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Abstract

:

Exploring the interaction and coupling effects within the digital economy and eco-economic system resilience in urban agglomeration areas is conducive to promoting high-quality sustainable urban development. Based on the coupling effect perspective, we construct a coupling coordination and development system with multiple elements, information, and interaction flow. The JJJ urban agglomeration from 2010 to 2019 was used as the study sample. The spatiotemporal differences and spatial effects of the coupled coordination were evaluated by combining the tools of combined weight model, coupled coordination model, nuclear density estimation, and exploratory spatial data analysis. The main results can be summarized as follows. (1) From 2010 to 2019, the digital economic index and eco-economic system resilience index of JJJ urban agglomeration maintained an upward trend, and the time series characteristics of the two sides showed a significant positive correlation. Additionally, the overall digital economic development index is better than the resilience development index of the urban eco-economic system. (2) In terms of the type of coupling coordination, the JJJ region has experienced a dynamic evolution process from the imbalance in 2010 to the primary coordination in 2019. The coupling and coordinated development levels of Beijing and Tianjin are obviously better than those of Hebei Province as a whole. (3) The coupling coordination of the system shows certain characteristics of spatial agglomeration and distribution. The overall spatial pattern presents a development pattern with Beijing and Tianjin as the core, and the gap between the north and the south is gradually narrowing. (4) Spatial spillovers and diffusion effects are evident. However, the influential factors have significant differences in the coupling and coordinated development between this region and neighboring regions. The results may provide theoretical support for the continuous improvement of ecological environment quality and green sustainable economic efficiency in urban agglomeration. It provides decision-making reference for promoting regional synergistic development strategy and optimizing spatial pattern of regional integration.
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1. Introduction


1.1. Background


The report of the 19th CPC National Congress pointed out that China’s economy has changed from the stage of rapid growth to the stage of high-quality development. In the context of entering the new stage of development and the “double carbon” target, the quality and sustainability of economic development is receiving increasing attention in China [1]. As a major carrier of economic, social, and environmental development, a variety of uncertain risks have become barriers to urban security and sustainable development, including natural disasters such as floods and earthquakes. The term also refers to terrorist attacks, political instability, ecological degradation, environmental pollution, lack of resources, and human-caused disasters that threaten the quality of the environment and human health. Therefore, cities with the carrier of human social development must constantly enhance their adaptability and resilience to resist these shocks to promote the healthy and orderly development of cities [2]. Research on the resilience of the urban eco-economic system will be of great importance for the sustainable and high-quality development of the economy and the enhancement of the performance of human ecological wellbeing [3,4]. Digital economics will gradually become a new engine of future economic growth, and the promotion of deep integration and coordinated development between the digital economy and the ecological environment will be the major theme of future development [5]. The digital economy as a new economic form will undoubtedly affect the economy, society, and the environment. Additionally, by virtue of its strong infiltrative attributes, it continues to broaden the scope and depth of integration with China’s economic, social, scientific and technological, cultural, and other spheres of activity [6]. This will result in the transformation of China’s economic development model through cloud computing, big data, artificial intelligence, and other frontier digital technologies. New economic conditions and green innovative development patterns have been brought into being, bringing great opportunities for China’s urban construction and high-quality economic development [7,8]. Under this background, it will play an important role in the implementation of China’s high-quality sustainable development strategy to study the coupling and coordination relationship between urban digital economy and eco-economic system, as well as to clarify the internal coupling and coordination rules and mechanisms between them.



Under the impetus of the new normal and the new urbanization development strategy, urban agglomeration has become an important supporting structure of China’s economic and social development [9]. The Beijing-Tianjin-Hebei (the abbreviation JJJ, the same as below) urban agglomeration is the largest urban agglomeration in north China, with a land area of 216,800 square kilometres (2.3 percent of the country’s land area) and a population of 113 million people (eight per cent of the country’s total population) in the region. As of 2019, it accounts for nine per cent of China’s GDP. It is one of China’s fastest growing, most open, and innovative urban agglomerations. It has become an important driving force in sustaining China’s participation in the global market, but it is also prone to environmental constraints and resource issues [10,11,12].



The digital and ecological economies are the most important topics in the current economic and environmental policy agenda [13,14]. The ecological economy provides the opportunity for transformation [15], and the digital economy is the new engine and driving force for achieving economic growth and social change [16,17]. Undoubtedly, the two are highly related. However, most of the current academics are carrying out research on both independently. Their studies include research into the digital economy, mainly focusing on promoting carbon emission reduction [18,19], digital finance [20], risk management [21], sharing economy development [22,23], promoting high-quality and resilient economic development [24,25,26,27], promoting industrial structure upgrading [28], and circular economy development content [29,30]. The eco-economy is mainly concerned with improving resource efficiency [31,32], green technology innovation [33], industrial eco-economy [34], and reconciling environmental and economic sustainability [35,36,37]. Only a few institutions and scholars have started to reflect on the compatibility of the digital economy ecosystem with the carbon footprint and the transformation of the green and ecological economic system [38,39,40]. At present, our country is in the process of constructing a new development pattern of “double cycle”, exploring the high-quality integration of ecological economy and digital economy, and building a sustainable digital age. This is an inevitable requirement to implement the new development concept, realize the organic unity of “economic, social and ecological effects”, and an important strategic decision to realize the international commitment of “30.60” [29].



The innovation of this research may be mainly reflected in the following points: first, based on value creation and urban resilience development perspective, it is important to investigate the transmission mechanism, dynamic evolution, and spatio-temporal differentiation characteristics of the regional digital economy and the resilience of eco-economic system. The second objective is to incorporate spatial effects into the research framework in order to explore the spatial heterogeneity of coupling and coordination between the two in the urban agglomeration of JJJ. Thirdly, in order to enhance the level of coupling and coordination between the two and to promote the balanced and synergistic development of the JJJ cluster of cities, after refining the search units, we take the 13 prefecture-level cities in the JJJ cluster of cities as our search objects. This is performed to better explore the spatiotemporal differences and spatial effects of their coupled and coordinated development.




1.2. Literature Review


Digitization and sustainable development are the main trends of economic and social development [41,42,43]. By harnessing the power of the internet and inclusive finance to bring technological innovation effects and resource allocation effects into play, the digital economy enhances the rational sharing and equitable distribution of the wellbeing outcomes of economic development [44,45,46,47,48]. The scale, technology, and structural effects of digital economy development are amplified in terms of their impact on the resource environment [7,49,50,51,52,53,54,55]. The digital economy reduces ecological pollution through the green development effect and innovation development effect, which in turn promotes eco-economic efficiency [56,57,58].



The connotation, measurement methods, theoretical studies, and empirical studies on the resilience of urban eco-economic systems have also been enriched by scholars [59]. In terms of connotation and definition, some scholars have proposed four dimensions of urban economic resilience, namely, resilience, recovery, reorganization, and renewal [60], but most scholars define it as the ability of cities to achieve economic recovery and to create new economic development paths through reconfiguration after effectively coping with external disturbance shocks [61]. At present, there is not a uniform method for measurement. According to the focus of the study, various methods have been designed, including the single-core variable method, the composite index method, the toughness maturity model, the social network model, and the scenario analysis method [62]. At the research scale, it involves counties, municipalities, and specific regions [63]. In terms of theoretical perspectives, scholars mainly sorted out urban adaptive governance, climate change, sustainable management of natural resources, disaster prevention, and urban resilience, which laid the foundation for in-depth research on urban resilience [64]. The empirical research is mainly formulated from the perspectives of urban system resilience operating mechanism, effectiveness evaluation, design planning, and other dimensions [65]. It is important to discuss the influence mechanism and action mechanism on urban eco-economic development based on industrial structure, industrial agglomeration, economic density, entrepreneurial vigor, social security, etc. [66].




1.3. Problem Statement and Objectives


In summary, firstly, the scale of research is concentrated in the country, provinces and other macro categories, and there is a paucity of research on the micro and meso level, such as urban agglomeration. The second problem is the lack of related research on the law of two-way interactions, the dynamical evolution of the degree of interrelated coupling coordination, and the characteristics of spatiotemporal differentiation. Thus, these considerations are based on consideration of regional representativeness and regional economic impacts. In this paper, we focus on the exploratory dynamic analysis of the index coupling coordination relationship and the spatio-temporal evolution pattern of the digital economy and the resilience of urban eco-economic systems. Additionally, these processes reveal their developmental features and the law of coordination of coupling.



Given this, after combing through a large body of studies, the interaction mechanism between infrastructure, structural optimization, technological innovation, and the resource allocation effect of the digital economy and resilient eco-system development forms the basis of this study. Motivated by the combination weight assessment model, the degree of coupling model, kernel density analysis, and the spatial econometric model, the goals of our paper are to address the following questions:




	(1)

	
Overall, what is the time series change and the evolution of the spatiotemporal pattern of resilient coupling and coordinated development of digital economy and eco-economic system resilience in JJJ urban agglomeration?




	(2)

	
What is the distribution law of spatial agglomeration, and what is the evolutionary trend of their coupling and coordinated development?




	(3)

	
Are there any spatial spillover effects, and what are the influencing factors of both?




	(4)

	
Given the above findings, how can differentiated policy recommendations for high quality digital economy development and eco-system resilience be advanced?









The purpose of this paper is to provide a reference for the relevant decisions on the coupling and coordinated development of digital economy and resilience of eco-economic system in China and other countries or regions with similar conditions. The results of the study will help to overcome the contradiction between economic development and ecological environment. Additionally, these results will simultaneously increase people’s wellbeing in the coordinated development process. Promoting high quality economic and social development and forming a new development model are very important.





2. Research and Design


2.1. Theoretical Framework


As a facilitator of high-quality economic development, the digital economy provides new technical conditions and a social environment for resilient construction and development of urban eco-systems through digital technologies [67,68]. This improves the total green factor productivity of the socioeconomic system by reducing information asymmetry and optimizing the efficiency of resource allocation [30,69,70], thereby improving the level of resilience of the urban eco-economic system. Consequently, enhancing the resilience of urban eco-economic systems will also feed back into the field of digital economy development. This will boost the solid development of the digital economy in cities and create environmental policies and economic foundations for digital economy development [71]. Specifically, the digital economy improves the matching accuracy of resources, energy efficiency, information symmetry among market players, information communication efficiency, and overcomes the disadvantages of market failure by virtue of its highly permeable properties. It is important to improve the operation and supply efficiency of the economic system and strengthen the endogenous drive of economic development. The digital economy can enhance the ecological efficiency of cities by building a feedback mechanism of ecological protection and propagating the positive concept of green living [72]. The digital economy enhances the informationization and intelligentized level of cities through technology embedding. These promote the transformation and upgrading of urban industrial structure and rapidly accumulate a large number of innovative resources [30]. This deep integration of the digital economy and the real economy allows for the reconstruction of the value creation model, developing a new industrial ecology, as well as promoting the advancement of green technology in China’s “three-high” industries. On the other hand, building and developing the resilience of urban eco-economic systems provides new opportunities for development and economic foundations for the digital economy [73,74]. The development and construction of new infrastructure, smart cities, and other major urban strategic projects align with the digital economy, which results in the deep integration of digital economy development and the resilience building of urban eco-economic systems. This results in interacting with one another to achieve synergy and giving full play to the multiplier effect and the value co-creation effect between one another [75]. Figure 1 illustrates the mechanism of the role of coupling and co-ordinate development.




2.2. Study Area


According to the outline of Beijing-Tianjin-Hebei Cooperative Development Plan (2015.04), the planning area includes two municipalities directly under the central government of Beijing and Tianjin and 11 prefecture-level cities in Hebei Province, forming a spatial layout pattern of 11 + 2 [76]. It is an important part of the Bohai region, plays an important role in the economic development of the Bohai region, and plays an important strategic role in national development [77]. Therefore, this paper takes the Beijing-Tianjin-Hebei (the abbreviation JJJ) urban agglomeration as the research object. Figure 2 is a graph of vector map data for the JJJ urban agglomeration (http://ngcc.sbsm.gov.cn, accessed on 10 January 2022).




2.3. Research Methods


In this study, an evaluation system was constructed for the coupling and coordinated development of the digital economy and eco-system resilience (Figure 3). The framework consists of three stages: (1) quantifying the assessment of resilience development of digital economy and eco-economic system and analyzing their related data according to the measurement results, including evaluation index, coupling degree, and coupling coordination degree. (2) The next step is visualization of a non-equilibrium spatial analysis of the coupling and coordinated development of the regional digital economy and eco-economic system resilience, including kernel density estimation, the spatiotemporal transition characteristics of their degree of coupling coordination, and spatial correlation. (3) The selection of possible driving factors for both coupling and coordinated development, and the determination of the spatial landmark regression model, are important. Additionally, one should perform a spatial analysis of the spillover effect.



2.3.1. Evaluation Model Based on Combinatorial Weights


In order to determine the weight, it is necessary to choose the corresponding weighting method, and the weight determined by different weighting methods is not the same. The combination of subjective and objective weighting is a method of weighting between subjective and objective values. Weight determination has both subjective qualitative components and quantitative computation of the data [78]. In an effort to reduce the influence of subjective factors and fully explore the original data, to weight the evaluation index, we use the subjective and objective combination weighting method that combines AHP and entropy.



Analytic hierarchy process (AHP) is a hierarchical weight decision analysis method put forward by American operations researcher T.L. Saaty [79]. This method combines quantitative analysis with qualitative analysis to solve multi-objective complex problems. With the advantages of its flexible and concise system, it has been widely valued and applied in all fields of social economy, such as engineering planning, resource allocation, programme sequencing, policy development, performance evaluation, energy systems analysis, marine systems analysis, and urban planning [80,81,82,83,84].



This method uses the experience of decision makers to judge the relative importance of the criteria for measuring whether the goals can be achieved or not, and it reasonably gives the weight of each decision-making scheme. The rules for defining the scale of the judgment matrix are as follows: compared with the two factors, if they have the same importance, the scale is 1; when the current one is slightly more important than the latter, the scale is 3; when the former is obviously more important than the latter, the scale is 5; when the former is stronger more important than the latter, the scale is 7; when the former is most important in relation to the latter, the scale is 9, and the scales of 2, 6, and 8 represent the intermediate value in the above judgment.



Specific methods include: 50 experts are asked to assign the index using the 1 to 9 scale method, and then this is applied to computing the scaled mapping value of the entropy enhanced method. Once the judgment matrix is established, the weight of the index is computed according to the root method. Finally, a one-tailed test was performed.




	(1)

	
Once the initial index data are normalized by the range method, the difference coefficients for each index are calculated by the ordinary entropy method.


   g j  = 1 −  1  l n   m     ∑  i = 1  m    p  i j       l n    p  i j   ,    p  i j     =      x  i j       ∑  i = 1  m    x  i j        



(1)








	(2)

	
The AHP weighting method is used to calculate the scale mapping value of 1 to 9 in the improved entropy method.









First of all, find the maximum difference coefficient ratio D:


  D =   max  g j    min  g j     



(2)







Secondly, find the mapping ratio R of 1–9 scale:


  R =    D a    a − 1    



(3)







Finally, the mapping value of the 1–9 scale is calculated.




	(3)

	
The mapping value of 1–9 scale is obtained by multiplying the original scale value of R by 1–9 scale in AHP weighting method, and the result is shown in Table 1. Of these, 0–8 corresponds to a subtraction of 1 on a scale of 1–9 in the AHP method.




	(4)

	
Construct the judgment matrix of the improved entropy method and calculate the weight.









Calculate the difference coefficient ratio of the index    r  j k   =    g j     g k       g j  >  g k     . The difference between the improved entropy method and the one with the smallest difference of the mapping value of the 1–9 scale is the result of comparing the relative importance of the two indexes, so as to construct the judgment matrix.




	(5)

	
Calculate the weight value and evaluation value of the index.









According to the judgment matrix, the eigenvector corresponding to the maximum eigenvalue of the matrix is solved and normalized, and thus the weight is obtained. Finally, the evaluation value of each index can be obtained.




2.3.2. Nuclear Density Analysis


Kernel density estimation is a nonparametric testing method. In comparison to other estimation methods, this method does not use prior knowledge of data distribution and does not attach any assumptions to data distribution. Given its weak model dependence and excellent statistical properties, this method has been used extensively in the exploration of the spatial distribution imbalance problem [85].



The formula is as follows:


     f n   x  =  1  n  h n      ∑  i = 1  n  K       x i  −  x −     h n          K  x  =  1    2 π     exp   −    x 2   2       



(4)







In the form,    f n   x    is a for probability density function;   K  x    is a for Gaussian kernel density function;  n  represent number of samples;    h n    represent broadband; and    x −    is the mean value. In general, the wider the broadband, the smoother the density function and the lower the estimated precision.




2.3.3. Coupled Coordination Degree Model


The calculation model of the coupling and coordinated development of regional digital economy and urban eco-economic system resilience is as follows [86]:


  C = 2          U 1  ∗  U 2     /       U 1  +  U 2       U 1  +  U 2             1 / 2     



(5)




where: the coupling degree value C ∈ [0,1], and, the larger the C value, the higher the level of resonance coupling between the two systems, and vice versa.



The coupling degree reflects the similarity level of the system elements and does not represent the overall level of factor development and the synergistic effect of the two. It cannot well characterize the regional digital economy and the level of resilient urban eco-economic system development and its coordination or further construct the coupling coordination degree model. The formula is as follows:


  D =   ( C ∗ T )   1 / 2   ,   T = α  U 1  + β  U 2   



(6)




where: D it is the coupling coordination degree; T it is the comprehensive coordination index of the digital economy and the urban eco-economic system resilience;  α  and  β  are the degree of contribution of the digital economy and the urban eco-economic system resilience development to the economy and society, respectively. Considering that the contribution degree of the two is not distinguished from each other [81], here, take  α  =  β  = 0.5. According to D, the size of coupling coordination rrefers to previous research [87,88]. Establish the grade evaluation standard of coupling coordination degree, as shown in Table 2.




2.3.4. Exploratory Spatial Data Analysis (ESDA)


	(1)

	
Global autocorrelation analysis







The global spatial autocorrelation analysis method is used to identify the spatial agglomeration of digital economy and urban eco-economic system resilience development level in the JJJ.


  I =   ∑  i = 1  n     ∑  j = 1  n    w  i j      x i  −  x −           x j  −  x −    /     ∑  i = 1  n        x i  −  x −     2    ∑  i = 1  n     ∑  j = 1  n    w  i j            



(7)




where  n  is the number of spatial units in the study area;    x i    and    x j    represent the coupled coordination index of cities I and city j;    x −    represents the average of the study object;    w  i j     is the adjacent spatial weights matrix.  I  ∈ [−1,1], and, if I > 0, this indicates that the degree of coupling and coordination of the digital economy and the urban eco-economic system resilience index in the JJJ region is spatially clustered and has a positive spatial correlation.




	(2)

	
Local autocorrelation analysis









The local Moran’s I index is usually used to measure and draw the LISA aggregation map to measure the spatial correlation characteristics between this region and adjacent regions, including HH, LL, HL, and LH [89]. The calculation formula is as follows:


  I =      x i  −  x −      ∑  j = 1  n    w  i j          x j  −    x −        2   /    ∑  i = 1  n        x i  −  x −     2       



(8)







In the form,    x i   ,    x j   , and    w  i j     are related to the definition of symbols, which is the same as (7);  I  is a local Moran’s I index, with a range of values [−1, 1], and a positive value indicates the spatial agglomeration of similarity around the regional unit.




2.3.5. Spatial Econometric Model


Due to the existence of technical diffusion and spillover effects in the region, spatial factors need to be considered [90]. The commonly used models include (SEM), (SAR), and (SDM) in the following forms:




	(1)

	
Spatial Error Model (SEM)











    γ =  β i   x i  +  μ i  +  η i  +  ϕ  i , t        ϕ  i , t   = λ ω  ϕ  i , t   +  ε  i , t      



(9)




where:  ω  represents the adjacent spatial weights matrix;    μ i    and    η i    represent the individual and time fixed effects, respectively;    x i    represents explanatory variables;    ε  i , t     represents the random interference term; and  λ  represents the error spatial correlation coefficient.




	(2)

	
Spatial lag model (SAR)











  γ = ρ ω  γ  i , t   +  β i   x i  +  μ i  +  η i  +  ε  i , t    



(10)




where:  ρ  represents the coefficient of the spatial hysteresis term.




	(3)

	
Spatial Durbin Model (SDM)











  γ = ρ ω  γ  i , t   + ω  x  i , t   β +  μ i  +  η i  +  ϕ  i , t    



(11)




where:  β  indicates the spatial autoregressive coefficient of the explanatory variable, and the meaning of other variables is unchanged.




	(4)

	
Build spatial weight matrix









Construct adjacency matrix (W), inverse distance matrix (D), and economic distance matrix (E) to test the robustness of spatial metrology results. If the city of i and the city of j are adjacent    W  i j   = 1  , the other takes 0; considering that the spatial effect    L  i j     decays with the increase in distance, an inverse distance matrix, based on the square reciprocal, is established, and, if i  ≠  j, the    D  i j   =  1   L  i j  2     , other takes 0; the economic weight matrix is constructed using GDP per capita, and, if i  ≠  j, the weight is taken as    E  i j   =  1     g i  −  g j       , and the other is 0.





2.4. Indicator Selection and Data Sources


Combined with the analysis of coupling coordination mechanism (Figure 1) and related research results in [31,32,33,34,35,36,37,38,39,40], this paper decomposes the urban eco-economic system resilience index into five dimensions: economic level resilience, social level resilience, institutional resilience, infrastructure resilience, and ecological environment resilience, and it constructs 21 evaluation indicators to measure them. Among them, urban economic level is the basis and driving force of urban resilience regulation and control [15], which directly affects urban ecological, environmental, and social levels, mainly including urban economic structure, urban economic efficiency, and urban economic innovation capacity, etc. The urban social level is the guarantee of urban resilience and sustainable development [36]. We enhance the resilience of urban social development by providing labor for urban economic development, technical support for enterprise development, and solutions for resource utilization and environmental management. Urban institutional factors are an important guarantee for strengthening urban resilience and help break down various barriers between urban resources (people, money, materials, information, processes, etc.) so that resources are rationally allocated and information is effectively communicated between various urban sectors [39]. Infrastructure is the artificial environment of the city, which is a key factor in ensuring the resilience of human and urban environmental systems [91], similar to the “meridian skeleton” of the body, and it plays an important role in ensuring sustainable urban development [61]. The ecological environment is the spatial carrier of sustainable urban development, mainly including the regional natural environment and urban landscape green space, which can provide various ecosystem services based on natural ecological processes to enhance the ecological resilience of cities [92].



On the basis of the mechanism analysis and previous research findings [18,19,20,21,22,23,24], in this study, we intend to measure the level of development of the digital economy from four levels: digital infrastructure, digital industry development, capacity for digital innovation, and digital financial inclusion. Digital infrastructure is the guarantee, and this study is mainly concerned with broadband internet infrastructure and mobile internet infrastructure, which are two indicators to measure. They were characterized by the number of internet users per 10,000 people and the number of mobile phone users per 10,000 people, respectively. Digital industry development is the core of digital economy development, and this study mainly measures the development of e-commerce industry, the foundation of information industry and the output of telecommunication industry. They were characterized by the number of urban e-commerce parks, the number of employees in the information transmission, computer services and software industries, and the total number of telecommunications services. Digital innovation ability is the key to the development of digital economy. This research mainly measures digital innovation from the support of digital innovation elements, digital innovation output level, and digital high-tech penetration. It is characterized by the expenditure of science and technology, the number of patents related to the digital economy per 10,000 people, and the penetration of digital high-tech applications in listed companies. Finance is the hub of resource allocation and an important driving force for the development of the real economy. Digital inclusion finance is an essential component of digital life, which is measured in part by the breadth of coverage, depth of use, and digitization of digital inclusion finance.



Lastly, multiple collinearities may exist among the index variables chosen in this study. For this reason, prior to the empirical analysis, this study uses the variance expansion factor (VIF) to analyze whether multicollinearity exists in all of the index variables. This shows that the VIF for each index variable is less than 10, i.e., there is no problem of multicollinearity between the variables. As shown in Table 3.



The research data come from the statistical bulletins of official websites, such as the China Statistical Yearbook, the China Science and Technology Statistical Yearbook, and the China Environmental Statistical Yearbook and the Statistical Yearbooks of Beijing, Tianjin and Hebei Province from 2011 to 2020. The missing data of individual years are supplemented by linear interpolation, and the macro variables are adjusted for the base period of 2010. The distribution data of e-commerce parks come from the e-commerce industrial park development alliance (http://cyylm.ec.com.cn/, accessed on 10 January 2022), and the patents related to digital economy come from the patent search website of the State intellectual property Office (http://pss-system.cnipa.gov, accessed on 10 January 2022 ), the penetration degree of digital high-tech applications in listed companies ① comes from the China Digital economy Research Database (https://cn.gtadata.com/, accessed on 10 January 2022) provided by CSMAR, and the digital inclusive financial data comes from the China Digital inclusive Financial Index (https://tech.antfin.com/research/data, accessed on 10 January 2022), measured by the Digital Finance Research Center of Peking University and Ant Financial Services Group. (① The penetration level of high technology is mainly reflected by calculating the frequency of artificial intelligence technology, blockchain technology, cloud computing technology, and big data technology. The digital technology application in the listed companies reports the frequency of the breakdown of indicators, and then the average aggregation to the city scale is used to reflect the penetration level of new and high technology).





3. Result Analysis


3.1. Analysis of Measurement Results


According to the above methods and the comprehensive evaluation index system, the resilience index, coupling degree, and coordination degree of digital economy and urban eco-economic system in Beijing, Tianjin and Hebei Province from 2010 to 2019 are calculated (Figure 4).




	(1)

	
From Figure 4, it can be seen that: during 2010–2019, the level of digital economy and the urban resilience assessment index in the JJJ region as a whole exhibited a wavy upward trend, and time series features from both sides showed significant positive correlation. Additionally, the global index of digital economic development is better than the index of urban resilient development. In particular, it is divided into stages: high-velocity growth stage I (2010–2015) and medium-high-velocity growth stage II (2016–2019). The average values of the digital economic development index and the urban resilience development index are low, and the rate of growth is relatively rapid in the first stage. From 2010 to 2015, the growth rates of the digital economic index were 20%, 22.22%, 23.64%, 5.15%, and 11.89%, respectively. The resilient urban development index has a growth rate of 22.73%, 3.71%, 35.71%, 26.32%, and 33.33%, respectively, among others. Secondly, the rate of growth of both the digital economic development index and the urban resilient development index obviously slowed after 2016. Between 2015 and 2019, the growth rate of the digital economic index was 9.84%, 1.49%, and 5.82%, respectively, in the country. The urban resilience development index had growth rates of 26.44%, 17.27%, and 7.75%. Overall, the assessment index of digital economy and resilient urban development in the JJJ region is not perfect, and much progress remains to be made in achieving the coordinated development of the regional digital economy and urban resilience.




	(2)

	
In the JJJ region, the degree of coupling coordination of the digital economy and the resilient urban development index showed a consistent upward trend overall, especially after 2015. From 2015 to 2019, the growth rate of coupling coordination degree was 12.30%, 8.15%, 4.68%, and 3.22%, respectively. Beijing, Tianjin, and Hebei showed similar time-series evolution rules across the entire development process. This study demonstrates that the interplay between digital economy and resilient urban development in JJJ is continually reinforced, and the degree of internal co-ordination between the two systems is progressively improved. Additionally, with their own attributes of high permeability and the deep integration of major issues in urban governance, construction, and development, they mutually promote each other and the tendency towards development is evident.









The process of developing and evolving the degree of coupling coordination can be divided into three stages. The first phase, from 2010 to 2014, lies between 0.201–0.288, which is at the slightly disequilibrium stage, indicating that there is little interaction between digital economy development and resilient urban development. At the same time, due to the low level of resilience development of urban eco-economic system, it is unable to provide the necessary environmental planning and industrial policies for the development of the digital economy. Both lack effective support and promotion. During the second phase, from 2015 to 2017, the JJJ region is in between 0.317–0.385, which indicates that the development of digital economy and urban resilience in the JJJ region is still in a state of flux. Matching the two sides in planning the digital economic environment and building industrial policy, the technical conditions for building urban resilience and the social development environment must be strengthened. During the third phase, from 2018 to 2019, the JJJ region lies between 0.403–0.416, which is in the primary coordination stage, indicating that the benign coupling and coordinated developmental situation that they favor one another was initially formed.




3.2. Analysis on the Spatial Disequilibrium of Their Development


3.2.1. Kernel Density Estimation Analysis


Because of differences in factor endowments and stages of development in different regions, it is possible that the measurement results and their respective trends with the passage of time are different. For this reason, in this paper, the kernel density estimation method of nonparametric estimation is used to analyze the differences in the dynamic evolution of digital economy and eco-economic system resilience assessment index and the degree of urban agglomeration coordination JJJ from the perspectives of distribution location, distribution shape, and distribution scalability.



Following the method of Gaussian kernel density estimation, Matlab software (MatlabR2022a) is used for kernel density estimation (see Figure 5, Figure 6 and Figure 7). The results show that, over the period 2010–2019, the core density curve shifted to the right, and the peak continued to decrease, showing a trend from “peak” to “flattening.” The curve shape softened, indicating that the development gap between cities in JJJ region gradually widened, and the convergence between cities decreased. Among them, the core density curve of digital economic evaluation index has the tendency to evolve to double peak, presenting the “M” double peak distribution. It shows that the development of digital economy in JJJ urban agglomeration is polarized, and there are obvious differences between regions. The core density curve of the resilience index of urban eco-economic system shows the evolution from “Twin Peaks Club” to “Multi-Peaks Club”. It shows that there are multipolarity and multilevel development trends. Additionally, with the passage of time, its peak is also more and more flat, and the toughness of the high-value area is gradually highlighted. The nuclear density curve of the coupling coordination degree keeps shifting to the right, the peak value keeps decreasing, the shape of the curve becomes moderate, and there is an evolution of the “bimodal club” to the “multi-modal club”, showing a polycentric development pattern. It shows that, over time, cities at the lower coordination stage and below gradually move to the middle and upper coordination stage. However, the coupling coordination gap of different regions has been enlarged because of the different speed and scale of the migration. In the future, it is urgent to optimize and coordinate the development of the digital economy and the resilience of urban eco-economic system so as to achieve balanced and sustainable development in the region.




3.2.2. Analysis of the Characteristics of Space-Time Transition


To further analyze the trend of dynamic spatial evolution of the degree of coupling coordination of the digital economy and the urban eco-economic system of 13 cities in the JJJ region, we used the natural segment method to dynamically visualize the degree of coupling coordination of the two developmental indices in the JJJ region in 2010, 2013, 2016, and 2019. Depending on the value of the degree of coupling coordination, it is drawn by the Arc-Gis10.2 software. (Figure 8).



According to Figure 8, overall, the coupling degree of digital economy index and resilience index of urban eco-economic system shows a certain spatial agglomeration distribution in space, and it shows an increasing trend and spatio-temporal pattern. Additionally, with the passage of time, it presents the characteristics of the distribution with Beijing and Tianjin as the nucleus, and there are large differences between different cities. Here, we perform a stepwise analysis, starting from the temporal and spatial dimensions.




	(1)

	
Middle and senior coordination stage: no cities in the JJJ region reached this stage during 2010, 2013, and 2016. In 2019, only Beijing reached the intermediate coupling coordination stage, but it has not yet reached the advanced coupling coordination development stage. Not only does this type of area incrementally increase the level of digital economy development and urban resilience, but it also forms a binding domain with neighboring domains that promote each other, and spillover effects, such as technological diffusion and factor flows, are evident. It, therefore, promotes the continuous improvement of the degree of coupling coordination of the digital economy and resilient urban development with one another, and it becomes the growth pole of regional development.




	(2)

	
Primary coordination stage: there are no cities in 2010, only Beijing in 2013, Beijing and Tianjin in 2016, and Tianjin, Shijiazhuang, and Tangshan by 2019. On the whole, the number of cities in this stage increased by 30.77% from 2010 to 2019, and the distribution is relatively stable. In the future, cities at this stage should actively introduce experience, strengthen cross-regional cooperation, and enhance soft and hard power. Promoting the coordinated development of digital economy and urban resilience to a new height is important.




	(3)

	
Barely coordination stage: only Beijing reached this stage in 2010, and Tianjin entered it in 2013. In 2016, the main cities at this stage are Baoding, Tangshan, Shijiazhuang, Qinhuangdao, Handan, and Langfang. By 2019, the main cities at this stage are Handan, Qinhuangdao, Hengshui, Baoding, Langfang, Cangzhou, Zhangjiakou, and Chengde. On the whole, the urban growth rate of JJJ region in this stage from 2010 to 2019 is 53.85%, and the spatial change in this type of area is relatively unstable, showing a relatively scattered distribution trend. At this stage, these kinds of cities should strengthen further optimization and construction, seize opportunities, and make a good start.




	(4)

	
The stage of severe disorder and mild disorder: with the exception of Beijing, other cities in the JJJ region were at this stage in 2010. Except Beijing and Tianjin, every other cities in the JJJ region were at this stage in 2013. These results show that the polarization in the JJJ region from 2010 to 2013 is very severe, showing a tendency for unbalanced development. There are Xingtai, Zhangjiakou, Chengde, Cangzhou, and Hengshui in 2016 and only Xingtai in 2019. On the whole, the number of cities in JJJ region showed a downward trend from 2010 to 2019, by 84.62%, indicating that the level of coordinated development in JJJ region was increasing year by year from 2010 to 2019. The state is expected to dock the industry gradient transfer in the future, using digital economics to change the regional development model, as well as realizing corner overruns as quickly as possible.











3.3. Exploratory Spatial Data Analysis


3.3.1. Global Spatial Autocorrelation Analysis


Global spatial autocorrelation analysis was performed in order to further analyze the spatial agglomeration characteristics and distribution of the coupling coordination between regional digital economy and ecological economic system. The adjacency distance is used as the spatial evaluation weight to test and analyze the spatial autocorrelation of the development index and coordination index of JJJ urban agglomeration (Figure 9).



It shows that the global Moran’s I is greater than 0, and the Z value is greater than the critical value of confidence level (1.96). It shows that the spatial distribution of the coupling coordination degree of digital economy and urban eco-economic system resilience development index in JJJ region is not random, but it shows obvious positive spatial correlation, and the cities with high (or low) coupling coordination degree are often adjacent. From the perspective of the overall evolution trend of Moran’s I, it roughly shows an upward trend of “N” fluctuation. It rose from 0.254 in 2010 to 0.438 in 2012, then it decreased to 0.426 in 2014, and then it rose to 0.779 in 2019, indicating that, with the evolution of time, the spatial autocorrelation of the coupling coordination degree of digital economy and urban eco-economic system resilience development index in JJJ region gradually increases in fluctuations.




3.3.2. Local Spatial Autocorrelation Analysis


2013, 2015, 2017, and 2019 are chosen as temporal dimensions by the natural breakpoint method. According to Formula (8), the spatial agglomeration types of digital economy and urban resilience of 13 cities in JJJ region are divided into four agglomeration types: (HH), (LH), (LL), and (HL) agglomeration area. Use ArcGIS and GeoDa software (GeoDa-1.14.0.0) to derive the LISA agglomeration map (Figure 10) to show the state of agglomeration and the spatio-temporal distribution pattern of thirteen cities.




	
(HH): As can be seen in Figure 10, only Beijing is located in this region as of 2013. Beijing, Tianjin, Langfang, Baoding, Shijiazhuang, and Tangshan are located in this region in 2019. Overall, this type of area gradually expanded, and the increase evidently reached 38.46%, and the distribution of spatial agglomeration tends to be more concentrated. Not only does this type of area incrementally increase the level of digital economy development and urban resilience, but it also forms a binding domain with neighboring domains that promote each other, and spillover effects, such as technological diffusion and factor flows, are evident.



	
(LH): In 2013, there were mainly four areas in Chengde, Zhangjiakou, Baoding, and Cangzhou in the district, and, by 2019, there were mainly two areas in Chengde and Zhangjiakou in the district. Overall, cities within the district declined by 15.38% between 2010 and 2019, with a relatively stable distribution range, and there was a low level of coordinated development in this region.



	
(HL): In 2013, Tianjin, Langfang, Tangshan, Shijiazhuang, and Qinhuangdao were the main districts in the region. In 2019, Cangzhou, Qinhuangdao, and Hengshui were the main districts in the region. Overall, the extent of this type of zone in JJJ decreased by 15.38% between 2010 and 2019, and area type was relatively unstable with respect to spatial change, showing a relatively dispersed distribution pattern.



	
(LL): There are three main areas in this area: Xingtai, Hengshui, and Handan in 2013. In 2019, there were Handan and Xingtai. Overall, the extent of the agglomeration zone shows a decreasing trend from 2010 to 2019. These results show that the level of coordinated development of the digital economy and urban eco-economic system in the JJJ region and the radiation effect of Beijing and Tianjin as the core is getting progressively better.










3.4. Driving Factors Analysis


Based on tests that there is some geo-spatial dependence in the coordinated development of urban agglomerations in JJJ, since it is hard for the traditional econometric model to include spatial characteristics in it [3,6], we choose the spatial econometric model.




	
Choice of influential factors








This paper combines the existing research results, as well as the current situation of uneven economic development, uneven degree of openness, uneven human capital, and urgent need to improve the development environment in JJJ region. This study summarizes seven major influencing factors. Of these, the level of economic development is the foundation [2,3,6], the operational environment of science and technology is the driving force [11,16,60], and the direction of the governmental system is the guarantee [69,78,85]. See Table 4.




	2.

	
Analysis of influencing factors









In accordance with the (9)–(11) model and with the help of Stata14.0, this paper performs a spatial econometric regression analysis on the driving factors for the degree of coupling coordination of the digital economy and the development of urban resilience in the JJJ region. Given the spatial heterogeneity of various cities in China, the dual temporal and spatial fixed-effect model is chosen. When combined with Ansilin’s judgment criterion, through the comparison of the results of the adjusted R2 and maximum likelihood estimation, we take the model (SDM) as the reference model. The landmark model uses the spatial adjacency weight matrix and, therefore, does not account for the spatial correlation of geographic distance and economic activity. For this reason, the inverse distance matrix (D) and the economic distance matrix (G) are constructed again to test the robustness of the benchmark model. The regression results (Table 5) show that the estimation results for the SDM and SEM models have not changed significantly. Only the spatial lag term in the model (SAR) becomes insignificant, but the coefficient symbols for the regressors have not changed, indicating that the results of estimating the benchmark model are robust.



According to the statistical results (Table 5), there are differences in the regression coefficient and spatial lag coefficient of the seven influential factors under three different spatial weight matrices. Among them, the PGDP, INS, INTERNET, and STU regression coefficients, as well as the spatial lag coefficients, are all positive and have passed the test of significance. They show that they have a positive effect on the coupling and coordinated development of the digital economy and the urban eco-economic system in this city and neighboring cities, and there is a clear positive spatial spillover effect. Note that the regression coefficients for FDI and ER are significant, while the spatial lag coefficients are insignificant, indicating that they have a positive effect on the city, but they will restrict the improvement in the degree of coupling coordination of the two neighboring cities. Neither the FINA regression coefficient, nor the spatial lag coefficient, passed significance testing, indicating that the level of financial development was not conducive to the level of coordinated development of the digital economy and the resilience of urban eco-economic systems in this city and its surrounding areas.





4. Discussion


4.1. Theoretical Value


The characteristics of the spatio-temporal evolution and the driving forces for the coupled and coordinated development of the digital economy and urban eco-economic system found in this paper are of referential importance to other countries and regions [93,94,95,96]. The findings of this paper have some reference value for the digital economy and for green development initiatives in many countries and regions. Analysis of the characteristics of spatiotemporal evolution suggests that there is a need to balance resilient coupling and coordinated development of the digital economy and urban eco-systems, as well as to fairly distribute the development resources of digital economy, so that backward areas can also benefit from the high-quality economic growth brought about by the digital economy. This significant spatial spillover effect demonstrates that, in order for development and growth to occur, it is important that cities in underdeveloped areas learn from the experience of resilient development and management of the digital economy and eco-economic system in neighboring cities.



Ultimately, depending on the path of influence, the government should improve the infrastructure construction of the urban eco-economic system and the development of the digital economy, and it should consolidate the rationalization and upgrading basis of industrial structure, consider the digital economy as the key starting point for upgrading industrial structure, and support companies in improving the innovation level of digital technology. We will constantly accelerate the exploration of new scenes and new models for the coordinated development of the urban digital economy and eco-economic system. The results of this study provide a new perspective for related research in the area of urban digital economy and eco-system resilience development under the “dual carbon” objective in China.




4.2. Practical Value


In practice, this paper comprehensively uses GIS spatial analysis technology, ESDA, nuclear density test, spatial metrology and other tools to reveal the spatio-temporal evolution pattern and driving mechanism of the coupled and coordinated development of JJJ urban agglomeration system. The purpose of this paper is to describe the spatio-temporal difference and spatial effect of the coupling and coordinated development of JJJ urban agglomeration system. An attempt is made to make differentiated policy recommendations with a view to exploring a widely replicable and accessible approach to promote the sustainable development of cities throughout the country and even in other developing countries.



According to the matrix of Boston Consulting Group (BCG), using the idea of this model for reference [97], it corresponds to the four spatial agglomeration types of JJJ urban agglomeration: “H-H, L-H, L-L, L-H”. JJJ urban agglomeration should look for different ways to enhance the potential of urban development, according to its own resource endowment, development orientation, and radiation-driven ability. We will promote organic convergence and coordinated development of the innovation chain, industrial chain, and value chain in the region. H-H: this type of area should continue to maintain a good momentum of development and give full play to the advantages of digital economy, technology, and regional policies, such as the internet, big data, and artificial intelligence. Increase investment in research and development, improve the level of urban informatization, and better promote the construction and development of urban eco-economic system resilience. At the same time, we should give full play to the leading role of radiation and agglomeration economic effects of central cities and eliminate institutional barriers, such as administrative segmentation and market segmentation. Promote knowledge and technology spillover among urban agglomerations, orderly flow of factors of production and innovation resources, and improve the efficiency of resource allocation in urban agglomerations. L-L: the state should further increase support for this type of cities, dock industrial gradient transfer, narrow the digital divide gap, use digital economy and technology to change the regional development model, and realize corner overtaking as soon as possible. H-L: the coupling and coordination level of digital economy and urban eco-economic system in this type of area has development advantages compared with the surrounding areas, and cross-regional cooperation and exchanges should be actively carried out with the surrounding areas. Promote the overall improvement of the coupling and coordinated development level of the surrounding urban system in a larger space through factor spillover and development demonstration. L-H: the level of coordinated development of digital economy and urban eco-economic system in this kind of region is low, and due to the flow of capital, talent, and other factors to urban areas with a high level of development, these factors result in serious polarization problems. It is necessary for the government to properly restrain the resource siphon of the core cities to the surrounding cities by means of spatial planning and industrial guidance, strengthen the overall regional coordination, and avoid excessive gaps within the urban agglomeration. In the future, this type of city should actively undertake the spillover of innovative resources in core cities, strengthen the concept of green development, and avoid becoming a haven for pollution.



Attach great importance to the spatial correlation and non-equilibrium characteristics of the coordinated development of system coupling and give full play to the spatial spillover effect. Build a cross-regional platform for digital technology cooperation and establish a mechanism for sharing resources and technology. We will optimize the spatial structure and spatial governance of urban agglomerations in all directions, and we will form a unified, open, coordinated, and orderly spatial pattern of regional integration. Spatial structure and spatial pattern are not only the important determinants of urban agglomeration development toughness and quality, but they are also the key to effectively alleviate the contradiction between resource and environmental constraints and economic development efficiency of urban agglomeration. We will strengthen the comprehensive management of the ecological environment of urban agglomeration and the intensive utilization of resource elements. Improve the resource and environmental carrying capacity and comprehensive carrying capacity of urban agglomeration and enhance the development toughness and sustainable development ability of urban agglomeration.




4.3. Recommendations for Policymakers


Drawing on research on digital economy and the urban eco-economic system in the JJJ region, we find that the development of the digital economy and the urban eco-economic system promotes each other, co-creates value, and realizes each other. Based on the empirical analysis, we offer the following suggestions, which may have some inspiration for policy-makers.




	(1)

	
At the national level, regional digital economy planning and resilience of urban eco-system coupling collaborative development strategy should be followed, as well as following difference law, in order to achieve collaborative symbiotic development models. This is because of spatial differences and heterogeneity in resource endowments in different cities and because the effects of exogenous factors on different cities are different. As a result, the central government should adopt targeted and differentiated policies and actions depending on local conditions in order to achieve the transformation of urban planning and governance from a unified “multi-city one policy” to a flexible “one city, one policy”. From a governmental perspective, we should create an environment conducive to fair competition and institutional safeguards to guide banks in improving the funding system for the development of relevant topics, and we should form a long-term sharing mechanism for efficient allocation of financial resources.




	(2)

	
The industrial structure should be actively adjusted and the positive effects of industrial structure upgrading, and rationalization on the development of both should be given full play. Additionally, we should gradually realize the high quality digital development of “economic ecology” and “ecological economization”. The resilience early warning system of the urban economic-social-ecological environment system is built on the attributes of the digital economy that are driven by the scene, data, and platform. We should incorporate the benefits of the city’s dynamic and visual big data development platform in diagnosing the vulnerability of the urban eco-system. These changes should be based on quantitative data, such as vulnerability and disaster carrying capacity. These processes implement the dynamic feedback mechanism of the “data governance” system and the dynamic adjustment mechanism, and they improve the resilience level of the urban eco-economic system.




	(3)

	
Given the important role that digital economy development plays in fostering the resilience of regional eco-systems, in particular, there is a need for increased investment in the development of digital economies, including the promotion of 5G, the internet of things, cloud computing, big data, artificial intelligence, blockchain, and other new generation of information and communication technologies in order to speed up innovative breakthroughs and promote the deep integration of the digital economy and the real economy. Making digital economics an important foundation for enhancing economic resilience is important.




	(4)

	
On the basis of regional differences and the existence of spatial spillover effects from the coordinated development of the digital economy and the resilience coupling of the eco-economic system, these changes should be made. In order to reduce the digital divide between regions, the government should implement a support policy that is appropriately biased towards backward and peripheral cities. Not only does it help to enhance the positive effect of the digital economic development of backward cities on the resiliency of eco-economic systems, it also helps to foster the resilience of the eco-economic system of the central cities.











5. Conclusions


Based on the coupling effect, this paper provides a thorough analysis of the characteristics of spatiotemporal evolution, the mechanism of interaction, spatial spillover effects, and driving factors from the perspectives of economics, society, ecology, and so on. Through an empirical analysis we make the following important discoveries:




	(1)

	
From 2010 to 2019, the overall level of digital economy and urban eco-economic system resilience evaluation index in JJJ region showed a wavy upward trend, which showed a significant positive correlation. Additionally, the digital economic development index as a whole is better than the urban eco-economic system resilience development index. However, the development of the two should be a coordinated development process. Digital economy is a new driving force and new engine for the resilient construction and development of urban eco-economic system. This means that digital economy plays a more and more important role in promoting the resilient construction of urban eco-economic system.




	(2)

	
The coupled coordination model is used to quantitatively analyze the coupling coordination degree between digital economic index and urban eco-economic system resilience index. The results show that the role of mutual promotion and coordination between them has been continuously strengthened in 2010–2019. The degree of internal coordination between the two systems has gradually increased, and the degree of coupling coordination has increased steadily, especially after 2015. By 2019, the JJJ region has been in the primary coupling coordination stage. This shows that the benign coupling and coordinated development situation of the mutual promotion of digital economy and urban eco-economic system in JJJ region has been initially formed, but it has not yet reached the ideal stage of middle-and high-level coupling and coordination.




	(3)

	
Spatial analysis: JJJ region shows a positive correlation in space, and it shows certain characteristics of spatial agglomeration and distribution. The results of nuclear density estimation and analysis show that, from 2010 to 2019, with the passage of time, the nuclear density curve continues to shift to the right, the peak value continues to decrease, showing a trend from “peak” to “flat”, and the shape of the curve becomes gentle. It shows that the development gap between cities in JJJ region is gradually expanding, and the convergence between cities is decreasing. The results of spatial econometric regression of the driving factors of the two coupling and coordinated development show that there are obvious spatial spillover and diffusion effects. Different influencing factors have significant differences in the coupling and coordinated development of this region and adjacent areas.









There is a complex interaction mechanism between regional digital economy and eco-economic system resilience. Vigorously developing the digital economy, releasing the dividend of industrial structure transformation, and building a new engine of economic development are important issues for China’s economy to achieve green transformation and sustainable development. Digital economy will gradually become a new driving force for future economic growth, and promoting the deep integration and coordinated development between digital economy and ecological environment will be the main theme of future development. Our findings provide strong theoretical support and policy inspiration for policy makers. In the future, it is believed that the government and the market will explore a widely replicated and available scheme so as to better provide reference for the sustainable development of cities in the whole country and other developing countries.



However, this paper has some limitations and further research directions to consider. Firstly, because of the limitations and offset of the JJJ urban agglomeration analysis data, overall, it is difficult to reveal in a comprehensive and systematic way the overarching laws and characteristics of coupling and coordinated development of the digital economy and urban eco-economic system resilience in JJJ region. Further data refinement is needed to fully understand this phenomenon. In addition, it will be necessary to explore the dynamic mechanism of spatial differentiation and optimize the path of the regional digital economy and the resilience coupling of urban eco-economic system. The study of dynamic simulation and decision early warning mechanism to realize the resilience development of urban eco-economic system will be a new direction to be explored in the future.
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Figure 1. Synergistic Mechanism of the Digital Economy and the Resilient Development of the Urban Eco-economic system. 
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Figure 2. JJJ urban agglomeration in China. 
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Figure 3. The research framework. 
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Figure 4. Change trend of digital economy and urban resilience index, coupling degree and coordination degree in JJJ region from 2010 to 2019. 
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Figure 5. Core density map of digital economic evaluation index of JJJ urban agglomeration from 2010 to 2019. 
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Figure 6. Core density map of eco-economic system resilience (evaluation index of JJJ urban agglomeration from 2010 to 2019). 
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Figure 7. Nuclear density map of coupling coordination degree between JJJ urban agglomeration from 2010 to 2019. 
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Figure 8. Spatial and temporal transition distribution pattern of coupling coordination degree in JJJ region. 
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Figure 9. JJJ region digital economy and urban eco-economic system resilience (global moran’s I). 
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Figure 10. LISA agglomeration Map in JJJ region. 
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Table 1. The corresponding relationship between scale and mapping value.






Table 1. The corresponding relationship between scale and mapping value.





	Scale
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Mapping value
	1 × R 0
	2 × R 1
	3 × R 2
	4 × R 3
	5 × R 4
	6 × R 5
	7 × R 6
	8 × R 7
	9 × R 8
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Table 2. Grade evaluation criteria of coupling coordination degree.
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	Coupling Coordination Degree
	Coupling Coordination Level
	Coupling Coordination Degree
	Coupling Coordination Level





	0 < D ≤ 0.2
	Severe disorder
	0.4 < D ≤ 0.6
	Primary coordination



	0.2 < D ≤ 0.3
	Mild disorder
	0.6 < D ≤ 0.8
	Middle coordination



	0.3 < D ≤ 0.4
	Barely coordinate
	0.8 < D ≤ 1
	Senior coordination










[image: Table] 





Table 3. Evaluation index system.
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Target Layer

	
Criterion Layer

	
Indicators

	
Indicial Attribute

	
VIF






	
Resilience of eco-economic system

	
Economic level resilience

	
Per capita GDP

	
(+)

	
3.174




	
Per capita fiscal expenditure

	
(+)

	
2.546




	
FDI investment amount

	
(+)

	
1.749




	
Year-end savings balance of urban and rural residents

	
(+)

	
1.538




	
Per capita investment in fixed assets

	
(+)

	
2.107




	
The proportion of the output value of the tertiary industry in GDP

	
(+)

	
4.312




	
Social and institutional resilience

	
Social security accounts for the proportion of financial expenditure

	
(+)

	
3.114




	
Urban per capita disposable income

	
(+)

	
1.472




	
Number of health workers per thousand people

	
(+)

	
2.384




	
Number of persons receiving higher education per thousand people

	
(+)

	
1.067




	
Proportion of unemployed population

	
(−)

	
3.469




	
Density of urban health stations

	
(+)

	
2.463




	
Proportion of personnel of public management and social organizations

	
(+)

	
4.382




	
Density of government agencies

	
(+)

	
2.573




	
Urban governance capacity

	
(+)

	
4.623




	
Aging rate

	
(+)

	
3.267




	
Infrastructure resilience

	
Per capita urban road area

	
(+)

	
2.134




	
Eco-environmental resilience

	
Length of urban drainage pipeline

	
(+)

	
1.743




	
Urban per capita electricity consumption

	
(+)

	
2.864




	
Number of urban communication base stations

	
(+)

	
3.428




	
Degree of material supply guarantee

	
(+)

	
4.372




	
Perfection of disaster prevention and mitigation facilities

	
(+)

	
5.143




	
Per capita public health facilities

	
(+)

	
3.486




	
Green coverage rate in built-up area

	
(+)

	
6.417




	
Per capita green space area

	
(+)

	
5.439




	
Discharge of industrial wastes

	
(−)

	
7.642




	
Harmless treatment rate of municipal solid waste

	
(+)

	
3.734




	
Air quality index

	
(−)

	
4.865




	
Number of Internet users per 10,000 people

	
(+)

	
1.903




	
Digital economy

	
Digital infrastructure

	
Number of mobile phone users per 10,000 people

	
(+)

	
2.197




	
Number of urban e-commerce parks

	
(+)

	
1.172




	
Digital industry

	
Number of employees in information transmission, computer services and software industry

	
(+)

	
3.476




	
Total amount of telecom service

	
(+)

	
2.839




	
Proportion of expenditure on science and technology

	
(+)

	
3.765




	
Digital innovation ability

	
Number of patents related to digital economy per 10,000 people

	
(+)

	
5.467




	
Penetration of digital high-tech applications in listed companies

	
(+)

	
6.728




	
Digital inclusive financial coverage breadth index

	
(+)

	
2.034




	
Digital inclusive finance

	
Digital inclusive Financial use depth Index

	
(+)

	
2.128




	
Digital inclusive Finance digitalization Index

	
(+)

	
3.875
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Table 4. Definition and explanation of variables related to the factors.
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Influence Level

	
Influencing Factors

	
Variable Abbreviation

	
Measurement Index

	
Unit






	
Economic development level

	
Per capita income level

	
PGDP

	
Per capita GDP

	
Person/yuan




	
Industrial structure

	
INS

	
Output value of tertiary industry/GDP

	
%




	
Operation environment of science and technology

	
Financial development level

	
FINA

	
Balance of deposits and loans of financial institutions

	
yuan




	
The level of opening up

	
FDI

	
Foreign direct investment/GDP

	
%




	
Urban informatization level

	
INTERNET

	
Proportion of Internet users per 10,000 people

	
%




	
Government system orientation

	
Intensity of environmental regulation

	
ER

	
Industrial pollution Control Expenditure/GDP

	
%




	
Higher education level

	
STU

	
Number of college students

	
person
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Table 5. Statistics of spatial econometric regression results.
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Variable

	

	
Adjacency Distance Matrix (W)

	
Inverse Distance Matrix (D)

	
Economic Distance Matrix (G)




	
OLS

	
SEM

	
SAR

	
SDM

	
SEM

	
SAR

	
SDM

	
SEM

	
SAR

	
SDM






	
InFINA

	
0.632

	
0.843

	
0.785

	
−0.937

	
0.823

	
0.786

	
−0.903

	
0.882

	
0.827

	
−0.964




	
InINS

	
0.836 *

	
0.648 *

	
0.776 *

	
0.783 **

	
0.623

	
0.738 *

	
0.743 **

	
0.628 *

	
0.639 *

	
0.728 **




	
InER

	
0.238 *

	
0.365 **

	
0.327 *

	
0.372 *

	
0.683 *

	
0.359 *

	
0.382 *

	
0.326 **

	
0.349 *

	
0.344 *




	
InINTERNET

	
0.318 *

	
0.216 *

	
−0.308 *

	
0.116 ***

	
0.187 *

	
0.243 *

	
0.314 **

	
0.286 *

	
0.227 *

	
0.244 **




	
InPGDP

	
0.538 ***

	
0.427 *

	
0.386 *

	
0.392 ***

	
0.378 *

	
0.428 *

	
0.468 ***

	
0.382 *

	
0.425 *

	
0.378 ***




	
InFDI

	
0.427 *

	
0.458 *

	
−0.538

	
0.234 **

	
0.428 *

	
−0.536

	
0.252 **

	
0.453 *

	
−0.546

	
0.273 **




	
InSTU

	
1.183 ***

	
−0.615

	
0.839 **

	
1.216 ***

	
−0.559

	
0.838 **

	
1.146 ***

	
−0.636

	
0.841 **

	
1.348 ***




	
InFINA.W

	

	

	

	
1.263

	
0.638

	
0.728

	
0.546

	
0.743

	
0.852

	
0.647




	
InINS.W

	

	

	

	
0.032 *

	

	

	
0.738 *

	

	

	
0.730 *




	
InER.W

	

	

	

	
−1.483

	

	

	
−0.064

	

	

	
−0.056




	
InINTERNET.W

	

	

	

	
0.314 ***

	

	

	
0.357 *

	

	

	
0.443 **




	
InPGDP.W

	

	

	

	
0.649 **

	

	

	
0.682 **

	

	

	
0.739 **




	
InFDI.W

	

	

	

	
−0.683

	

	

	
−1.038 *

	

	

	
−1.458




	
InSTU.W

	

	

	

	
0.792 **

	

	

	
0.687 *

	

	

	
0.656 **




	
P

	

	

	
0.245 *

	
0.149 **

	

	
0.649

	
0.118 **

	

	
0.637

	
0.235 **




	
R2-ad

	
0.328

	
0.417

	
0.337

	
0.634

	
0.479

	
0.383

	
0.752

	
0.546

	
0.432

	
0.839




	
Log-likelihood

	

	
228.42

	
213.97

	
231.74

	
227.58

	
216.64

	
229.34

	
213.74

	
208.31

	
229.17




	
Time effect

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed




	
Individual effect

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed

	
Fixed




	
Number of samples

	
500

	
500

	
500

	
500

	
500

	
500

	
500

	
500

	
500

	
500








Note: *, ** and *** are significant at 10%, 5% and 1% confidence levels, respectively.
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