a better ecological environment quality in the study area. Based on the ecological and environmental classification criteria using RSEI in the “Technical Specification for Ecological and Environmental Assessment,” RSEI is classified into five levels: poor (0–0.2), relatively poor (0.2–0.4), moderate (0.4–0.6), good (0.6–0.8) and excellent (0.8–1).




3.3. Analysis of Dynamic Changes in Ecological Index


3.3.1. Trend Analysis


We conducted a significance test (slope trend analysis [28]) using the principle of least squares and employed linear fitting to examine the changing trend of the ecological environment quality in the study area of Luoyang city. The slope function can represent the trend of changes in each pixel value in the remote sensing image, based on which change trend of RSEI from 2002 to 2022 in the study area for 21 years was obtained.



If Slope > 0, it indicates that the pixel value shows a growing trend over the decades, and a larger value indicates a faster growth in the mean RSEI value, indicating a better improvement in the ecological environment quality in Luoyang city. If Slope < 0, it indicates that the pixel value shows a decreasing trend over the decades, and a smaller value indicates a greater reduction in the mean RSEI value, indicating the degradation of the ecological environment in the study area is more severe.




3.3.2. Mutation Analysis


The Mann–Kendall change point detection method is a non-parametric statistical method that is not affected by change outliers. It was initially proposed and further developed by Mann (H.B. Mann) and Kendall (M.G. Kendall). In this study, it is used to analyze the change point of the RSEI time series, which can objectively reflect the trend of the time series. The main formula for the Mann–Kendall change point detection method is


    S   k   =   ∑  i − 1   k      ∑  j   i − 1      a   i j       , k = 2,3 , … , n  



(12)




where:


    a   i j   =       1 ,   x   i   >   x   j   , 1 ≤ i ≤ j       0 ,   x   i     ≤ x   j   , 1 ≤ i ≤ j        



(13)







Additionally, the assumption is that the time series is random, and the statistical parameter is defined as:


  U   F   k   =     S   k   − E (   S   k   )    V a r (   S   k   )    , k = 1,2 , … , n  



(14)






  E     S   k     =   k ( k + 1 )   4    



(15)






  V a r     S   k     =   k ( k − 1 ) ( 2 k + 5 )   72    



(16)







The   U   F   k     statistical sequence is calculated from the time series     x   1   ,   x   2   , … ,   x   n    , and it follows a standard normal distribution. Similarly, the   U   B   k     sequence is calculated by reversing the order of the time series   − (   x   n   ,   x   n − 1   , … ,   x   1   )  . The   U   F   k     and   U   B   k     curves are plotted separately, and if UF > 0, it indicates an upward trend in the time series. On the other hand, if UF < 0, it suggests a downward trend in the time series [29]. The critical confidence interval line is shown beyond the curves, where for testing confidence level α = 0.05, the confidence interval line is ±1.96; for α = 0.01, it is ±2.32; and for α = 0.10, it is ±1.28. If the curves lie outside the confidence interval lines, it indicates the magnitude of the upward or downward trend is extremely steep, and if the curves intersect within the confidence interval lines, it indicates a change point in the time series and the corresponding point in time is identified as the beginning of the change [30].




3.3.3. Analysis of Impact Factors on Geographic Detectors


Geographic detectors [31] are tools used to study spatial relationships, primarily to detect the spatial heterogeneity of phenomena, which is used to explore a certain similarity relationship between independent variables and dependent variables. Wang et al. pointed out that the geographic detector includes four detectors: differentiation and factor detector, interaction detector, risk area detector and ecological detector. In the article, we primarily employed the differentiation and factor detector to explore the driving factors (X) affecting the ecological environment quality of Luoyang city, and explore their relationship with the interannual remote sensing ecological index (Y); the q value within the range of [0, 1] is used as a measure in this context, with the expression:


  q = 1 −     ∑  h = 1   L      N   h     σ   h   2       N   σ   2      



(17)




where h represents the factor influencing stratification and q indicates the driving force of the independent variable on the dependent variable, with a higher q-value indicating stronger influence power of the independent variable X on the dependent variable Y, while a lower q-value suggests a weaker influence.     N   h     and N represent the number of units in layer h and the entire study area, respectively;     σ   h   2     and     σ   2     represent the variances of Y values in layer h and the study area, respectively [32].






4. Results and Analysis


4.1. Changes in the Ecological Environment Quality in Luoyang City


4.1.1. Analysis of Spatiotemporal Changes in Remote Sensing Ecological Index


From 2002 to 2022, according to the mean values of RSEI (as shown in Figure 4), the average annual RSEI values in Luoyang city exhibited a very limited number of periods showing a degradation state. The overall trend has been fluctuating with a continuous upward trajectory, indicating a positive development in ecological environmental quality [33]. The mean value has increased from 0.445 in 2002 to 0.529 in 2022, with the lowest value occurring in the initial year of 2002 and the highest value of 0.588 in 2020. The p value of the coefficients is 0.0014, the mean value has shown an overall fluctuation with slow growth, and the overall trend is that the change in ecosystem quality was significant before 2014 and has been smaller since 2014 [34]. This indicates that the study area of Luoyang city has increasingly focused on environmental improvement over the past 21 years, and the quality of the living environment is continuously improving.



The following figure displays the distribution map of ecological environment quality grades in the study area over a period of five years, which are the years 2002, 2007, 2012, 2017 and 2022, with the mean values of RSEI being 0.445, 0.481, 0.557, 0.541 and 0.529, respectively. The RSEI mean falls within the range of [0, 1], and is divided equally into five intervals [35] of poor (I), relatively poor (II), moderate (III), good (IV) and excellent (V) according to the ranges of 0.0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8 and 0.8–1.0 (as shown in Figure 5). From the maps, the image shows that the areas with lower environmental quality levels in Luoyang city are mainly concentrated in the northeast, and were particularly severe in 2002. However, on the southwest side, the area with the highest environmental quality level has been continuously increasing, indicating an overall improvement in the ecological conditions of Luoyang city. More specific numerical values can be seen in Figure 6.



The following figure displays the proportions of different ecological environment quality grades within Luoyang city. Compared with 2002, the area occupied by the ecological quality grade “excellent” in 2022 accounts for 24.7% of the total area, an increase of 19.7%, while the area occupied by the ecological quality grade with a lower rating accounts for 24% of the total area, a decrease of 19.2%. There has been significant improvement in the ecological quality. But in 2017, the overall ecological quality of Luoyang city was at its best, with the region evaluated as excellent in ecological environment quality accounting for 28.3%, while the region with poor ratings accounted for only 5%. From 2002 to 2022, the average RSEI value has consistently increased, indicating a fluctuating upward trend in ecological environment quality, with a decrease in the area of grades I and II and an increase in the area of grades IV and V. From the perspective of the proportion of each grade in a single year, the area with a relatively poor-quality grade had the highest proportion in 2002; however, by 2022, the area with the highest ecological environment quality rating (excellent) has the highest proportion.




4.1.2. Mutation Analysis of Remote Sensing Ecological Index


According to the mean RSEI data from 2002 to 2022, the M–K abrupt change test was performed, and the test results (shown in Figure 7) indicate that the statistical curves of UF and UB intersect within the critical value (α = 0.01 significant level line ±2.32). Therefore, the data exhibit mutability. The intersection point of the two curves determines the time of RSEI mean values undergoing an abrupt change in 2009. The UF curve exceeded the critical upper value of +2.32 before 2012, indicating a significant upward trend beyond the 0.01 significant level. Moreover, the entire RSEI sequence presents an upward trend, as indicated by the fact that the UF curve is always greater than 0; thus, the overall ecology of the study area is improving.





4.2. Trend Analysis of Ecological Environment Quality in Luoyang City


This study conducts a trend analysis on the basis of 21 RSEI datasets to clarify the quality change trends and spatial distribution patterns of the ecological environment in Luoyang city from 2002 to 2022. As shown in the figure below, the spatial trends of ecological quality are classified into three states: significantly reduced, no significant trend, and significantly increased (as shown in Figure 8) [36]. The result indicates that the overall improvement of the ecological environment quality in the study area is expected in the future [37], with only a small portion exhibiting stable trends, and the area showing worsened trends being the least. The specific proportions of these areas are detailed in Table 1.



According to Table 1, the area with an improved ecological quality trend accounts for 63.97% of the study area, which accounts for more than half of the total area. The proportion of areas with a stable ecological quality trend is relatively low, accounting for only 35.21%. In contrast, the proportion of areas exhibiting significantly increased ecological quality is the smallest, representing only 0.82% of the total area [38]. This indicates that in the future, there are very few areas where ecological quality will worsen in the study area, and the majority of the region’s ecological quality is likely to continue to improve. From Figure 5, it can be observed that the spatial distribution of areas with improved ecological environment quality is relatively uniform, and the low-value ecological quality areas have gradually aggregated towards the city’s inner regions, with only the southernmost area remaining stable. This indicates that both the mountainous southwestern region and the residential northeastern region are focusing on environmental protection and management, promoting an overall trend towards ecological improvement. This trend is closely related to local policies and governance plans. Since the northeastern area is located in a densely populated urban area, the changes in ecological quality are affected by various anthropogenic factors, indicating that human activities may be the leading factor driving ecological improvement.




4.3. Driving Factors of Ecological Environment Quality in Luoyang


4.3.1. Factors Affecting Temporal Changes in Ecological Environment Quality


As a comprehensive evaluation index for terrestrial ecological environments [39], RSEI is closely related to multiple economic and social factors. For this study, we selected the economic factor gross domestic product (GDP), the social factor average annual population of various Chinese cities (Population), and the average annual temperature (temperature) and average annual precipitation (precipitation) as environmental factors that are less impacted by anthropogenic factors. We obtained the annual mean values of these four factors from 2002 to 2022, as shown in the figure below (as shown in Figure 9) [15].



Using the factor detection tool in the geographical detector, we can explore the influence of different factors on the ecological environment quality in Luoyang city. The statistical item q can be employed to assess the impact strength of these factors. The independent variables selected were average annual temperature, average annual precipitation, population, and regional gross domestic product (GDP), and the impact of these independent variables on the dependent variable (ecological environment quality) was explored. The detection of influence was divided into single-factor detection and dual-factor detection, and the definition of interactive detection effects indicated that when the interactive detection value of the two factors was greater than the sum of the single-factor detection values, it was considered to be non-linear enhancement. When the interactive detection value of both factors exceeded that of each single-factor detection, it was determined to be dual-factor enhancement. The driving factors affecting the ecological environment quality in Luoyang city, according to the results of single-factor detection, are as follows: population > gross domestic product (GDP) > Temperature > Precipitation, indicating that the ecological environment quality of Luoyang city was most affected by population growth under single-factor conditions. According to the detection results in the Figure 10 below, it can be concluded that the interactive detection values of dual factors are greater than those of each single factor, and the response of any dual-factor interaction is stronger than dual-factor interaction. Therefore, the results of exploring the driving factors affecting the changes in the ecological environment quality of Luoyang city are determined to be dual-factor enhancement [40], and the interactive effect of temperature and GDP has the greatest impact on the RSEI of the study area.




4.3.2. Factors Affecting Spatial Changes in Ecological Environment Quality


The significant difference in terrain, with higher elevation in the southern part and lower elevation in the northern part of Luoyang city, has led to a spatial clustering pattern of RSEI grades, whereby the southern part of the city has a relatively higher elevation, while the northern part has a relatively lower elevation, and the differences in land cover types between the north and south have a strong impact on RSEI. According to the land use type change data from 2002 to 2020 in the study area (the land cover data of 2020 were used instead of 2022), the Sankey diagram below (as shown in Figure 11) clearly shows that over the past 20 years, there have been noticeable areas of conversion between different land use types in the study area; here are the numerical values of the area conversions. The overall area of cultivated land and forest land accounts for the largest shares, and the potential for “green” development is constantly being released, leading to a continuous improvement in air quality. Luoyang has ultimately maintained its “green waters and lush mountains”. Furthermore, based on the RSEI level distribution data obtained from the above research, high-level RSEI grid images were screened out based on the three levels of medium, good, and excellent (referred to as high levels) of RSEI distribution. These were then overlaid and analyzed with land cover data to ultimately derive the total area of high-level RSEI included in the conversions of different land cover types [41]. Thus, it can be known that different land use conversion types have led to changes in the total high-level remote sensing ecological index area in the study area.



The information presented in the Table 2 represents the conversion of high-level RSEI total area values for land use types during two time periods. It is evident that forested and cultivated land areas contributed the most to the changes in high-level RSEI regions in Luoyang. Additionally, the artificial surface type showed some changes, indicating that despite rapid developments in construction and industry, the city remains committed to protecting its ecological environment. This might be attributed to notable achievements in the past decades of the southern ecological protection and restoration project of Luoyang. Moreover, the increase in cultivated and forested land, as well as improvements in water conservancy infrastructure and the promotion of economic and cultivated forests, played a significant role in shaping the results of the city’s land use type changes. As a result, the increase in cultivated and forested land areas has led to a steady improvement in Luoyang’s overall ecological environment quality.



The changes in the ecological environment quality of Luoyang city have been significantly influenced by changes in land cover types [42], as well as being benefited by soil conservation. However, the increasing soil conservation services are also due to the vegetation and water conservation factors, which in turn contribute to the improvement of ecological environment quality. The increase in the built-up area in the northern region and the expansion of cultivated land caused an increase in surface runoff and a decrease in infiltration, resulting in higher water yields in the area. Therefore, Luoyang’s regional ecological quality is subject to strong natural disturbances, with consistently higher RSEI values in the southwest and more significant fluctuations in RSEI values near the artificial surface areas in the northeast region, requiring coordinated and comprehensive regulation efforts.






5. Discussion and Conclusions


5.1. Discussion


5.1.1. The Spatiotemporal Variation Characteristics of RSEI


A systematic analysis was conducted on the spatiotemporal variations of the ecological environment quality in Luoyang city. The results showed that the mean RSEI value fluctuated with a wave-like trend of “continuous decline and then rise” on the temporal scale, showing an overall improving direction, which is in line with previous research results [43]. In the study focusing on the ecological environment quality of the Henan segment of the Yellow River Basin, Zhang et al. observed a progressive increase in the proportion of regions exhibiting an excellent ecological environment index. The regions with poor ecological environment index on the spatial scale are relatively small in the entire Henan segment; the primary distribution areas of these regions include cities such as Zhengzhou and Luoyang. In this research study’s findings, the spatial distribution of ecological environment quality in Luoyang city also showed low RSEI values in the northern urban areas and better ecological environment quality in southern mountainous areas; these research findings align with the fact that the northern part of Luoyang city is characterized by intensive human activities, while the southern part consists of mountainous areas with higher vegetation coverage. The research findings indicate that in the ecological environment assessment of 2002, the highest proportion was occupied by areas categorized as poor quality, but by 2022, the area with the highest proportion of ecological environment rating of “excellent” had increased, indicating an overall improvement in the RSEI rating of Luoyang city. Particularly in the northwest of Luoyang city, it was an area with poor ecological quality in 2002, but gradually dispersed and spread towards the northeast over time. Around 2007, there was almost no distribution of higher-level RSEI in the northern part of Luoyang. However, after more than a decade of development, the lower-level RSEI became uniformly distributed in the northern half of Luoyang city by 2022, with only high-quality levels existing in the peripheral areas. Overall, it presented a pattern of low in the central area and high in the surrounding areas. Furthermore, the trend analysis based on the RSEI data for the 21 periods showed that 63.97% of the area exhibited a upward trend in the future ecological environment quality of Luoyang city, aligning with previous research findings [44].




5.1.2. The Influence of Different Factors on RSEI Changes


Ecological security is closely related to human survival security, given that human activities consistently influence the spatiotemporal patterns of cities. Many experiments have shown that ecological environment quality is significantly affected by various driving factors. This study has shown that the RSEI of Luoyang city is influenced by the interaction of natural and anthropogenic factors. To explore the influencing factors on the interannual variation of RSEI, we used a geodetector based on the optimal parameters to be investigating the singular and combined interactions between natural factors and anthropogenic factors that affect the interannual variation of RSEI [45]. The natural factors studied were the annual average temperature and precipitation, while the anthropogenic factors studied were population and regional GDP. Analysis of the impact of single factors indicates that population and GDP are key factors driving the quality of the ecological environment within the study area [46]. Furthermore, the correlation between these two factors and the ecological environment quality in the study area aligns with the findings of prior research, as they serve as direct indicators of population density and economic development level. The interaction analysis of the dual factors indicates that the interplay between temperature and GDP has the greatest impact on the variations in RSEI within the scope of the study. Moreover, the co-monitoring detection values were greater than the single-factor detection values, and the results indicated that the driving factors of ecological environment quality change in Luoyang city are predominantly enhanced by dual factors.



In addition, regarding the spatial dynamics of RSEI, we selected land use as the control factor with the strongest driving force, including both anthropogenic and natural factors. Superimposing the spatial changes in ecological quality with alterations in land cover patterns, we analyzed the driving effect of land cover type changes on ecological quality changes. The significant influence between the two is consistent with existing research findings. Gao et al. [47] pointed out in their simulation of urban expansion in Henan province that the increase in urban land use is mostly accompanied by a decrease in farmland due to the saturation of building area. Therefore, our study found that the cultivated land area sharply decreased from 2002 to 2020, while the artificial land area increased significantly, resulting in poor ecological environment quality in the northern building area of Luoyang city. This is the same as the relevant research results [48], which showed that the main driving factor behind ecological environment deterioration was land use/cover change (LUCC), primarily resulting from urban expansion. In addition to objective factors, human subjective activities are also important factors contributing to the changes in ecological environment quality. Relevant studies have shown that government activities play a crucial role in addressing issues such as environmental degradation and socio-economic insecurity for sustainable urban development [49]. The government of Luoyang city, in collaboration with the market, is actively promoting the process of new urbanization, leading to a rapid increase in the urbanization rate. As a result, the northeastern urban area of Luoyang city has expanded rapidly, causing significant land use type conversions and further impacting the changes in the ecological environment. Therefore, human activities indirectly influence the fluctuations of the ecosystem, and areas with concentrated human activities are sensitive zones for ecological changes.




5.1.3. Application and Future Recommendations


The study suggests that RSEI is affected directly or indirectly by various factors. Therefore, in future urban construction and development, it is recommended to place a greater emphasis on the dissemination of ecological principles. The impact of changes in GDP, population, temperature, precipitation, and land use on the ecological environment quality of Luoyang city indicates that Luoyang city can formulate and implement sustainable development strategies, to ensure a balance between economic development and ecological environment protection. This can be achieved by implementing population control policies and planning urban development rationally to avoid uncontrolled urban expansion. Moreover, it can also be achieved by promoting the transformation of Luoyang city towards a low-carbon economy and reducing greenhouse gas emissions, thereby alleviating the pressure of temperature on the environment. Strengthening water resource management and protection, improving water use efficiency, and ensuring the sustainable utilization of water resources are also important aspects. These measures aim to provide theoretical support for the improvement of Luoyang city’s ecological environment.



The RSEI comprehensive evaluation method used in this study fills the void in assessing the qualitative and quantitative aspects of ecological quality in Luoyang city. Compared to previous studies, this research no longer relies on a single indicator to evaluate ecological environment quality. Instead, it incorporates the RSEI index to simultaneously monitor ecological changes in both urban and mountainous areas. By studying two different terrains, the research aims to explore the factors that influence the variation in ecological quality and identify potential differences between them. However, this method mainly focuses on greenness, humidity, thermal, and dryness and may not fully reflect all the influences on the quality of the ecological environment. Moreover, while examining the factors that exert influence, the study has not further investigated the positive or negative effects of each factor on RSEI, and the obtained results exclusively capture the magnitude of the factors’ impact on the response variable [50]. Therefore, further research should explore which factors contribute positively to ecological changes and which factors contribute negatively to ecological changes, to make the research results more comprehensive. The key issue in future research on changes in ecological quality is to construct a more comprehensive, systematic, and fully covered framework of assessment metrics for evaluating ecological environment quality and to improve the overall ecological quality.





5.2. Conclusions


In this study, a comprehensive ecological environmental quality evaluation system was efficiently extracted using the GEE platform. It explored the spatiotemporal characteristics of ecological changes in Luoyang city over the past 20 years. Additionally, it investigated the driving factors influencing the changes in the RSEI of Luoyang city between spatial and temporal factors. The following results were obtained:



	(1)

	
Utilizing the RSEI model to analyze the dynamics of ecological environment quality in the research of Luoyang city. From a temporal perspective, the RSEI mean value showed a consistent rising trend from 2002 to 2022. The environmental conditions of Luoyang city are progressively enhancing over time.




	(2)

	
From a spatial perspective, regions with the poor RSEI values are concentrated in the densely populated urban areas in the north of Luoyang city, while regions with the high elevation and vegetation cover in the southern mountainous areas generally have a better ecological environment quality. The area with ecological environment quality grade at a moderate level or above increased from 47.2% to 67.5%. Moreover, 63.97% of the regions in Luoyang city show an improving trajectory in ecological environment quality.




	(3)

	
From the perspective of influencing factors on RSEI changes, population and GDP are key factors driving the temporal changes in the ecological environmental quality of the study area, as indicated by the results of the single-factor analysis. The analysis conducted in the study area reveals that the interaction between temperature and GDP has the highest impact on the fluctuations observed in RSEI; these results highlight the crucial role played by the combined influence of temperature and GDP in shaping the changes in RSEI within the study area. The spatial changes in land use type changes have a close relationship with the spatial changes in high-level RSEI; the existing ecological environment condition in the study area is an outcome shaped by the interplay of both natural and anthropogenic factors.







As a consequence, we should place greater emphasis on the importance of ecological conservation while focusing on economic development, to ensure the continuous improvement of ecological quality, coordinate and restore areas with the poor ecological quality, and reasonably arrange the rate of urban expansion to provide better geospatial foundations for ecological governance.
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Figure 1. Location and elevation information of Luoyang city. 
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Figure 2. Land use map of Luoyang city. 






Figure 2. Land use map of Luoyang city.



[image: Sustainability 15 11866 g002]







[image: Sustainability 15 11866 g003 550] 





Figure 3. Overall framework of driving factors of ecological environment change. 
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Figure 4. Timing curve of RSEI changes in Luoyang city. 
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Figure 5. Distribution map of ecological environment quality level in Luoyang city. 
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Figure 6. The proportion of graded area of ecological quality in Luoyang city from 2002 to 2022. 
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Figure 7. RSEI mean M−K mutation test curve. 
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Figure 8. Spatial distribution map of RSEI spatial change trends in Luoyang city. 
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Figure 9. Annual average of temperature, precipitation, population, and GDP from 2002 to 2022. 
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Figure 10. Detection results of the driving factors of ecological environment quality change in Luoyang city. 
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Figure 11. Statistics of land use type conversion in Luoyang city. 
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Table 1. Statistics of RSEI spatial variation area in Luoyang city.
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	Status
	Area/km2
	Percentage





	Significantly reduced
	125.08
	0.82%



	No significant trend
	5350.06
	35.21%



	Significantly increased
	9721.51
	63.97%
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Table 2. High-grade RSEI total value change matrix of different land use conversion types in Luoyang city.
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2002

	
Grass Land

	
Cultivated Land

	
Forest Land

	
Bare Land

	
Artificial Surface

	
Wetland

	
Waterbody

	
Sum/km2




	
2020

	






	
Grass land

	
43.086

	
9.557

	
64.943

	
0.027

	
0.609

	
-

	
0.118

	
118.339




	
Cultivated land

	
0.042

	
0.110

	
0.088

	
-

	
0.027

	
*

	
0.016

	
0.286




	
Forest land

	
83.240

	
84.694

	
5026.902

	
1.107

	
5.219

	
0.098

	
1.710

	
5202.969




	
artificial surface

	
0.149

	
0.325

	
0.258

	
-

	
0.146

	
0.040

	
0.037

	
0.955




	
Wetland

	
10.085

	
1.046

	
33.503

	
0.082

	
0.036

	
-

	
0.008

	
44.760




	
Waterbody

	
*

	
0.125

	
0.017

	
-

	
-

	
-

	
0.126

	
0.267




	
Sum/km2

	
136.602

	
95.856

	
5125.711

	
1.216

	
6.036

	
0.141

	
2.015

	
5367.576








Note: “-” represents that no changes were made to the land use type where high-level RSEI was identified, and “*” represents very small converted areas.
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