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It is not deep enough that the theoretical and empirical analysis of economic drivers on the urban heat island (UHI) effect have been researched. Consequently, the study of economic drivers of the UHI effect is not only conducive to the governance of the UHI problem but also conducive to deepening the study of related issues in the economic field. The Yangtze River Delta (YRD) region of China has developed economic status and the special geography of estuaries and coasts. Therefore, 26 central cities in the YRD region are selected as research samples, and the period from 2003 to 2017 is taken as the observation period. The Spatio-temporal variability of UHI intensity caused by industrialization and urbanization is analyzed by using MODIS land surface temperature (LST) data and related yearbook data. The conclusions are as follows:(1) The UHI intensity of cities in the YRD region is significant and fluctuates to a certain extent. (2) Empirical analysis shows that the agglomeration of single economic factors in the process of industrialization and urbanization does correlate with the UHI intensity in the YRD region, but the correlation may show a downward trend due to the influence of exogenous factors suc0h as physical geography. (3) In terms of economic drivers, the combination of multiple factors can produce a greater UHI intensity. The model of their impacts on UHI intensity is increasingly-changed, which is from a model of Fixed Asset Investment and the Motor Vehicle Population as dominant factors to a model of multiple overlapping economic factors, and the latter has a greater impact.
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Introduction

Since 1833, when Howard observed that the temperature in downtown London was higher than that in neighboring rural areas and proposed the concept of the ‘Urban Heat Island’ and the ‘hot-island Effect’ (Howard, 1833), human beings have been studying the Urban Heat Island (UHI) effect for nearly two centuries. As a special urban climate, the UHI effect not only has a negative impact on urban objectives such as urban air quality, building energy consumption, etc. (Swamy et al., 2017; Akkose et al., 2021) but also causes concern and research relating to the health problems of urban residents (Lin et al., 2009; Michelozzi et al., 2009; Lee et al., 2017). Therefore, a large number of studies have been devoted to exploring the influencing factors and driving mechanism of the UHI effect, namely the motivation research, which aims to control the intensity of the UHI by analyzing the main causes of the UHI effect.

These studies can be divided into heat island factors category and cold island factors category according to their results, while they can also be divided into physical geography and economic society categories according to their attributes. Among them, the studies on the physical geographical circle are basically about cold island factors category, and the motivations involved include mountainous area (Estoque and Murayama, 2016), residual natural mountain range (Chen et al., 2021), river (Park et al., 2019), distance from water (Cheval et al., 2020), and atmospheric circulation (Zak et al., 2020). To sum up, existing studies have fully affirmed the differential impacts of urban’s heterogeneous physical geographical factors on UHI. In the field of society and economy, a large amount of anthropogenic heat emission caused by human social and economic activities, especially in the era of industrialization and urbanization, has increasingly aroused research attention. There is not only the cold island factors category, such as a park (green space) (Salerno et al., 2018; Peng et al., 2020) or the configuration of the landscape (Sun et al., 2018); more common are heat island factors, which include city size (Imhoff et al., 2010), construction rate, permeability ratio, average height and average surface area of buildings (Badaro-Saliba et al., 2021), building density (Gabriel and Endlicher, 2011), building environment (Susca and Pomponi, 2020), anthropogenic heat emission (automobile exhaust, etc.) (Sun et al., 2019a), urban polycentric and industrial Layout (Yue et al., 2019), population and human factors (Dewan et al., 2021), population, GDP and fixed asset investment, etc. (Feyisa et al., 2014; Li et al., 2020).

With the deepening of industrialization and urbanization, the impact of these factors may not only deepen but also become more and more complex in their various ways of influence (Li et al., 2020; Feng et al., 2021) These studies undoubtedly greatly enrich people’s understanding of the causes of the urban heat island effect. However, through the review of the above studies on the economic drivers of the UHI effect, we found that there are at least two knowledge gaps in present studies: i) For UHI, there are a lot of studies on economic drivers, and most of these studies select several factors to independently explore their impacts on UHI. However, economic activities have their own scientific laws. How should we distinguish and define different economic drivers and extract key influencing factors to measure their impact on UHI with the help of relevant economic theories? There seems to be not enough consensus in the current research. ii) On this basis, different cities have different basic conditions in terms of physical geographical factors and economic factors. How should we separately measure the different impacts of economic drivers on UHI of a certain city or certain type of cities? Moreover, from the perspective of empirical analysis, how should we clarify the relationship between different economic factors and analyze their mode of action on UHI through constructing an appropriate analysis model? These questions still need to be further explored.

To try to answer these questions, the rest of this paper will be a study based on the existing theory of urbanization and industrialization, summarize them as the economic motive mechanisms of the impact of the UHI effect, and make use of the relevant data of YRD cities to carry on the empirical analysis, summed up the Spatio-temporal characteristics of economic drivers, and put forward the corresponding policy implications. The marginal contribution of this paper is as follows: i) try to use relevant economic theories to tease out the main economic influencing factors; ii) select urban agglomerations with the significant theoretical influence of economic drivers and use appropriate methods to empirically test their influence.



Review of Relevant Theories and Extraction of Economic Influencing Factors

According to the literature review in the introduction, urbanization and industrialization are the two main economic drivers of the UHI effect. Urbanization is a concept with rich connotations. In the field of economics, there has not been a unified definition that can be recognized by the global economic circle. As a branch of economics, development economics began to probe into the economic and social development of developing countries including China since the 1940s, including the theme of urbanization.  Zhao (2013) believes that the essence of the modern economy is modernization, industrialization, and urbanization. Zhang and Yang (1999) studied China’s industrialization and modernization, argued that “urbanization originated from industrialization, and subsequent population in urban agglomeration is caused by industrialization”, so urbanization can be measured by the proportion of the urban population.

The urbanization of land is another important characteristic of urbanization. It refers to the process that the land use attribute changes from agricultural land to urban construction land and the land property right attribute changes from rural collective land to state-owned land, which is accompanied by the change of the natural attributes and social-economic attributes of land. Since economic growth can rapidly increase the price of urban land, the rapid growth of land price in the short term contributes to the change of land use types, so economic development is the fundamental motivation of land urbanization (Yu, 2017). Urbanization changes urban land use types, and the latter changes surface albedo, absorption rate, and emissivity, which are important reasons for the UHI effect (Zhao et al., 2014). Further studies show that in the process of urbanization, the expansion of non-vegetation land is a continuous process, which leads to the fragmentation of vegetation land space. Affected by the edge effect, the continuous expansion of the former leads to the enhancement of the UHI effect, while the fragmentation of the latter leads to the weakening of the cold island effect (Lin et al., 2018). In addition, the process of urbanization is closely related to economic influencing factors such as investment and consumption (Zhao, 2013), which can be regarded as common elements in the process of urbanization.

On the other hand, there are abundant theoretical and empirical studies on industrialization. In most developed countries, industrialization is done by the private sector through the market, and the process is relatively slow. For developing countries, industrialization developed by the government or industrialization jointly developed by industry and the government is more common, so its process is more abrupt (Li, 2013). However, the process of industrialization is also closely related to the UHI effect due to population migration, production and consumption patterns, and changes in land-use patterns.

In all, urbanization is the inevitable result of industrialization, and industrialization is the necessary condition and driving factor of urbanization. In other words, industrialization is the economic essence of urbanization, and urbanization is the spatial expression of industrialization (Zhao, 2013). To sum up, urbanization and industrialization have an interrelated and inseparable relationship, and both include factors that affect the UHI effect.

In addition, according to regional economic theory, agglomeration formed by multiple industries in urban space is called “Urbanization economies”, which breaks through the external economies of scale of single industry agglomeration and brings benefits to all enterprises in the city (Lemelin et al., 2016). In other words, the essence of urbanization is the spatial agglomeration of various economic elements. Agglomeration is also the requirement of industrialization. Weber, the founder of industrial location theory, pointed out that agglomeration helps industrial enterprises reduce costs. Agglomeration brings the proximity effect, division of labor effect, structure effect, scale effect, and “gravitational field” effect, which not only improves economic benefits but also strengthens agglomeration itself and becomes an irreversible trend (Lemelin et al., 2016). All in all, agglomeration is the fundamental characteristic of industrialization and urbanization, and the objects of agglomeration not only include population, buildings, motor vehicles, etc., but also the economic activities derived therefrom. For example, agglomeration leads to the expansion of building land in a spatial continuous way, and building land contributes greatly to the UHI effect among various land-use types (Tian et al., 2021). Accordingly, production, consumption, service, and other economic activities also come into being with the emergence of buildings. Consequently, this paper considers that various economic influencing factors and activity intensity of industrialization and urbanization agglomeration are important drivers of the UHI effect at the socioeconomic level.

Since the essential feature of industrialization and urbanization is the agglomeration of economic influencing factors and activities, on the one hand, it increases the density of various economic influencing factors (population, buildings, industrial enterprises, and motor vehicles) in cities, and on the other hand, it increases the intensity of various economic activities (production, transportation, storage, and consumption, which constitutes GDP). Together, these economic influencing factors and activities promote the UHI effect (Figure 1). Therefore, in this paper, the Gross Domestic Production (GDP), the Permanent Urban Population (POP), the Fixed Asset Investment (FIX), the Industrial Output Value (IND), and the Motor Vehicle Population (MOT) are selected as the single influencing factors of the economic drivers of the UHI effect. Although most of its effect has been confirmed by existing studies from the perspective of a single factor. However, due to the agglomeration of economic influencing factors and activities in the urban area, they are concentrated and superimposed on each other in the urban space, and there are fluctuations and periodic changes, which may bring Spatio-temporal effects on the UHI effect.




Figure 1 | The influencing mechanism of economic drivers of UHI effect.





Materials and Methods


Study Area

China is the largest developing country in the world. Since the launch of Reform and Opening-up in 1978, the process of urbanization in China has accelerated. Along with this process, the UHI effect and its influence have become increasingly prominent in many Chinese cities. The Yangtze River Delta (YRD) is one of the regions with the highest degree of urbanization after the Reform and Opening-up in China and is also the location of major cities with significant UHI effect. Located on estuary and coast, it is vulnerable to climate change, so it has attracted a large number of similar studies (Shen et al., 2013; Li et al., 2020).

Within coastal countries and regions, the coastal zone is highly concentrated with population, industry, urban, economic activities. Being the meeting point of the two natural geographical units of the sea and land, it is vulnerable to sea-level rise, storm surge, saltwater intrusion, coastal erosion, wetland degradation, and coastal marine disasters such as the influence of ecological events. Especially the estuary of the coast is most vulnerable because it is located in the land, river, and confluence of the sea, being a strong human activity and nature-artificial compound ecological system, it is complex, sensitive with superposition of these two factors (Liu, 2014).

The YRD is located in the lower reaches of the Yangtze River and the middle of the Coastal Zone of China. Bordering the Yellow Sea and the East China Sea, it is located at the junction of the river and the sea, which is rich with marine resources. They constitute a typical estuary city and estuary coastal areas. Due to the simultaneous effects of artificial construction and sediment deposition and other natural factors, the coastline of this region is still in a state of dynamic change (Wu et al., 2022). Therefore, it is not only one of the most economically developed regions in China, but also one of the urbanization regions with the most complex human-land relationship and the most fragile ecological system. By the end of 2019, the YRD had a population of 227 million and an area of 358,000 square kilometers. In 2020, the GDP of the YRD reach 24.5 trillion CNY. The urbanization rate of permanent residents exceeded 60%, making it one of the top five urban clusters1 in China, Administratively, the YRD consists of three provinces and one city, namely Jiangsu, Zhejiang, Anhui, and Shanghai. According to the Outline of the Yangtze River Delta Regional Integration Development Plan issued by the Chinese State Council in 2019, 27 cities were selected as its central region, namely Shanghai, Nanjing, Suzhou, Wuxi, Changzhou, Zhenjiang, Nantong, Yangzhou, Yancheng, Taizhou in Jiangsu province, Hangzhou, Ningbo, Wenzhou, Huzhou, Jiaxing, Shaoxing, Jinhua, Zhoushan, Taizhou in Zhejiang province, Hefei, Wuhu, Maanshan, Tongling, Anqing Chuzhou, Chizhou, and Xuancheng in Anhui province (location distribution is shown in Figure 2). As Zhoushan is an island city, its UHI effect is not significant enough. Therefore, this paper selects the remaining 26 cities in the central region as research samples. In terms of the analysis time range, China joined the WTO in 2001, and the economy of the YRD began to enter a stage of sustained and rapid growth. In 2018, ‘Regional integration of the Yangtze River Delta’ became China’s national strategy, marking a new stage of the development of the YRD. Therefore, this paper selected the period from 2003 to 2017 as the observation period. The UHI intensity and economic motivation of the YRD are analyzed by using corresponding indexes, which match the economic and social development stage of the YRD.




Figure 2 | Geographical location of 27 central cities in the YRD.





Data Sources


MODIS Land Surface Temperatures Datasets

Remote sensing data have been widely used to reveal large-scale changes in land surface temperature in China, which are highly correlated with atmospheric temperature observations (Li et al., 2020). Land surface temperature (LST) derived from MODIS LST datasets As a typical representative of satellite remote sensing data, Moderate Resolution Imaging Spectroradiometer (MODIS) has been frequently used to measure the UHI effect in recent years. This article chooses a Chinese land surface temperature MODIS data set combined with weather station data by Zhao et al. (2020), this data set fully captures the year, quarter and monthly scale spatial and temporal variations of surface temperature, high accuracy (Zhao et al., 2020), The observation period is from 2003 to 2017, which basically corresponds to the regional integration, urbanization and industrialization of the YRD, so it is suitable for the research needs of this paper.



Land Cover Data

The land use data and urban boundaries in the YRD were extracted from the Chinese land use data in 2000 and 2015 (from the Data Center for Resource and Environmental Science of the Chinese Academy of Sciences, http://www.resdc.cn). This data set took the Landsat remote sensing image data of the United States as the main information source and then generated by artificial visual interpretation. In this paper, the construction land in the first-level land use classification is used to extract the boundaries of cities and towns in the YRD region (satellite cities and patches far from urban areas are regarded as independent units).



Economic Factors Data

As demonstrated in section 2 of this paper, the Gross Domestic Production (GDP), the Permanent Urban Population (POP), the Fixed Asset Investment (FIX), the Industrial Output Value (IND), and the Motor Vehicle Population (MOT)are selected as the single influencing factors of the economic drivers of the UHI effect. Related data come from the Statistical Yearbook of Chinese Cities (2004-2018) and the official websites of local statistical departments.




Methodology

This study examined the economic influencing mechanism of UHI effects and its Spatio-temporal characteristics based on the economic theory of urbanization and industrialization. Firstly, the UHI intensity in YRD regions is calculated by using MODIS land surface temperature (LST) data. Secondly, the Spatio-temporal characteristics of UHI intensity and economic influencing factors are analyzed. Thirdly, correlation analysis and the geographical detector are used to analyze the influencing mechanism of economic influencing factors on UHI. Finally, based on the discussion of the analysis results, our conclusions and policy implications are put forward. A work flowchart is shown in Figure 3.




Figure 3 | A work flowchart showing major processing.




Calculation of UHI Intensity

At present, the evaluation method of UHI intensity has not formed a unified standard. According to different pixel selection strategies in urban and rural areas, the measurement methods of UHI intensity can be divided into two categories: the pixel method and the buffer method. The former is a method of selecting a certain number of representative reference pixels in cities and surrounding rural lands as typical sample areas to calculate the temperature difference between urban and rural areas based on land use classification data (Zhao et al., 2014). The latter is also a mainstream method to estimate UHI intensity. The first step is to find an equal-area buffer zone or 20-25 km equal-distance buffer outward as the rural area (Yao et al., 2017; Sun et al., 2019b) based on describing the urban boundary range, and then calculate the temperature difference between urban and rural areas. To avoid the subjectivity of pixel selection and the consideration of Spatio-temporal comparability of UHI intensity, this paper uses the equal-area buffer method to estimate the UHI intensity of the YRD region. The specific approach can be divided into four steps: (1) The invariant pixels of construction land in 2000 and 2015 are taken as the urban core area; (2) The boundary of urban core area to the boundary of built-up area in 2015 is defined as urban expansion area, that is, the urban area is divided into urban core area and urban expansion area; (3) The urban area is made equal-area buffer outward, and the resulting area is taken as the rural area; (4) The average surface temperature difference between the urban area and the surrounding rural area was used as the UHI intensity of each urban patch Figure 4A. Taking Shanghai as an example, urban and rural areas generated by using the above methods are shown in Figure 4B. The advantage of this method is that the calculated values of UHI intensity in different periods are longitudinally comparable and consistent, which can be used for a comparison of the large-scale UHI effect.




Figure 4 | Divisions of urban-rural gradient zones. (A) The diagrammatic drawing of divisions. (B) The divisions result of Shanghai.





Spatial Autocorrelation Analysis

Spatial autocorrelation analysis can be divided into global spatial correlation analysis and local spatial correlation analysis, which can be represented by global Moran’s I and local Moran’s I respectively. The global Moran’s I is used to analyze the spatial distribution of UHI intensity and economic influencing factors in the YRD. For specific analysis ideas and steps, refer to relevant literature (Guo et al., 2020). The calculation formula of global Moran’s I is as follows:

	

where n is the total number of regions in the study area, wij is the spatial weight, W is the sum of the spatial weights, xi and xj are the attributes of region i and region j, respectively.  is the average value of attributes. According to the corresponding relationship shown in Table 1, this paper uses global Moran’s I to conduct spatial autocorrelation analysis on the corresponding indexes of UHI intensity and economic influencing factors of cities in the YRD region.


Table 1 | Descriptive statistics of UHI intensity in Cities of YRD (2003 to 2017).





Correlation Analysis Method

Pearson correlation coefficient is used to analyze the correlation of various economic drivers affecting UHI and judge the degree and order of their relationship with UHI. For specific analysis ideas and steps, refer to relevant literature (Lei et al., 2021). In the observed samples, the technical formula of the Pearson correlation coefficient is:

	

where r represents the sample correlation coefficient, Xi and Yi represent the sample observations of independent variable i and dependent variable j, respectively. ,  represent the sample mean values of the independent variable and dependent variable, respectively.



Geographical Detector

The geographical detector is a tool to judge whether independent variables and dependent variables are consistent in spatial distribution from the perspective of spatial stratified heterogeneity. In other words, if independent variables have an influence on dependent variables, they should also tend to be consistent in spatial distribution (Lei et al., 2021). It has the advantages of independent variable collinearity immunity (Jinfeng and Chengdong, 2017) and can detect the interaction between different independent variables. The research objective of this paper is to study the influence of different types of independent variables in economic circles on the UHI effect (dependent variable). Since there are many possible independent variables in economic circles and the existence of collinearity is common, their interaction may produce different types of influence on the dependent variable, and the spatial heterogeneity is also very significant. Consequently, it is suitable to use geographic detectors to analyze this influence. For specific analysis ideas and steps, refer to the relevant literature (Feng et al., 2021). The geographic detector consists of four detectors: factor detection, interaction detection, risk detection, and ecological detection. In this paper, factor detectors are mainly used to detect the extent to which economic influencing factor X explains the spatial differentiation of UHI, and interaction is used to evaluate whether economic influencing factors X1 and X2 will increase or weaken the explanatory power of dependent variable UHI when they work together, or whether the influences of these factors on UHI are independent. The factor detection result is measured by q value, and the expression is:

	

where i = 1,…L is the strata of dependent variable UHI or economic influence factor X. In this paper, h is the division of 26 central cities in the YRD region. Ni and N are the number of units in city i and the YRD, respectively.  and σ2 are the variances of the UHI of city i and YRD region, respectively. SSW and SST are the Within Sum of Squares and Total Sum of Squares, respectively. The range of q lies between zero and one, and the higher the q value is, the more significant the spatial differentiation of UHI is. If stratification is generated by economic influencing factor X, the higher the q value is, the stronger the explanatory power of this economic influencing factor to UHI is (and vice versa).

The method of interaction detection is to first calculate the q values of two economic influencing factors X1 and X2 on UHI respectively: q(X1)and q(X2), and calculate the q values of their interaction (the new polygon distribution formed by the tangency of the two layers of superimposed variables X1 and X2): q(X1∩X2) and compare q(X1), q(X2) and q(X1∩X2). The relationship between the two factors can be classified as follows:

	Nonlinear-weaken: q(X1∩X2) <Min(q(X1), q(X2))

	Uni-weaken: Min(q(X1), q(X2)) < q(X1∩X2) < Max(q(X1), q(X2))

	Nonlinear-enhance: q(X1∩X2)>q(X1) +q(X2)

	Bi-enhance: Max(q(X1), q(X2)) < q(X1∩X2) < q(X1) +q(X2)

	Independent: q(X1∩X2) = q(X1) +q(X2)







Result of Analysis


Spatio-Temporal Evolution of UHI Intensity in the YRD

The land surface temperature dataset of China from 2003 to 2017 made by Zhao et al. (2020), using MODIS satellite data, is used to calculate the UHI intensity of 26 urban core areas and buffer zones in the YRD from 2003 to 2017 (the results are in the Appendix). Descriptive statistics are made for the results, and the mean UHI intensity of each city during the observation period is arranged in descending order. As shown in Table 1. Overall, 18 of the 26 cities had a positive average UHI intensity during the observation period. Based on the average UHI intensity of 26 cities, the mean heat island intensity of cities in the YRD during the observation period was 0.143 ± 0.108°C(mean± standard deviation), indicating that it was a significant UHI effect in YRD. From 2003 to 2006, the UHI intensity in the YRD increased from 0.136°C to 0.196°C. The period from 2007 to 2014 was a period of shock adjustment, with the lowest 0.054°C in 2009 and the highest 0.186°C in 2013. From 2015 to 2016, the intensity increased to 0.202°C, which was the highest in previous years. For cities, Ningbo, Hefei, Yancheng, Nanjing, and Shanghai (> 0.4°C) had the highest mean UHI intensity in YRD. While Shanghai, Xuancheng, Yancheng, Ningbo, and Chizhou had the highest variance, indicating that these five cities had the most dramatic changes in UHI during the observation period. The geographical distribution of these cities is scattered, but this does not seem to matter to whether they ranked highly in UHI intensity or degree of change, which seems not consistent with the economic agglomeration distribution trend represented by industrialization and urbanization in the YRD region. Thus, in the next section we analyze the spatial relevance between UHI and economic influencing factors.

In terms of spatial distribution and variation, the UHI intensities of cities in 2003, 2010, and 2017 during the observation period were selected, and the UHI intensity level of corresponding years was grouped by Jenks natural breaks classification method (Figure 5). In 2003, Nanjing, Changzhou, Hefei, Hangzhou, Ningbo, and Shanghai were the cities with the maximum level, while Taizhou, Maanshan, and Chizhou were the cities with the minimum level. In 2010, four cities maintained the maximum level. Nanjing, Hefei, Ningbo, and Shanghai, Yancheng and Xuancheng increased to the maximum level, Zhenjiang and Tongling decreased to the minimum level based on the three cities in 2003. In 2017, Yancheng, Xuancheng, Hefei, and Ningbo remained at the maximum level, while Wuhu and Taizhou joined the minimum level club in addition to Maanshan and Chizhou. In terms of the change range of levels, except for Xuancheng, Tongling, Hangzhou, and Jinhua, the change of level reached two, and the change of other cities did not exceed one. In general, cities with high UHI intensity are mainly distributed in economically developed regions, while cities with low UHI intensity are mainly distributed in economically backward regions.




Figure 5 | Spatial variation of UHI intensity in the YRD.





Spatial Autocorrelation of UHI Intensity in the YRD

In this paper, Moran’s I was used to test the spatial autocorrelation of UHI intensity and its influencing factors in the YRD in 2003, 2010, and 2017, and preliminarily judge the spatial correlation of UHI intensity and its influencing factors in the YRD (Table 2). The results of Moran’s I show that the spatial autocorrelation of UHI intensity in the YRD is not significant and tends to be random distribution. In terms of the distribution of influencing factors (a total of 15), except for FIX, IND in 2010, and IND in 2017, the other 12 factors all showed a certain spatial autocorrelation and tended to be concentrated. This indicates that there are some differences in the spatial distribution of UHI intensity and economic drivers in the YRD, that is, the regions with a concentrated distribution of economic drivers are not necessarily the regions with high UHI intensity.


Table 2 | Global Moran’s I of UHI intensity and influencing factors in the YRD.





Detection of Influencing Factors

To further explore the spatial correlation between UHI intensity and economic drivers, referring to the ideas of similar studies (Shi et al., 2018), the Pearson correlation coefficient was first used to analyze the correlation of influencing factors, and then geographical detectors were used to analyze the Spatio-temporal differentiation of influencing factors of 26 cities in the YRD (Table 3). In 2003, Pearson correlation coefficients of the five influencing factors were all about 0.6, indicating a high correlation with the local UHI intensity. The coefficients of FIX, MOT, GDP, IND, and POP were in descending order. In 2010, Pearson correlation coefficients of five influencing factors all decreased, and the order was FIX, MOT, POP, GDP, and IND. In 2017, Pearson’s correlation coefficient of five influencing factors continued to decline, ranking as FIX, MOT, IND, POP, and GDP. The decreasing correlation coefficient indicates that the influence of urbanization and industrialization on UHI intensity in the YRD is decreasing. The high ranking of FIX and MOT indicates that the large increase of buildings and anthropogenic heat emission caused by motor vehicles may be the leading factors affecting UHI intensity.


Table 3 | Results of Pearson correlation coefficient and factor detector.



Affected by the spatial stratified heterogeneity, the q values obtained by the geographical detector are all lower than the corresponding Pearson correlation coefficient (Table 3). In 2003, FIX, GDP, IND, POP, and MOT were ranked as the main factors affecting UHI intensity in the YRD considering the spatial stratified heterogeneity. In 2010, the q value increased, indicating that the five factors have a great impact on UHI intensity. MOT, POP, FIX, IND, and GDP were ranked in that order. In 2017, q values of all influencing factors except MOT were low, which was consistent with the overall downward trend of the Pearson correlation coefficient. MOT, FIX, POP, GDP, and IND were ranked in that order. In general, FIX and MOT are still in the top position, indicating that these two factors still have a significant positive correlation with the UHI intensity of the YRD after considering the spatial stratified heterogeneity.



Interaction Detection of Influencing Factors

The interaction of five influencing factors on the UHI effect was measured by interaction detection. A total of 30 pairs of interaction effects were generated in 2003, 2010, and 2017 (Table 4). The results show that 25 out of 30 pairs are bi-enhancing, 5 pairs are nonlinear-enhancing, and there is no weakening or independent relationship. It shows that the influence of any two factors is stronger than that of a single factor. In 2003, the top 5 most influential factors after interaction are FIX∩POP(0.553), FIX∩IND(0.509), FIX∩MOT(0.464), POP∩GDP(0.447), and FIX∩GDP(0.419) The results show that the combination of FIX and other factors is the most important economic driver of UHI intensity in the YRD. In 2010, the top 5 most influential factors after interaction are POP∩MOT(0.629), POP∩IND(0.625), FIX∩MOT(0.622), IND∩MOT(0.621), and GDP∩MOT(0.586). The results showed that MOT was the most important economic driver of UHI intensity in the YRD in 2010. In 2017, the q values of single factors were all low, but the top 5 factors with the strongest influence after interaction were all nonlinear-enhancing relationships. FIX∩MOT(0.653), POP∩MOT(0.645), IND∩MOT(0.627), FIX∩IND(0.582), and GDP∩IND(0.425) The results indicate that the economic drivers of UHI intensity in the YRD in 2017 are more complex than before. Except for MOT, the superposition of IND and FIX can produce a more significant UHI effect than a single factor.


Table 4 | Results of the interaction detection analysis.



The results of the interaction detection can reflect the deepening of economic development and urbanization, the influencing mechanism of the UHI effect of YRD was in a complicated evolution. From the previous model of FIX and MOT as dominant factors, it gradually transited to a more diverse model, in other words, the economic factors influencing UHI intensity are increasingly diversified. Overall, the UHI intensity with overlapping factors is more significant.




Discussion

Although the results of The Moran’s test in the YRD in 4.1.1 show that regional UHI intensity and economic drivers have different spatial distribution patterns, that is, regions with a high concentration of economic influencing factors represented by urbanization and industrialization are not necessarily regions with a concentrated distribution of high UHI intensity. However, the subsequent analysis of the Pearson correlation coefficient and q value shows that the economic drivers dominated by FIX and MOT still have a significant positive correlation with the UHI intensity of cities in the YRD. This is basically consistent with the conclusion of similar studies. In terms of reasons, it may be that climatic background and other factors in the physical geographical circle also have a great impact on the UHI intensity of cities in the YRD (Zhao et al., 2014; Li et al., 2020), or that the increase of per capita income is influenced by a relationship of environmental Kuznets curve (Li et al., 2020). More importantly, the above conclusions also partially verify the theoretical influencing mechanism of urbanization and industrialization on the UHI effect in section 2. Besides, the interaction detector analysis by geographical detector confirmed the theoretical influencing mechanism proposed above, that is, with the deepening of industrialization and urbanization, cities overlapped with more influencing factors are more likely to promote high UHI intensity. And the development process of influencing factors also makes the development of the UHI effect more complicated.

By reviewing the economic and social development of the YRD, this paper argues that the above analysis can be more consistent and understanding. The industrialization process of cities in the YRD started in modern China. Compared with other regions in China (such as the Pearl River Delta), the YRD is an area with the prominent characteristics of strong government and strong capital combination (Wang et al., 2018). Such a pattern makes the industrialization process of the YRD more influenced by public policy. In this pattern, fixed-asset investment led by the government used to be an important engine of economic growth in the YRD, but its growth rate and the proportion have gradually declined since 2003, while the proportion of GDP in China tends to rise (Hou and Feng, 2011). This is basically consistent with the increasingly-changing trend of influencing mode, which is from fixed-asset investment as a dominant factor to diversified influencing factors of UHI intensity analyzed above.

With the development of urbanization, the YRD’s rising attracted attention and studies of related automobile exhaust pollution (Xu et al., 2019; Zhou et al., 2020). As an important source of anthropogenic heat emission, motor vehicles are accounted for the UHI effect, and studies on their correlation are verified year by year (Lee et al., 2014; Abutaleb et al., 2015; Alqasemi et al., 2021). In consequence, it is reasonable that motor vehicles, as a dominant influencing factor of the UHI effect in the YRD in 2010, produced more significant UHI effects after superimposing other influencing factors.

As one of the regions with the most developed economy and the deepest degree of urbanization in China, the economic development of YRD is also affected by the process of regional integration. This regional integration is increasingly reflected in the coordination of administration, public services, and infrastructure. In 1997, the first joint meeting of mayors of cities in the Yangtze River Delta was held, which opened the prelude of cooperation among cities. In 2003, the fourth Yangtze River Delta Mayors’ Summit was held, during which the concept of ‘Yangtze River Delta People’ was first proposed, and a 16-city framework structure that has been stable and widely recognized for a long time has been established. In 2010, The Chinese State Council approved the implementation of the Regional Plan for the Yangtze River Delta region, which expanded the original 16 cities to 25 for the first time at the national strategic level and explicitly proposed the construction of world-class city clusters with strong international competitiveness. In 2018, Chinese President Xi Jinping proposed to support the integrated development of the Yangtze River Delta region and made it a national strategy. Based on these arrangements, it embodies the integration of YRD as the national macro-level willingness to promote, and it is also a deepening process of economic integration for regional administration and the demand for public services and infrastructure, which indirectly reflects the fact that, with the improvement of city’s economic development, the process of urbanization and industrialization in the YRD was changing to a stage of greater complexity and diversity than ever before. In addition, their interrelated and inseparable relationship is not only in theory, but also confirmed by some studies on industrialization and urbanization in the YRD (Dewen and Yilun, 2013; Kang et al., 2021), indicating that the industrialization and urbanization in the YRD itself is also a process of mutual superposition. Consequently, their impacts on UHI intensity were increasingly complex and diversified.



Conclusions and Implications

Economic geography focuses on the study of the relationship between economic circles and other circles, such as human circles and layers of physical geography (Li et al., 2012). The idea of this paper is to investigate the influence of economic geographical circles on physical geographical circles and explore the Spatio-temporal differentiation of the influence of economic drivers on the UHI effect. Through the analysis of the YRD, this paper tries to bridge the knowledge gap proposed in the introduction, and the following main conclusions are drawn:

	(1) During the observation period from 2003 to 2017, the UHI intensity of major cities in the YRD region is significant and fluctuates to a certain extent.

	(2) The UHI intensity of the YRD has a certain correlation with the economic drivers mainly characterized by urbanization and industrialization, but this correlation tends to weaken during the observation period due to the influence of exogenous factors such as physical geographical factors.

	(3) Industrialization and urbanization are the main influencing factors of the UHI effect in the YRD from the perspective of economic motivation alone. The essence of industrialization and urbanization is the agglomeration of related economic factors in the urban space. Through the test of this paper, the economic influencing factors of UHI intensity in the YRD during the early observation period are mainly the Fixed Asset Investment and the Motor Vehicles Population but gradually transited to multiple superimposed factors. Cities with more economic influencing factors are more likely to promote higher UHI intensity.



Urbanization and industrialization, as the main economic drivers, have a certain degree of correlation with the UHI effect in the YRD. In recent years, with the deepening of urbanization and industrialization, this correlation tends to weaken, but it is still worth the attention of public service providers that the superposition of various economic factors may promote more serious impacts. To this, the policy suggestion of this paper is the YRD regional policymakers should pay attention to multiple superimposed economic factors. Combined with local progress of urbanization and industrialization, policy regulation and guidance need to be balanced to avoid in a particular city space falling within the scope of the superposition of multiple economic factors and highly-concentrated activities. At the same time, it is worthy to invest in and optimize the configuration of cold islands, such as parks, green space, and landscape configuration.

In terms of temporal segmentation, the UHI intensity of the same year fluctuates across seasons and between day and night. In terms of spatial segmentation, there are also certain differences in UHI intensity between counties and urban areas under the jurisdiction of each city. However, due to the limited granularity of relevant data used to analyze economic drivers, this study cannot match such Spatio-temporal heterogeneity and is worthy of further study.
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Chizhou 15 0.553 -0.503 0.050 -0.220 0.161 0.026
YRD 156 0.392 -0.075 0.317 0.143 0.108 0.014
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Shanghai Nanjing Wuxi ~Changzhou Suzhou Nantong Yancheng Yangzhou Zhenjiang Taizhou Hangzhou Ningbo Wenzhou

2003  0.668 0.475 0.167 0.386 0.230 0.093 0.356 0.130 -0.104 -0.300 0.436 0611 0.189
2004  0.610 0.440 0.193 0.361 0.233 0.064 0.384 0.138 -0.263 -0.153 0.362 0.498 0.172
2005 0570 0467  0.103 0343 0251 0109 0.209 0.152 -0.207 0321 0458 0.157

2006 0573 0557 0176 0.397 0262 0.090 0418 0.139 0118
2007 0483 0496  0.119 0.420 0222 0022 0.389 0.110 -0.143
2008  0.553 0.483 0.122 0.386 0.246 0.122 0.479 0.068 -0.201

0428 0694  0.191
0321 0632 0227
0.460 0.710 -0.007

2009  0.420 0.262 0.018 0.265 0.108  -0.063 0373 -0.008 -0.418 0.3583 0.664 0.359
2010 0.451 0.416 0.078 0.396 0.205 0.062 0.484 0.025 0213 0.328 0.586 0.237
2011 0.471 0.448 0.167 0.322 0.212 0.025 0615 0171 -0.141 0.446 0.752 0.290
2012 0.201 0.321 0.068 0.255 0.191 0.063 0.354 -0.044 -0.145 0.201 0.418 0.076
2013 0.581 0.570 0.180 0.381 0.221 0.045 0.754 0.132 -0.172 0.396 0.789 0.262
2014 -0.174 0362  -0.007 0.309 0091 0082 0.200 -0.094 -0.138 0057 0265  0.161
2015 0.338 0.487 0.148 0.302 0.169 0.053 0.607 0.059 -0.043 0.4056 0.863 0177
2016 0470 0484 0471 0347 0181 0031 0.745 0.150 -0.120 0471 0876 0456
2017 0.340 0.425 0.097 0.284 0.229 0.057 0.639 0.030 -0.107 0.251 0.542 0341
Jiaxing Huzhou Shaoxing Jinhua Taizhou Hefei Wuhu Maanshan  Tongling Chuzhou  Chizhou Xuancheng
2003  0.052 -0.031 0.183 0.147 0013 0.549 -0.050 -0.377 -0.069 0.078 -0.284 0.070
2004 0.002 0.078 0.168 0.152 -0.023 0649 -0.121 -0.356 -0.103 0.060 0379
2005  0.104 0.262 0.129 0.106 -0054  0.588 -0.069 -0.236 -0.028 0.089 0.348
2006  0.103 0.196 0.294 0.224 0.002 0.666 -0.088 -0.223 -0.023 0.074 0216
2007 0.204 0.135 0.212 0.101 -0053  0.561 -0.0909 -0.077 -0.026 0.106 0.436
2008 0.069 0.092 0.183 0.059 -0.005  0.592 -0.191 -0.379 0.129 0.063 0.006
2009 -0057 -0035 0.124 0.075 -0.127  0.376 -0.186 -0.359 0.157 -0.090 0.320
2010 0.099 0.010 0.181 0.263 0.006 0.478 -0.071 -0.166 -0.247 0.040 0571
2011 0185 0130 0216 0.102 -0.115 0367  -0207 -0.039 -0.134 0.030 0295
2012 0.179 0.240 0.027 0.075 -0.184 0397 -0.288 -0.146 0011 0.047 0.330
2013 0.062 0.035 0.146 0.053 0.055 0.526 -0.204 -0.077 -0.127 0.009 0.664
2014 0.234 0229  -0.002 -0.075 -0193 0572 -0.219 -0.087 -0.080 0225 0.167
2015 0201 0315  0.128 0.119 -0.255  0.524 -0.158 -0.275 -0.154 0.061 0617
2016 0193 0195  0.194 0.152 -0.198 0327  -0.361 0.000 0.198 0031 0.710
2017 0202 0216  0.151 0014 0392 0.504 -0.349 -0.181 0.346 0.101 0.484






