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Abstract

:

With the rapid urban development in China, urbanization has brought more and more pressure on the ecological environment. As one of the most dynamic, open, and innovative regions in China, the eco-environmental issues in the Yangtze River Delta have attracted much attention. This paper takes the central region of the Yangtze River Delta as the research object, through building the index system of urbanization and ecological environment based on statistical data and two new indicators (fraction of vegetation coverage and surface urban heat island intensity) extracted from remote sensing images, uses the Entropy-TOPSIS method to complete the comprehensive assessment, and then analyzes the coupling coordination degree between the urbanization and ecological environment and main obstacle factors. The results showed that the coupling coordination degree in the study region generally shows an upward trend from 0.604 in 2008 to 0.753 in 2017, generally changing from an imbalanced state towards a basically balanced state. However, regional imbalance of urbanization and ecological environment always exists, which is mainly affected by social urbanization, economic urbanization, landscape urbanization, pollution loading and resource consumption. Finally, on the basis of the obstacle factor analysis, some specific suggestions for promoting the coordinated development of the Yangtze River Delta are put forward.
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1. Introduction


In the 21st century, the world is in a period of rapid urbanization. The rapid development of urbanization has profoundly affected various countries and regions, especially developing countries [1]. In the past forty years of reform and opening up, China has experienced a process of large-scale rapid urbanization and made remarkable achievements. The urbanization rate in China has increased from 17.9% in 1978 to 60.6% in 2019, with an average annual growth rate of 1.04% [2]. However, rapid urbanization has caused many serious problems, especially eco-environmental problems such as air pollution [3,4], water resource utilization [5], energy consumption [6], land use/land cover change [7], carbon emissions [8] and other prominent problems, which in turn restrict the development of urbanization [9,10,11].



Remote sensing technology can quickly, repeatedly, and dynamically obtain various information in large areas, thereby providing technical support and an accuracy guarantee for large-scale, dynamic, and periodic ecological environment monitoring. Nowadays, satellite remote sensing technology is developing in the direction of high precision, multi-spectral and high resolution. The application of remote sensing has transitioned from single data to multi-temporal and multi-source fusion and from static analysis to dynamic monitoring, which just meets the requirements of monitoring of ecological environment. In recent decades, a lot of research and application work has been carried out, providing important support for eco-environmental protection, mainly including natural disasters monitoring [12], water environment monitoring [13], urban expansion [14], urban green space survey [15] and urban heat island effect [16].



The Yangtze River Delta is one of the regions with the most rapid urban development in China, which has outstanding regional advantages, excellent natural endowment, and strong comprehensive economic strength. However, with the rapid urban development, the ecological environment of the Yangtze River Delta is seriously threatened. There are still large differences in economic and social conditions, natural resources, and climatic conditions among provinces and cities, which are with different abilities and levels of pollution prevention and control. The outline of the integrated regional development of the Yangtze River Delta issued in 2019 clarifies the requirements for the joint protection of the ecological environment. Relevant provinces and cities have formulated operable implementation plans, and taken eco-environmental protection as one of the key contents, providing reliable support for the overall coordination and ecological environmental protection in the Yangtze River Delta region. Nowadays, the Yangtze River Delta has become a hot spot for studying urbanization and ecological environment [17,18,19]. Many scholars have carried out relevant research about coordinated development in the region, but most of them are based on statistical data. However, large-scale multi-temporal ecological environment monitoring based on remote sensing technology, can provide more abundant information support for related studies.



The relationship between urbanization and ecological environment is a complex coupling and forced relation. Coupling was originally a physics concept, which refers to the phenomenon that two or more systems interact with each other through a variety of interactions and even combination [20,21]. Various methods are applied to study the coupling relationship between urbanization and ecological environment, such as Grey relation analysis [22,23], Environmental Kuznets Curve [24,25], Environmental Computable General Equilibrium [26], Ordinary Least Squares [27], Geographically Weighted Regression [28], Spatial analysis [29] and Coupling Coordination Degree (CCD) [30,31,32,33]. The coupling analysis of urbanization and the ecological environment in many years can provide a more comprehensive understanding of the composite systems of urbanization and eco-environment [33]. Quantitative analysis of the coupling coordination degree between urbanization and ecological environment is of great significance for urban sustainable development.



This paper aims to explore the relationship between urbanization and ecological environment in the central region of the Yangtze River Delta from 2008 to 2017. In this paper, a comprehensive index system is established. Based on the Google Earth Engine cloud platform, the relevant indicators are extracted from remote sensing images, and then evaluation for two subsystems of urbanization and ecological environment are completed by using the Entropy-TOPSIS method. The coupling coordination degree model and obstacle degree model are used to discuss and analyze the relationship between urbanization and ecological environment.



The rest of this article is organized as follows. The second part describes the study area and data. The third part focuses on the overall workflow. The fourth part introduces the indicators calculation based on remote sensing images through Google Earth Engine cloud platform. The fifth part introduces the construction of an index system. The sixth part explains the methods. The seventh part presents the results. The eighth part provides the discussion. The last part contains the conclusions and suggestions.




2. Study Area and Data


2.1. Study Area


According to the outline of the integrated regional development of the Yangtze River Delta in 2019, the scope includes the whole areas of Shanghai, Jiangsu Province, Zhejiang Province and Anhui Province [34]. As of the end of 2019, the Yangtze River Delta covers a total area of 358,000 km2, with a total GDP of 23.73 trillion Yuan and a population of 227 million, accounting for 3.72%, 16.21% and 23.95% of those of the country respectively [35,36,37,38]. As one of China’s most economically active, open and innovative regions, the Yangtze River Delta boasts strategic significance in the nation’s modernization and further opening-up. This region will develop in tandem with the Belt and Road, the Beijing-Tianjin-Hebei region, the Yangtze River Economic Belt and the Guangdong-Hong Kong-Macao Greater Bay Area, which will improve the overall layout of China’s reform and opening-up.



The study area in this article is the central region of the Yangtze River Delta (the yellow area in Figure 1), which is the core area of the Yangtze River Delta, and extends from 27°8′36″ to 34°28′4″ N in latitude, and from 115°45′21″ to 122°50′4″ E in longitude, with a total area of 225,000 km2. It contains 27 cities, namely Shanghai, Nanjing, Wuxi, Changzhou, Suzhou, Nantong, Yangzhou, Zhenjiang, Yancheng, Taizhou(js) (belongs to Jiangsu Province), Hangzhou, Ningbo, Wenzhou, Huzhou, Jiaxing, Shaoxing, Jinhua, Zhoushan, Taizhou(zj) (belongs to Zhejiang Province), Hefei, Wuhu, Maanshan, Tongling, Anqing, Chuzhou, Chizhou and Xuancheng [34].




2.2. Study Data


The study data mainly includes remote sensing images, statistical data and vector data (seen in Table 1). A variety of remote sensing data is free and open access on Google Earth Engine cloud platform (https://earthengine.google.com). This paper uses Landsat data in the summer of 2008–2017 (https://www.usgs.gov/land-resources/nli/landsat). In order to ensure the validity and comparability of the extraction results of Landsat data, the processes of data filtering, atmospheric calibration, cloud masking and image mosaic have been carried out on the cloud platform. The statistical data comes from the statistical yearbooks from 2008 to 2017. The vector data includes administrative division data and urban built-up area data [39], which is used for data analysis and result display.





3. Overall Workflow


In order to explore the relationship between urbanization and ecological environment in the central region of the Yangtze River Delta, we collected relevant data from 2008 to 2017. The research framework of this paper has been determined, as shown in Figure 2. The workflow includes five main steps:




	Step 1

	
Build two subsystems for urbanization and ecological environment. The corresponding indicators are selected from four aspects respectively, to ensure the scientificity, effectiveness and operability of the index system.




	Step 2

	
Indicator calculation based on remote sensing images. This part is mainly based on Google Earth Engine cloud platform. Using Landsat images in the summer of 2008–2017, after data filtering, cloud masking, radiometric calibration, image mosaic and then calculation for normalized difference vegetation index (NDVI) and land surface temperature (LST), the results of two indicators (fraction of vegetation coverage and surface urban heat island intensity) are obtained based on spatial statistics using vector data.




	Step 3

	
According to the selected indicators, collect other relevant data from statistical yearbooks.




	Step 4

	
In order to avoid the influence caused by the inconsistency of the units and magnitudes of the original data, data rearrangement and normalization are necessary for the next operations, and then the evaluation for urbanization and eco-environment are performed based on the Entropy-TOPSIS method.




	Step 5

	
Compute the coupling coordination degree and obstacle degree, explore the relationship and change trend between urbanization and ecological environment, analyze the main hindering factors of the two subsystems in the central region of the Yangtze River Delta, and then give several suggestions.










4. Indicator Calculation Based on Remote Sensing Images


4.1. Fraction of Vegetation Coverage


Fraction of vegetation coverage (FVC) is an important indicator for measuring the status of vegetation cover, an important basic datum for describing the ecosystems, and an important symbol of regional environmental changes, which is of great significance to studying hydrology, ecology, and regional environment [40].



The empirical model, the vegetation index and the pixel unmixing method are common methods of remote sensing estimation for FVC [41]. The dimidiate pixel model is one of the widely used models of the pixel unmixing method, which assumes that each pixel can be divided into two parts: pure vegetation and pure soil. The spectral information obtained in this way can be regarded as the sum of the contribution information of vegetation and soil. The formula of FVC is as follows:


  NDVI =    ρ  N I R   −  ρ  R E D      ρ  N I R   +  ρ  R E D      



(1)






  F V C =   N D V I − N D V  I  s o i l     N D V  I  v e g   − N D V  I  s o i l      



(2)




where,    ρ  N I R     and    ρ  R E D     represent the reflectivity of the corresponding bands.   N D V  I  s o i l     is the NDVI value of the bare soil or no vegetation coverage, and   N D V  I  v e g     represents the NDVI value of the pixel completely covered by the vegetation.



According to the cumulative percentages, 5–95% is selected as the confidence interval; the region with the cumulative percentage less than 5% is approximately without vegetation coverage, and the region with more than 95% is approximately covered with pure vegetation. The NDVI values corresponding to the two percentages are taken as the NDVI values of the pixels of pure non-vegetation coverage and pure vegetation coverage. Due to the cumulative percentages of NDVI values in the central region of the Yangtze River Delta from 2008 to 2017, the average values of   N D V  I  s o i l     and   N D V  I  v e g     are determined to be −0.0512 and 0.8249 respectively.




4.2. Surface Urban Heat Island Intensity


A significant phenomenon in urban climate is that the temperature is different between the city and the surrounding area, which is called urban heat island effect, directly caused by rapid urbanization [42]. The land surface temperature is a key factor in surface physics processes at regional and global scales, and also an important parameter for studying the exchange of materials and energy between the surface and the atmosphere. Many applications, such as urban heat island effect, drought, forest fire, and regional climate models, require obtaining the land surface temperature. The surface urban heat island intensity (SUHI) refers to urban–suburban land surface temperature difference, which can be used to describe the heat island effect based on LST using remote sensing techniques [16].



The formula of SUHI is as follows:


  S U H I = L S  T  u r b a n   − L S  T  r u r a l    



(3)







Due to the requirement of LST retrieval based on different kinds of Landsat images, it is more suitable to choose a universal single-channel method. This method was proposed by Jiménez-Muñoz and Sobrino in 2003 and improved in 2009 [43]. For the case of only one thermal band, the specific formula of LST retrieval is as follows:


  L S T = γ  [   1 ε   (   ψ 1   L  s e n o r   +  ψ 2   )  +  ψ 3   ]  + δ  



(4)




where,    L  s e n     is the sensor’s spectral radiance; ε is the land surface emissivity;    ψ 1   ,    ψ 2    and    ψ 3    are atmospheric function parameters;  γ  and  δ  are parameters of Planck’s law.



The NDVI-based emissivity method [44] is selected to estimate LSE ( ε ):


  ε =  {       ε s         ε s  +  (   ε v  −  ε s   )   P V                   ε v          N D V I < N D V  I  s o i l         N D V  I  s o i l   ≤ N D V I ≤ N D V  I  v e g         N D V I > N D V  I  v e g          



(5)




where, the formula of    P V    is as follows [45]:


   P V  =    (    N D V I − N D V  I  s o i l     N D V  I  v e g   − N D V  I  s o i l      )   2   



(6)







When the pixel is bare land, 0 ≤ NDVI ≤ 0.2,    ε s    = 0.97; when the pixel is pure vegetation, NDVI ≥ 0.6,    ε v    = 0.985.



Atmospheric functional parameters describe the state of the atmosphere with regards to transmissivity, upwelling, and downwelling radiation, and are approximated using a quadratic polynomial fit and atmospheric water vapor content (ω):


   [       ψ 1         ψ 2         ψ 3       ]  =  [       c  11        c  12        c  13          c  21        c  22        c  23          c  31        c  32        c  33        ]   [       ω 2       ω     1     ]   



(7)




where,    c  i j     is the atmospheric function coefficient of the sensor.


  γ =    T  s e n o r     2     b γ   L  s e n o r      



(8)






  δ =  T  s e n o r   −    T  s e n o r     2     b γ     



(9)




where,    b γ    is a sensor-specific constant taking a value of 1256 K, 1277 K, or 1324 K for TM, ETM+ and TIRS respectively. The brightness temperature    T  s e n o r     corresponding to the radiance on the star is approximately calculated according to Planck’s law as follows:


   T  s e n o r   =    K 2    ln  (     K 1     L  s e n o r     + 1  )     



(10)




where, K1 and K2 are the Planck constants, and the formula of the radiance value    L  s e n o r     received by the altitude sensor of satellite is as follows:


   L  s e n o r   = G a i n × D N + O f f s e t  



(11)




where, DN is the gray value of the image pixel.





5. Establishment of Index System


According to the principles of scientificity, systematization, representativeness and operability, the index system for the urbanization and the eco-environment have been established. The selection of indicators comes from the following aspects:




	(i)

	
The 2030 Agenda for Sustainable Development adopted by General Assembly of the United Nations in 2015 is a global, development-oriented agenda, which points out the direction and blueprint for the development of countries and international development cooperation in the next 15 years. A set of index systems for sustainable development in the 2030 Agenda has also been established, which clarifies the path for countries to achieve the goals of sustainable development [46]. The 2030 agenda for sustainable development mainly focuses on the sustainable development of three major systems of economy, society and environment, including four major areas of economic governance, social governance, environmental governance and global governance. The 2030 Agenda for Sustainable Development includes 17 goals and 169 specific goals. Specifically, the main goals of economic governance include the goals 8, 9 and 12; the major goals of social governance involve the goals 1–5, 10, 11 and 16; the chief goals of environmental governance contain the goals 6, 7, 13, 14 and 15; and the principal goals of global governance consist of the goal 17.









In this paper, the 18 selected indicators are directly related to the 11 goals of the 2030 Agenda for Sustainable Development. With regard to economic governance, U6 reflects the nation’s macroeconomic operation, U2 and U7 reveal the development of the tertiary industry, which are associated with goal 8; U4 reveals the situation of urban infrastructure, which is related to goal 9; and E5, E6, and E9 reveal pollutant discharge in industrial production activities and reuse of industrial solid waste, which are associated with goal 12.



With respect to social governance, U9 and U10 are chosen to reflect the people’s consumption level and quality of life, which are related to goal 1; U11 is an important content of medical resources, and reflects the distribution of local beds and the accessibility of medical and health services, which is connected with goal 3; U9 reflects the people’s income level which is associated with goal 10; and U4, E2, E10 and E11 describe the basic situation of urban infrastructure, greening and the environment, which are related to goal 11.



As regards to environmental governance, E4, E7 and E10 reflect the water consumption, production and the treatment of urban sewage in the city, which are related to goal 6; E5, E6 and E8 reveal industrial pollutant emissions and energy consumption, which have similar relations to goal 7; E3 is a key factor in surface physics processes at regional and global scales, and also an important parameter for studying the exchange of materials and energy between the surface and the atmosphere, which is related with goal 13; and E1 is an important indicator for measuring the status of vegetation cover, an important basic datum for describing ecosystems, and one of the important symbols of environmental changes in regional ecosystems, which is associated with goal 15.




	(ii)

	
“Technical Criterion for Ecosystem Status Evaluation” promulgated in 2015 by the former Ministry of Environmental Protection of the People’s Republic of China [47], which stipulates the index systems for evaluation on the ecological environment and calculation methods of the indicators, such as E1, E2, E3, E5, E6, E10 and E11.




	(iii)

	
On the basis of literature review and analysis [4,5,6,20,23,25,29,31,32,33], indicators adopted by high frequency are selected, such as U1, U3, U4, U5, U6, U7, U10, E8 and E9.




	(iv)

	
The aspects are related to national economy and people’s livelihood [2,35,36,37,38], such as U6, U7, U8, U9 and U10.




	(v)

	
Related contents can be retrieved by remote sensing technology [16,40,42], such as E1 and E3.









Therefore, 11 representative indicators of urbanization and 11 typical indicators of ecological environment are selected to build the two subsystems. The index systems for urbanization and ecological environment are shown in Table 2.




6. Methods


6.1. Data Preprocessing


Due to the three-dimensional time-series data used in this article, eleven indicators of 27 cities in 10 years in each subsystem cannot be used directly to determine the weights through the entropy weighting method. Therefore, the process of data rearrangement converted from the three-dimensional data to the two-dimensional panel data is necessary.



The formula of data rearrangement is as follows:


  X  (  k , j  )  =  x  i , j , t    



(12)




where,    x  i , j , t     denotes the original value of the indicator j of city i in year t, t ∈ [2008, 2017],   k = 27 ×  (  2017 − t  )  + i  .



Due to differences in units and years, the process of data normalization is also required. The Min-Max normalization method (MMN) will be used to deal with the rearranged data. In order to be able to make an effective comparison of the indicators from different years in multiple cities, based on the traditional MMN method and comparison of all values of indicators of each city in all years, the maximum value and minimum value are calculated for data normalization. The specific steps of data normalization are as follows:



When    X  k , j     is a positive indicator,


   y  k , j   =    X  k , j   − min  {   X j   }    m a x  {   X j   }  − min  {   X j   }     



(13)







When    X  k , j     is a negative indicator,


   y  k , j   =   m a x  {   X j   }  −  X  k , j     m a x  {   X j   }  − min  {   X j   }     



(14)




   X  k , j     represents the value of the rearranged data, and max {   X j   }, min {   X j   } represent the maximum and minimum values of the indicator j of all cities for all years.




6.2. Entropy-TOPSIS Evaluation Model


The Entropy-TOPSIS evaluation model uses the information entropy to gain the weights of each indicator, and then uses the TOPSIS model (Technique for Order Preference by Similarity to an Ideal Solution) to obtain the evaluation value [6,48]. The basic principle of TOPSIS is to find out the optimal solution and the worst solution after data normalization, calculate the distance A between the evaluation object and the optimal solution and the distance B between the evaluation object and the worst solution, and then get the result according to the comparison of the two distances. If the distance A is the maximum and the distance B is the minimum, the result is optimal, otherwise it is not ideal.



The specific steps are as follows:




	(1)

	
Establish weighted assessment matrix   V =    (   v  k , j    )    m × n    :


   v  k , j   =  y  k , j    w i       (  k = 1 , 2 , … , m ; j = 1 , 2 , … , n  )   



(15)








	(2)

	
The entropy weighting method is a kind of objective weighting method, which can make full use of the information carried by the original data and make sure the evaluation result objective. The weight of the indicator j is:


   w j  =   1 + q  ∑  k = 1  m   (   p  k , j   l n  p  k , j    )     ∑  j = 1  n   [  1 + q  ∑  k = 1  m   (   p  k , j   l n  p  k , j    )   ]     



(16)




where,   q =  1  l n m    ,    p  k , j   =    y  k , j      ∑  k = 1  m   y  k , j      




	(3)

	
The best solution    V +    and the worst solution    V −    for the indicator j are:


   V +  =  {   V 1 +  ,  V 2 +  , … ,  V n +   }  =  {  ( m a x  V  k , j   |   j ∈ J ) ,   k = 1 , 2 , … , m  }   



(17)






   V −  =  {   V 1 −  ,  V 2 −  , … ,  V n −   }  =  {  ( m i n  V  k , j   |   j ∈ J ) ,   k = 1 , 2 , … , m  }   



(18)








	(4)

	
Calculate the distance between the evaluation value of object k and the best and worst solutions.


   D k +  =     ∑   j = 1  n     (   V  k , j   −  V j +   )   2         (  k = 1 , 2 , … , m  )   



(19)






   D k −  =     ∑   j = 1  n     (   V  k , j   −  V j −   )   2         (  k = 1 , 2 , … , m  )   



(20)








	(5)

	
Calculate the evaluation result of object k.


   C k  =    D k −     D k +  +  D k −     (  k = 1 , 2 , … , m  )   



(21)














6.3. Coupling Coordination Degree Model


The application of coupling theory to explore the relationship between urbanization and ecological environment has two meanings: Urbanization has a coercive or promoting effect on the ecological environment through population growth, economic development, energy consumption, technological progress and expansion of construction land; and the ecological environment has a restrictive or bearing effect on urban development through resource carrying, environmental capacity, ecosystem services, environmental equity and policy interventions (Figure 3).



The coupling degree of two subsystems generally adopts the following model:


  C =     U × E      [   (  U + E  )  / 2  ]   2       



(22)







As the coupling degree is more used to reflect the similarity of systems, it cannot well describe the development level and coordination between urbanization and ecological environment [30,31,32,33,48]. Therefore, the coupling coordination degree D is constructed as follows:


  D =   C × T    



(23)






  T = α U + β E  



(24)




where, U and E represent the level of urbanization and eco-environment respectively. As the two subsystems are equally important, the weights are taken as  α  =  β  = 0.5.



Combined with previous research [30,31,32,33,48], the coupling coordination degree is classified into three classes, four stages and twelve different types based on the comparative relationship between urbanization and the eco-environment (Table 3).




6.4. Obstacle Degree Model


Based on the evaluation results of the level of urbanization and ecological environment in the study area from 2008 to 2017, the obstacle degree model is used to diagnose and identify the influence of every indicator on the urbanization and ecological environment, and to find out and analyze main obstacle factors [49]. The obstacle degree is calculated by the deviation degree and contribution degrees of the indicator. The deviation degree indicates the difference between the standardized value and the expected value of each indicator. The contribution degree indicates the contribution of a single indicator to the overall goal. The obstacle degree model is expressed as follows:


   O  k j   =    (  1 −  y  k j    )  ×  w j     ∑  k = 1  m   (   (  1 −  y  k j    )  ×  w j   )     



(25)




where,   1 −  y  k j     denotes the deviation degree of the indicator, which represents the difference between the actual value and the optimal target value.    w j    represents the weight of the indicator.





7. Results


7.1. The Results of Indicators Based on Remote Sensing Images


7.1.1. The Results of FVC


The distribution of fraction of vegetation coverage extracted from the central region of the Yangtze River Delta based on the Google Earth Engine cloud platform is shown in Figure 4. It can be seen from the figures that the regions with low vegetation coverage are mostly concentrated in urban built-up areas and surrounding areas, and beachside areas. In these regions, human disturbance activities are strong, and the ecological environment is fragile. The regions with medium-low vegetation coverage are mostly distributed in the north of the Yangtze River Delta, while the regions with medium-high vegetation coverage are mainly concentrated in the southern regions of Anhui Province and Zhejiang Province, showing an expanding trend year by year.



It can be found from Table 4 that the central region of the Yangtze River Delta is dominated by medium-high and high coverage of vegetation. Judging from the inter-annual changes from 2008 to 2017, the changes of high-coverage vegetation are relatively drastic, showing a steadily increasing trend. There is no obvious variation in the proportions of low-coverage and medium-low coverage vegetation, which denotes that the change trend is stable. However, the vegetation of middle coverage changed greatly and decreased year by year.




7.1.2. The Results of SUHI


The rapid development of urbanization has caused urban heat island effects. The urban heat island intensity extracted based on remote sensing images, can reflect the impact of urbanization to a certain extent. The results of SUHI in the central region of the Yangtze River Delta from 2008 to 2017 are shown in Figure 5 and Figure 6. Shanghai and Jiangsu Province, with the values of SUHI lower than 5 °C, are the lower two, suggesting that the urban heat island effects in these areas are relatively weak. Zhejiang Province has the strongest urban heat island effects, with the SUHI greater than 6 °C, and the values of SUHI in Anhui Province are higher than 5 °C, showing strong urban heat island effects.



The mean values of SUHI in all the 27 cities from 2008 to 2017 are positive, varying from 3.68 °C (Zhenjiang) to 8.92 °C (Hangzhou). The urban heat island effect in Hangzhou is the most significant, followed by Wenzhou and Ningbo, and the average values of SUHI in those cities are higher than 7 °C. Zhenjiang and Changzhou have relatively low urban heat island effects, and the values of SUHI are lower than 4 °C. In terms of the change trend, the urban heat island effects in Nantong, Changzhou, and Hefei have increased significantly, greater than 3 °C from 2008 to 2017, while Tongling, Chuzhou, Taizhou(js) and Wuhu have hardly changed. The urban heat island effects in Jiaxing, Suzhou and Yancheng have been significantly alleviated.





7.2. The Performance of the Urbanization Subsystem


The evaluation results of urbanization in the central region of the Yangtze River Delta from 2008 to 2017 are shown in Figure 7 and Figure 8. On the whole, the urbanization level of the region has steadily increased, with an increase by 80% from 2008 to 2017. In terms of provincial scale (Figure 7), Shanghai, as a municipality directly under the central government, ranks first in the urbanization level, which is significantly higher than other provinces. Jiangsu Province and Zhejiang Province are the second and third respectively, with a fast growth rate of urbanization, and the level of Zhejiang Province is always close to the regional average. The level of urban development in Anhui Province is relatively poor, lower than the average level of the region.



As far as an individual city (Figure 8), as the leader of the Yangtze River Delta, Shanghai’s urbanization level has always ranked first in the region and maintained a high level for a long time. Nanjing, Hangzhou, and Hefei, as the capital cities, are the development core of each province and also at the stage of high-level urban development. The development quality of Wuxi, Suzhou and Changzhou is also relatively high. In addition, the urbanization level of Maanshan, Tongling, Wuhu, Ningbo, Nantong and Shaoxing is also above the average level. Jinhua, Chizhou, Xuancheng, Anqing, Chuzhou are ranked last, with a low level of urban development.



The spatiotemporal distribution of the urbanization level from 2008 to 2017 is shown in Figure 9. The urbanization level of the municipality and provincial capitals was prominent in the early stage and at the forefront of urban development in the central region of the Yangtze River Delta, which in turn led to the development of its surrounding cities. Cities along the Yangtze River and coastal cities have become the second echelon of urban development afterwards, where urbanization level has increased rapidly. In 2014, the level of urban development in the region was further increased. The cities with high urbanization level have a wider range of influence, and the urbanization level of the cities affiliated to the same urban agglomeration is getting closer and closer, which drives the development of more cities.



From the statistical results in Table 5, the change trend of urban development in the central region of the Yangtze River Delta can be divided into three stages. The first stage is from 2008 to 2011. Most cities are on the first and second level, and the level of urbanization is relatively poor. The second stage is from 2012 to 2014. The level of urbanization has gradually increased. All the cities are above level 2 and more and more cities are on level 4. The third stage is 2015–2017. The urbanization level of most of the cities is above level 3, and the overall level has increased significantly. The number of the cities with the best level of urbanization is increasing from one to four.




7.3. The Performance of the Eco-Environment Subsystem


The ecological environment, which is an important carrying factor for urban development, supports the economic and social development of the cities in the Yangtze River Delta. The assessment results of ecological environment in the region from 2008 to 2017 are shown in Figure 10 and Figure 11. On the whole, the quality of ecological environment has increased year by year, rising from 0.512 to 0.646. Jiangsu Province and Zhejiang Province are at the forefront, and Anhui Province slightly lagged. However, Zhejiang Province was surpassed by Anhui Province in 2013. Shanghai’s ecological environment is relatively poor, significantly lower than the other three provinces.



From the results of the eco-environment level of cities from 2008 to 2017 shown in Figure 11, the cities’ ecological environment changes in twists and turns, but the general trend is gradually becoming better. Yangzhou, Zhenjiang, and Chizhou are located in the first three places with average values higher than 0.65. As provincial capital cities, Hangzhou, Hefei, and Nanjing also have relatively good ecological and environmental conditions. Huzhou, Nantong, Zhoushan, Shaoxing, and Tongling are above the regional average. The ecological environment of Wenzhou, Taizhou(js), Ningbo and Shanghai is relatively poor.



It can be found from Figure 12 that cities with poor ecological environment were mainly concentrated in coastal areas and along the Yangtze River in 2008, which destroyed the ecological environment during rapid urban development (comparing with Figure 9). From the distribution maps of the eco-environment level in 2014 and 2017, it can be seen that the total number of cities ranking on level 1–2 is very small, and the ecological and environmental conditions in coastal areas and along the Yangtze River have been significantly improved.



From the statistical results in Table 6, the change trend of the ecological environment in the central region of the Yangtze River Delta can be also divided into three stages. The first stage is from 2008 to 2010, and the eco-environment level of most cities is in the lower ranges. The second phase is from 2011 to 2013. The level of ecological environment has been improved, and only a few cities are on level 1–2. The third stage is 2014–2017. All cities are on level 2 and above, where the ecological environment is getting better and better, and the number of cities on level 5 continues to increase.




7.4. Coupling Coordination State


Figure 13 and Figure 14 show the trend of coupling coordination degree between urbanization and ecological environment in the central region of the Yangtze River Delta. In general, the coupling coordination degree in the region has shown an overall rising tendency from 0.604 in 2008 to 0.753 in 2017. All cities are in the stages of unbalanced or transitional development before 2014. After 2015, two or three cities begin to enter a period of balanced development. In terms of specific values, the 10-year average change rate ranges from 14.74% (Shanghai) to 37.39% (Chuzhou), and the 10-year average growth rate of the study region is 24.51%. The cities with the growth rate over 30% are Chuzhou (ranked 27th for coupling coordination degree in 2008), Xuancheng (ranked 26th for coupling coordination degree in 2008), and Zhenjiang (ranked 16th for coupling coordination degree in 2008).



From the perspective of the provincial level in Figure 14, three provinces and one city are generally in the period of transitional development. Shanghai and Jiangsu Province are ranking the first two places with the values of coupling coordination degree higher than 0.62, which are in the stage of transitional development. At the same time of rapid development, Jiangsu Province, paying more attention to ecological and environmental issues, successfully surpassed Shanghai in 2014 and became the province with the highest value of coupling coordination degree in the region. Zhejiang Province is always at the regional average level, while Anhui Province, with relatively poor coupling coordination degree, has become better, and then successfully enters into the stage of transitional development from the stage of slightly unbalanced development.





8. Discussion


8.1. Analysis of the Obstacle Factors


According to Formula (25), the hindering factors and obstacle degree of urbanization and ecological environment are obtained. It can be seen in Table 7 that social urbanization, economic urbanization and landscape urbanization are the main hindering indices of urbanization. Specifically, the obstacle degrees of SUI (social urbanization index) are the biggest, EUI (economic urbanization index) and LUI (landscape urbanization index) follow, with those of DUI (demographic urbanization index) being the smallest. From 2008–2017, the hindering influence of SUI and EUI is getting smaller and smaller, and the blocking force of LUI and DUI is becoming bigger and bigger. In 2017, the hindering force of SUI, LUI and EUI is almost equivalent.



From the perspective of indicators, the main obstacle factors of the urbanization subsystem can be found in Table 8. The five main hindering factors of the urbanization subsystem from 2008 to 2010 are U9 (Per capita disposable income of urban residents), U8 (Total fixed asset investment), U6 (GDP per capita), U10 (Total retail sales of social consumer goods per capita), and U11 (Number of beds per 10,000 people), which indicates that, to some extent, these five indicators have an important effect on urban development. After 2011, U5 (Proportion of construction land in municipal districts), which takes the place of U10, becomes one of the top five hindering factors. During these ten years, U9 and U11 rank first and fifth respectively, without the orders changing. U8 and U6 are shifted back one position correspondingly. The ranking of U5 is getting higher and higher from the sixth to the third and to the second. The two factors with the least obstacles to urbanization are U3 and U1. From the trend of change, the obstacles of U1, U2, U3, U4, U5 and U7 are increasing. The obstacles of U6, U8, U9, U10 and U11 are getting smaller and smaller. U3 and U1 are always the two factors with the least influence, whose obstacle degrees are less than 5%.



In the eco-environment system, pollution loading and resource consumption are the main hindering indices. According to Table 9, PLI (pollution loading index) is definitely the principal hindering index, whose average obstacle degree is greater than 59% in ten years. The values of obstacle degree of PLI show a decreasing trend from 2008 to 2017. RCI (resource consumption index) is in the second place with the obstacle degree increasing from 18.35% in 2008 to 32.15% in 2017. The obstacle degree of RCI has increased significantly, which means that the negative impact on the ecological environment is increasing. The EQI (environmental quality index) and EGI (ecological governance index) are ranked in the last two, and the obstacles are getting smaller and smaller.



It can be seen from Table 10 that the top five indicators that hinder the eco-environment in 2008–2013 and 2015 are E5 (Industrial sulfur dioxide emissions per 100 million Yuan output value), E6 (Industrial soot emissions per 100 million Yuan output value), E8 (Electricity consumption of per 10,000 Yuan output value), E4 (Industrial wastewater discharge per 100 million Yuan output value) and E1 (Fraction of vegetation coverage); E3 (Surface urban heat island intensity) comes to be one of the top five hindering factors in 2014, in which there are actually a small gap of obstacle degrees between E3 and E1; E9 (Ratio of industrial solid wastes comprehensively utilized) achieves a surpass into the top five blocking factors and gradually widens the gap with the behind from 2016–2017. The order of the top four main obstacle factors has not changed during the ten years. E11 (Disposal rate of living garbage) and E2 (Park green area per capita in urban area) are always the two factors with the least obstacle degrees. The blocking effect of E8 increases significantly, while those of E9 and E7 have also become larger. However, the obstacle degrees of E5, E6 and E3 fluctuate, and the hindering force becomes slightly smaller.




8.2. Analysis of Coupling Coordination State


A high coordination degree does not necessarily mean a high-level coordinated development. Only when both the urbanization and the ecological environment reach the high level and high quality simultaneously, is it a truly high-level coordinated development. Therefore, further discussion on the differences between the level of urbanization and eco-environment is required.



Through comparison of the level of urbanization and ecological environment (classified in Table 5 and Table 6), nine different types of coupling coordination between urbanization and the eco-environment are shown in Figure 15. Although the coordinated development of most cities has improved significantly, regional imbalances are evident and the contradiction between ecological environment and urbanization still exists.



The dynamic evolution of coupling coordination can be divided into the following three stages (2008–2011, 2012–2014, and 2015–2017). The first stage is from 2008 to 2011. There are 13 cities with the coupling coordination degree between 0.3 and 0.6 in 2008, which is in the imbalanced development stage. Relying on its own advantages of location and policy, with the help of urban expansion and population agglomeration, the Yangtze River Delta has achieved a rapid increase in the level of urban development, which has brought tremendous pressure on the ecological environment, and the degree of coupling coordination between urbanization and ecological environment is at low level. In particular, Anhui Province has not joined in the urban agglomerations of the Yangtze River Delta, and the urban development is relatively backward. The second phase is from 2012 to 2014. The coupling coordination degrees of most cities in the study area are between 0.6 and 0.8, which is in the phase of transitional development. The coupling coordination degree between ecological and ecological environment maintains an upward trend. However, only a few cities are in the type of basically balanced development of urbanization and environment (BBD), which means that there are still prominent contradictions between urbanization and ecological environment in most cities. The third stage is 2015–2017. A few cities take the lead in entering the stage of superiorly balanced development with the coupling coordination degree greater than 0.8. At the same time, all other cities in the region move into the stage of transitional development. However, the gap between cities has not decreased significantly. Seven cities are still in the type of basically balanced development with eco-environment lagged, in which ecological environment protection does not keep up with the pace of urban development.



The Yangtze River Delta region is not only one of the most economically developed areas in China, but also a typical area for environmental pollution control. The green and healthy development of a city is closely related to many factors of the city, such as public policy, technological innovation, social change and lifestyle, which have profoundly affected the development of the coupling between urbanization and the ecological environment.



From 2008 to 2016, the “Guiding opinions on further promoting reform and opening-up and economic and social development in the Yangtze River Delta region” [34], “Regional planning of the Yangtze River Delta region” [50] and “Development plan of the Yangtze River Delta urban agglomerations” [51] were successively issued, which promoted the integration process of the Yangtze River Delta at the national level. Meanwhile, the important policies in the Yangtze River Delta pilot include trade, finance, technological innovation and other important aspects, such as Shanghai Free Trade Zone and Free Port policies, Southern Jiangsu modernization demonstration zone policy, and Zhejiang financial reform policy. The region took the lead in exploring the high-quality development path and promoted rapid economic and social development. However, with the continuous development of the economy and society, the regional characteristics of environmental pollution were becoming more and more obvious, and collaborative environmental protection governance was particularly important. By the end of 2017, more than 40 agreements and contracts for environmental protection have been signed in the Yangtze River Delta, covering various aspects such as water pollution control, air pollution control and marine governance. A lot of active explorations in regional air pollution joint prevention and control, comprehensive prevention and control of water pollution, cross-region pollution emergency treatment, and regional hazardous waste environmental management have been made. A set of good consultation mechanisms for ecological environment protection have been established, laying a solid foundation for regional environmental co-governance, co-construction, and sharing. In 2008, “Cooperation agreement on environmental protection in the Yangtze River Delta region” [52] was signed, which meant that the Yangtze River Delta, as a whole, entered the implementation phase of environmental cooperation governance. In 2013, “Declaration on urban environmental cooperation (Hefei) in the Yangtze River Delta” [53] clearly stated that the regional environmental protection systems and standards would be jointly built and the cooperation in environmental protection and ecological planning had been actively carried out. The Yangtze River Delta urban agglomerations have initially entered the stage of deep cooperation in environmental cooperative governance, and the effectiveness of environmental protection measures has begun to emerge. In 2014, the mechanism of pollution prevention was expanded to three provinces and one city. The working meetings of prevention and control cooperation mechanisms on air pollution and water pollution in the Yangtze River Delta were held successively. The integrated environmental governance has been advanced from “collaborative air pollution control” to “joint water pollution control”. The implementation of these policies has greatly promoted the high-quality development of integration in the Yangtze River Delta, which has effectively improved the ecological environment while developing at a high speed.



Technological innovation injects powerful driving force into the high-quality development of the regional economy, which is also the basic power to fight the battle of pollution prevention and control and build ecological civilization. From 2008 to 2017, the total number of patent applications in the Yangtze River Delta region was 5,820,300, accounting for about 35% of the national total, which is an important source of the country’s regional technology innovation. At the same time, the investment from the governments and enterprises in scientific research has grown rapidly. The resources of science and technology innovation of China’s first-class colleges and universities have gathered together, playing a leading and driving role in radiation regions. The inter-provincial cooperation in scientific and technological innovation has entered an accelerated period, and the scale of innovation cooperation in the Yangtze River Delta was getting bigger. In addition, the Yangtze River Delta urban agglomeration has taken the lead in accelerating the technological innovation driving economic transformation and upgrading. The proportion of the tertiary industry is increasing. The Yangtze River Delta region began to enter the post-industrial period. The proportion of secondary industries has gradually declined, effectively alleviating industrial pollution emissions. Scientific and technological innovation can make full use of the resource endowment and industrial characteristics of one city and three provinces, promoting the innovation of management operation mechanisms, accelerating the transformation of innovation achievements in key fields into industries, and further enhancing the overall development and collaborative innovation capabilities of the region. For example, the construction of a smart city integrates urban resources, realizes fine and intelligent management of the city, so as to reduce resource consumption, reduces environmental pollution, alleviates traffic congestion and improves the quality of life of residents to a certain extent. Technological innovation is also reflected in environmental science and technology innovation and environmental policy management innovation. The scientific and technological research on joint prevention and control of air pollution, and the synergy between environmental technology innovation and environmental policy management innovation in the Yangtze River Delta, can effectively support the tough battle of ecological environmental protection and pollution prevention.



At present, people’s lifestyles have changed, advocating “green consumption, low-carbon travel”. The greening of travel modes includes public transportation and shared bicycles. As an innovation in transportation, shared bicycles have changed people’s travel modes, enhanced urban mobility, and reduced the use of motor vehicles. By the end of 2017, the metro transportation has been opened in seven cities in the Yangtze River Delta, with the operation mileage from 52 km to 666 km respectively, which not only brings great convenience to life, but also reduces resource consumption and pollution emissions. Garbage classification is also a revolution in our lifestyle. Many cities in the Yangtze River Delta have promulgated management methods for the classification of domestic waste, conducted pilot work on waste classification, and promoted waste classification. It is a scientific management method for the effective disposal of waste, realizing the use of waste resources, reducing the amount of waste disposal, and improving ecological environment status.



In general, these aspects mentioned above are closely related, and their collective effect has an impact on the ecological environment and the process of urbanization. There are both positive and negative aspects. We should correctly use positive effects while avoiding negative effects along with promoting green, healthy and sustainable urban development.





9. Conclusions and Suggestions


The implementation of the integrated development strategy of the Yangtze River Delta is one of the major strategic measures to lead the nation’s high-quality development, expand the spatial layout of China’s reform and opening-up, and create a strong and active growth pole. This article has taken 27 cities in the central region of the Yangtze River Delta as the research objects, used the Entropy-TOPSIS method to evaluate the level of urbanization and eco-environment by constructing the index system based on remote sensing images and statistical data from 2008 to 2017, and analyzed the coupling coordination degree between the urbanization and eco-environment as well as the main obstacle factors.



During the past ten years, the coupling coordination degree in the study region generally showed an upward trend from 0.604 in 2008 to 0.753 in 2017, generally changing from an imbalanced state towards a basically balanced state. The urbanization level in the study region has steadily increased by 80% from 2008 to 2017, while the level of ecological environment has increased from 0.512 to 0.646. Although both the two subsystems have achieved a certain increase on the whole, regional imbalances still existed. The ecological environment situation remains severe, in which social urbanization, economic urbanization, landscape urbanization, pollution loading and resource consumption are the main hindering indices.



The Yangtze River Delta region is geographically connected, and economically and environmentally integrated, which has a common cultural background and is closely linked in many aspects. The urban green development and the conservation of the ecological environment require the joint efforts of all cities in the region, while all cities must not fall behind. Therefore, according to our research, the following suggestions are provided.



Firstly, in terms of social urbanization, the governments need to formulate measures to reduce the income gap between urban and rural residents, improve the level of medical security, and then improve people’s living standards and quality. With regard to economic urbanization, the investment in fixed assets needs to be strengthened to promote social development to provide a material and technical foundation. In terms of the ecological environment, the effective measures should be taken to strengthen the scientific management of pollution, promote the cooperation mechanisms for pollution prevention and control in the Yangtze River Delta region. While exerting the potential of saving energy and emission reduction as well as environmental protection of surrounding cities, pollution transfer must be strictly prevented. In addition, the promotion of clean energy substitution is required to reduce the dependence on traditional energy consumption.



Secondly, the governments should promote the integration of urbanization and the ecological environment in the Yangtze River Delta. From the dual perspectives of economic development and environmental protection, regional integrated green development policies need to be formulated and implemented to pay attention to the balance between “quality” and “speed” in development. Environmental governance and information sharing need to be further strengthened, and a unified environmental governance standard should be established in the Yangtze River Delta. We must accelerate the construction of a regional environmental monitoring platform to promote the sharing and exchange of environmental information, and formulate uniform emission standards as well as environmental protection regulations.



Finally, the governments should promote public participation and more investment in science and technology. On the one hand, some measures should be used to increase publicity on environmental protection, improve public awareness of environmental protection, encourage the public to participate extensively in environmental governance actions, improve the disclosure of corporate environmental behavior information, and ensure the timeliness and effectiveness of public environmental participation. On the other hand, the investment of relevant scientific research needs to be increased to make full use of the technical advantages of satellite remote sensing, big data, cloud computing to improve the timeliness and accuracy of the acquisition of ecological environment monitoring information, build ecological environment big data, improve the overall supervision efficiency, and provide reliable support and services for ecological environment monitoring.



However, there are still some limitations in this research. The urbanization and ecological environment are complex and huge systems which are difficult to be described through simple index systems. Due to the measurability of indicators, this paper only selects several representative indicators. At the same time, the application of remote sensing technology in urbanization and ecological environment monitoring has a broad prospect. At present, this paper only involves vegetation cover and land surface temperature. In the next step, more relevant dynamic information from remote sensing images will be extracted to build a more comprehensive evaluation system, such as land use and land cover, water environment and air pollution monitoring.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Overview of the research framework. 
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Figure 3. Relationship of coupling coordination between urbanization and ecological environment. 
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Figure 4. The spatiotemporal distribution of FVC (fraction vegetation coverage) in the central region of the Yangtze River Delta from 2008 to 2017 ((a–j) are the distribution maps from 2008 to 2017). 
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Figure 5. The overall performance of SUHI (surface urban heat island intensity) from 2008 to 2017. 
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Figure 6. The SUHI of cities from 2008 to 2017. 
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Figure 7. The overall performance of the urbanization level from 2008 to 2017. 
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Figure 8. The urbanization level of cities from 2008 to 2017. 
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Figure 9. The spatiotemporal distribution of the urbanization level from 2008 to 2017. 
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Figure 10. The overall performance of the eco-environment level from 2008 to 2017. 
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Figure 11. The eco-environment level of cities from 2008 to 2017. 
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Figure 12. The spatiotemporal distribution of the eco-environment level from 2008 to 2017. 
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Figure 13. Trend for coupling coordination degree of the cities from 2008 to 2017. 
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Figure 14. The overall performance of coupling coordination degree from 2008 to 2017. 
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Figure 15. Graduated map of coupling coordination degree between urbanization and eco-environment of the cities from 2008 to 2017. 
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Table 1. Data summary.
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Category

	
Data

	
Time

	
Format






	
Remote sensing images

	
Landsat 5 TM

	
2008–2012 (Summer)

	
Raster




	
Landsat 7 ETM+

	
2008–2017 (Summer)

	
Raster




	
Landsat 8 OIL/TIRS

	
2013–2017 (Summer)

	
Raster




	
Statistical data

	
China Urban Construction Statistical Yearbook

	
2008–2017

	
Text




	
China City Statistical Yearbook

	
2008–2017

	
Text




	
Shanghai Statistical Yearbook

	
2008–2017

	
Text




	
Jiangsu Statistical Yearbook

	
2008–2017

	
Text




	
Zhejiang Statistical Yearbook

	
2008–2017

	
Text




	
Anhui Statistical Yearbook

	
2008–2017

	
Text




	
National economic and social development statistical bulletin of each city

	
2008–2017

	
Text




	
Geographic ancillary data

	
Administrative boundary data

	
2017

	
Vector




	
Urban built-up area data

	
2010

	
Vector
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Table 2. Index system for urbanization and the ecological environment.
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Subsystem

	
Index

	
Indicator

	
Reference






	
Urbanization

	
Demographic urbanization index (DUI)

	
Urban population density (Person/km2) (U1) *

	
[4,5,6,20,25,32,33]




	
Percentage of employed population in the tertiary industries (%) (U2)

	
[4,5,23,46]




	
Landscape urbanization index (LUI)

	
Urbanization rate (%) (U3)

	
[23,25,29,33]




	
Urban road area per capita (m2) (U4)

	
[4,23,29,31,46]




	
Proportion of construction land in municipal districts (%) (U5)

	
[23,31]




	
Economic urbanization index (EUI)

	
GDP per capita (Yuan) (U6)

	
[4,5,6,20,23,25,29,31,32,33,46]




	
Proportion of GDP contributed by the tertiary industries (%) (U7)

	
[20,23,29,31,46]




	
Total fixed asset investment (10,000 Yuan) (U8)

	
[23,29]




	
Social urbanization index (SUI)

	
Per capita disposable income of urban residents (Yuan) (U9)

	
[4,5,32,46]




	
Total retail sales of social consumer goods per capita (Yuan) (U10)

	
[4,23,29,32,46]




	
Number of beds per 10,000 people (Bed) (U11)

	
[6,23,46]




	
Ecological environment

	
Environmental quality index (EQI)

	
Fraction of vegetation coverage (%) (E1)

	
[46,47]




	
Park green area per capita in urban area (m2) (E2)

	
[4,31,46,47]




	
Surface urban heat island intensity (°C) (E3) *

	
[46,47]




	
Pollution loading index (PLI)

	
Industrial wastewater discharge per 100 million Yuan output value (Ton) (E4) *

	
[5,31,33,46]




	
Industrial sulfur dioxide emissions per 100 million Yuan output value (10,000 Tons) (E5) *

	
[20,31,33,46,47]




	
Industrial soot emissions per 100 million Yuan output value(Ton) (E6) *

	
[46,47]




	
Resource consumption index (RCI)

	
Per capita annual water consumption of urban residents (Ton) (E7) *

	
[5,29,31,46]




	
Electricity consumption of per 10,000 Yuan output value (kW·h) (E8) *

	
[4,6,25,31,46]




	
Ecological governance index (EGI)

	
Ratio of industrial solid wastes comprehensively utilized (%) (E9)

	
[5,20,23,29,33,46]




	
Ratio of urban sewage centralized treated (%) (E10)

	
[6,23,33,46,47]




	
Disposal rate of living garbage (%) (E11)

	
[6,29,33,46,47]








* represents a negative indicator.
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Table 3. The stages of coupling between urbanization and eco-environment.
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Primary Division

	
Range

	
Secondary Division

	
Tertiary Division






	
Balanced development

	
0.8–1

	
Superiorly balanced development

	
Superiorly balanced development of urbanization and environment (SBD)




	
With urbanization lagged (SBD-UL)




	
With eco-environment lagged (SBD-EL)




	
Transitional development

	
0.6–0.8

	
Basically balanced development

	
Basically balanced development of urbanization and environment (BBD)




	
With urbanization lagged (BBD-UL)




	
With eco-environment lagged (BBD-EL)




	
Imbalanced development

	
0.3–0.6

	
Slightly imbalanced development

	
Slightly imbalanced development of urbanization and environment (SLID)




	
With urbanization lagged (SLID-UL)




	
With eco-environment lagged (SLID-EL)




	
0–0.3

	
Seriously imbalanced development

	
Seriously imbalanced development of urbanization and environment (SID)




	
With urbanization lagged (SID-UL)




	
With eco-environment lagged (SID-EL)
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Table 4. Graduated results of FVC.






Table 4. Graduated results of FVC.





	
Grade

	
Range (%)

	
Percentage (%)




	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017






	
Low

	
0–12.5

	
1.65

	
2.06

	
1.46

	
1.40

	
1.20

	
1.13

	
1.66

	
1.15

	
1.40

	
1.27




	
Low-middle

	
12.5–25.0

	
3.03

	
3.46

	
2.82

	
2.52

	
2.67

	
2.62

	
2.45

	
2.36

	
2.35

	
2.61




	
25.0–37.5

	
5.65

	
5.15

	
5.05

	
5.05

	
4.93

	
4.88

	
5.02

	
4.93

	
4.62

	
4.72




	
Middle

	
37.5–50.0

	
9.06

	
6.84

	
6.33

	
6.59

	
6.34

	
6.36

	
6.94

	
7.18

	
6.35

	
6.14




	
50.0–62.5

	
16.71

	
18.33

	
10.48

	
9.70

	
9.43

	
9.28

	
10.30

	
11.29

	
8.02

	
7.85




	
Middle-high

	
62.5–75.0

	
22.22

	
19.53

	
21.86

	
18.88

	
18.98

	
18.52

	
17.38

	
16.98

	
11.82

	
12.49




	
High

	
75.0–87.5

	
20.69

	
21.94

	
26.70

	
28.36

	
26.40

	
23.73

	
24.25

	
19.62

	
19.27

	
21.49




	
87.5–100

	
20.99

	
22.69

	
25.31

	
27.50

	
30.06

	
33.48

	
32.00

	
36.50

	
46.15

	
43.43
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Table 5. Statistical results of the urbanization level.
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Rank

	
Range

	
Numbers of Cities




	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017






	
Level 1

	
0–0.20

	
4

	
3

	
3

	
2

	
0

	
0

	
0

	
0

	
0

	
0




	
Level 2

	
0.20–0.35

	
19

	
17

	
14

	
14

	
15

	
12

	
7

	
5

	
4

	
3




	
Level 3

	
0.35–0.50

	
4

	
6

	
9

	
10

	
8

	
9

	
12

	
13

	
12

	
10




	
Level 4

	
0.50–0.65

	
0

	
1

	
1

	
1

	
4

	
6

	
8

	
8

	
7

	
10




	
Level 5

	
0.65–1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
4

	
4
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Table 6. Statistical results of the eco-environment level.
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Rank

	
Range

	
Number of Cities




	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017






	
Level 1

	
0–0.45

	
4

	
3

	
1

	
1

	
1

	
1

	
0

	
0

	
0

	
0




	
Level 2

	
0.45–0.55

	
15

	
14

	
12

	
8

	
6

	
4

	
2

	
1

	
1

	
1




	
Level 3

	
0.55–0.65

	
7

	
8

	
10

	
13

	
14

	
18

	
18

	
19

	
16

	
15




	
Level 4

	
0.65–0.75

	
1

	
2

	
4

	
5

	
6

	
3

	
6

	
6

	
8

	
8




	
Level 5

	
0.75–1

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
1

	
2

	
3
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Table 7. Obstacle degree of indices in the urbanization system (%).
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Index

	
Year




	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017






	
DUI

	
8.64

	
9.05

	
9.08

	
8.86

	
9.62

	
10.04

	
10.52

	
10.65

	
11.20

	
11.71




	
LUI

	
20.57

	
20.40

	
20.65

	
21.28

	
21.97

	
22.71

	
23.69

	
25.51

	
26.86

	
29.00




	
EUI

	
31.97

	
32.02

	
31.86

	
31.69

	
31.54

	
31.26

	
30.62

	
29.83

	
28.94

	
27.66




	
SUI

	
38.82

	
38.53

	
38.42

	
38.17

	
36.86

	
36.00

	
35.18

	
34.01

	
33.00

	
31.63
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Table 8. The obstacle indicators of the urbanization system (%).
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Year

	
Order




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11






	
2008

	
U9

	
U8

	
U6

	
U10

	
U11

	
U5

	
U2

	
U7

	
U4

	
U3

	
U1




	
18.07

	
14.63

	
11.15

	
10.47

	
10.27

	
10.18

	
6.28

	
6.19

	
6.02

	
4.37

	
2.36




	
2009

	
U9

	
U8

	
U6

	
U10

	
U11

	
U5

	
U2

	
U7

	
U4

	
U3

	
U1




	
17.91

	
14.59

	
11.20

	
10.38

	
10.24

	
10.00

	
6.37

	
6.24

	
6.04

	
4.35

	
2.68




	
2010

	
U9

	
U8

	
U6

	
U11

	
U10

	
U5

	
U7

	
U2

	
U4

	
U3

	
U1




	
17.74

	
14.57

	
10.77

	
10.45

	
10.23

	
10.12

	
6.52

	
6.33

	
6.11

	
4.42

	
2.75




	
2011

	
U9

	
U8

	
U5

	
U6

	
U11

	
U10

	
U7

	
U2

	
U4

	
U3

	
U1




	
18.01

	
14.38

	
10.65

	
10.57

	
10.48

	
9.68

	
6.74

	
6.38

	
6.15

	
4.48

	
2.47




	
2012

	
U9

	
U8

	
U5

	
U6

	
U11

	
U10

	
U7

	
U2

	
U4

	
U3

	
U1




	
17.48

	
14.24

	
11.08

	
10.43

	
10.16

	
9.22

	
6.87

	
6.78

	
6.38

	
4.51

	
2.84




	
2013

	
U9

	
U8

	
U5

	
U6

	
U11

	
U10

	
U2

	
U7

	
U4

	
U3

	
U1




	
17.20

	
14.05

	
11.53

	
10.26

	
9.94

	
8.85

	
7.06

	
6.94

	
6.62

	
4.56

	
2.98




	
2014

	
U9

	
U8

	
U5

	
U6

	
U11

	
U10

	
U2

	
U4

	
U7

	
U3

	
U1




	
16.71

	
13.66

	
12.17

	
10.12

	
9.86

	
8.60

	
7.27

	
6.91

	
6.84

	
4.61

	
3.25




	
2015

	
U9

	
U5

	
U8

	
U6

	
U11

	
U10

	
U2

	
U4

	
U7

	
U3

	
U1




	
16.17

	
13.53

	
13.23

	
10.07

	
9.87

	
7.97

	
7.39

	
7.17

	
6.52

	
4.82

	
3.27




	
2016

	
U9

	
U5

	
U8

	
U6

	
U11

	
U4

	
U2

	
U10

	
U7

	
U3

	
U1




	
16.06

	
14.35

	
12.73

	
9.80

	
9.61

	
7.63

	
7.47

	
7.32

	
6.41

	
4.88

	
3.73




	
2017

	
U9

	
U5

	
U8

	
U11

	
U6

	
U4

	
U2

	
U7

	
U10

	
U3

	
U1




	
16.18

	
15.75

	
12.08

	
9.07

	
8.97

	
8.26

	
7.68

	
6.62

	
6.38

	
4.99

	
4.03
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Table 9. Obstacle degree of indices in the eco-environment system (%).
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Index

	
Year




	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017






	
EQI

	
11.90

	
11.77

	
10.48

	
10.06

	
8.76

	
8.32

	
9.31

	
8.57

	
5.84

	
4.48




	
PLI

	
61.59

	
59.85

	
59.57

	
58.77

	
59.38

	
59.49

	
58.57

	
59.28

	
57.55

	
57.21




	
RCI

	
18.35

	
20.18

	
22.77

	
22.59

	
24.75

	
26.36

	
25.57

	
26.29

	
29.66

	
32.15




	
EGI

	
8.16

	
8.20

	
7.18

	
8.58

	
7.11

	
5.83

	
6.54

	
5.86

	
6.95

	
6.15
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Table 10. The obstacle indicators of the eco-environment system (%).
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Year

	
Order




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11






	
2008

	
E5

	
E6

	
E8

	
E4

	
E1

	
E10

	
E9

	
E3

	
E7

	
E11

	
E2




	
30.53

	
21.48

	
15.60

	
9.59

	
7.81

	
4.04

	
2.84

	
2.82

	
2.75

	
1.28

	
1.27




	
2009

	
E5

	
E6

	
E8

	
E4

	
E1

	
E10

	
E9

	
E7

	
E3

	
E11

	
E2




	
29.31

	
20.75

	
17.44

	
9.79

	
8.04

	
3.43

	
3.38

	
2.75

	
2.59

	
1.40

	
1.13




	
2010

	
E5

	
E6

	
E8

	
E4

	
E1

	
E7

	
E9

	
E10

	
E3

	
E11

	
E2




	
29.89

	
20.35

	
19.84

	
9.33

	
7.17

	
2.93

	
2.91

	
2.80

	
2.39

	
1.47

	
0.92




	
2011

	
E5

	
E6

	
E8

	
E4

	
E1

	
E9

	
E3

	
E7

	
E10

	
E11

	
E2




	
29.82

	
20.16

	
19.85

	
8.79

	
5.49

	
5.16

	
3.73

	
2.74

	
2.39

	
1.03

	
0.83




	
2012

	
E5

	
E8

	
E6

	
E4

	
E1

	
E9

	
E3

	
E7

	
E10

	
E11

	
E2




	
30.46

	
21.93

	
20.28

	
8.64

	
4.96

	
3.51

	
3.04

	
2.82

	
2.16

	
1.44

	
0.76




	
2013

	
E5

	
E8

	
E6

	
E4

	
E1

	
E9

	
E7

	
E3

	
E10

	
E2

	
E11




	
30.96

	
23.48

	
19.63

	
8.90

	
4.75

	
3.42

	
2.89

	
2.86

	
2.03

	
0.70

	
0.38




	
2014

	
E5

	
E8

	
E6

	
E4

	
E3

	
E1

	
E9

	
E7

	
E10

	
E11

	
E2




	
30.23

	
22.66

	
19.97

	
8.37

	
4.35

	
4.30

	
3.90

	
2.91

	
1.90

	
0.74

	
0.66




	
2015

	
E5

	
E8

	
E6

	
E4

	
E1

	
E3

	
E9

	
E7

	
E10

	
E11

	
E2




	
30.73

	
23.10

	
20.33

	
8.22

	
4.21

	
3.73

	
3.36

	
3.19

	
1.80

	
0.70

	
0.63




	
2016

	
E5

	
E8

	
E6

	
E4

	
E9

	
E1

	
E7

	
E3

	
E10

	
E11

	
E2




	
30.11

	
26.46

	
19.08

	
8.36

	
4.81

	
3.25

	
3.20

	
2.30

	
1.54

	
0.61

	
0.29




	
2017

	
E5

	
E8

	
E6

	
E4

	
E9

	
E7

	
E1

	
E3

	
E10

	
E11

	
E2




	
28.99

	
28.79

	
20.23

	
8.00

	
4.53

	
3.36

	
2.48

	
1.80

	
1.27

	
0.35

	
0.20
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