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Abstract

:

The Chinese government proposed a major national strategy for ecological protection and high-quality development in the Yellow River Basin. The Framework of the Plan for Ecological Protection and High-Quality Development of the Yellow River Basin proposes building a dynamic development pattern characterized by “one axis, two regions and five poles” in the Yellow River Basin with high-quality and high-standard urban agglomerations along the Yellow River. The urban agglomeration is the economic growth pole of the Yellow River Basin and the main carrier of the population and productivity. This study integrates DMSP/OLS (Defense Meteorological Satellite Program/Operational Linescan System) and NPP/VIIRS (Suomi National Polar-Orbiting Partnership/Visible Infrared Imaging Radiometer Suite) night light remote sensing data from 2000 to 2020 and uses methods such as spatial expansion measurement, the center of gravity offset, urban primacy, and the gravity model to study the spatial expansion and correlation characteristics of five urban agglomerations. The results show that: (1) From 2000 to 2020, urban agglomeration in the Yellow River Basin continued to expand, and the area increased by 6.4 times. The total amount of nighttime lights in the city presents a spatial distribution pattern that is high in the east and low in the west. (2) The expansion centers of the five major urban agglomerations all shifted. The centers of gravity of the Shandong Peninsula urban agglomeration, the Jiziwan urban agglomeration of the Yellow River, the Guanzhong Plain urban agglomeration, and the Lanzhou–Xining urban agglomeration all shifted westward, while the center of gravity of the Central Plains urban agglomeration shifted to the southeast. (3) Qingdao, Zhengzhou, Xi’an and Lanzhou are the primate cities of the four urban agglomerations of the Shandong Peninsula, Central Plains, Guanzhong Plain, and Lanzhou–Xining, respectively. The primate city in the Jiziwan urban agglomeration of the Yellow River was changed from Taiyuan to Yinchuan and then to Yulin. (4) The density of the gravitational network of the urban agglomeration in the Yellow River Basin and the distribution of the maximum gravitational line show the spatial differentiation characteristics of being dense in the east and sparse in the west.
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1. Introduction


More than half of the world’s population now lives in towns and cities, and the size of the world’s urban population will increase to approximately 8.6 billion [1]. With rapid population increases, there is an urgent need to understand how urban land areas expand to accommodate more people. However, the dynamics of urban expansion and the modes of urban sprawl remain uncertain in different urban agglomerations [2]. In addition, urban planners and decision makers must understand local land-use changes and their driving forces for decision making. Therefore, it is particularly essential to quantify the annual expansion of urban agglomerations.



The term urban agglomeration was first proposed in developed countries with rapid urbanization. This term was defined as a concentration of urbanized areas that had a higher concentration of population, urban functions, and urban landscape [3]. A number of studies about American urban agglomeration before the 1990s had to provide scientific references to optimize the urban development guidelines [4,5]. Urban agglomerations in developing countries have attracted worldwide attention after the 1990s because Asian urban agglomerations appeared and developed rapidly [6,7,8]. As the largest developing country, urbanization in China showed amazing speed compared to the evolution path of urban agglomerations in Western countries [9,10]. In recent years, research on urban agglomerations in China has focused on carbon emissions [11], ecological service value [12], pollution control [13], economic development [14], and urban expansion [15]. The studied areas have mostly been urban agglomerations in eastern China. At the same time, urban expansion patterns in China exhibit different characteristics in terms of regional distributions. By recognizing regional urban expansion patterns, we can help urban sustainable development planning to develop scientifically. Compared to the urban agglomerations in eastern China, the urban agglomerations along the Yellow River experience many kinds of problems, such as low-quality development, uneven development, a weak radiation effect, and unreasonable economic structure [16]. Some studies have only focused on urban agglomerations in terms of their resource utilization efficiency [17], environmental pollution and ecological protection [18], high-quality development paths and assessments [19], and industrial economic development [20]. There is still a lack of research on the spatial clustering of cities and relationships among cities under urban agglomerations along the Yellow River. Our research can make up for this deficiency.



Previous studies have described the urban expansion of official Chinese cities using statistical yearbooks [21]. The yearbooks have long been the basic channel for understanding urban expansion in China. However, this dataset is not an objective way to observe the Chinese city system, and its data quality has been criticized for its availability and objectivity. Therefore, we cannot fully understand Chinese urban expansion using the statistical yearbooks. Aside from the statistical yearbooks, remote sensing images provide a better way to understand urbanization patterns and urban expansion [22]. However, research based on remote sensing images requires a lot of field observation; thus, remote sensing images cannot be easily applied to study urban expansion in all cities. Therefore, an alternative approach to understanding urban expansion from various dimensions with fewer field data is urgently needed. Nighttime light (NTL) data have provided opportunities for quantitative urban studies [23]. NTL data have been found to correlate well with urban expansion [24,25], economic activity [26], gross domestic product (GDP) [27,28,29], poverty [30], income [31], and human pressure on ecosystems [32]. They are particularly useful for estimating urban expansion at fine spatial scales, estimating changes in urban land cover over time, and estimating urban expansion in areas with poor or no reporting of urban land cover [33], all of which are key features of this research. For example, NTL data were applied to urban research and can intuitively reflect the spatial distribution of a city [34,35]. In addition, the built-up areas and development process of urbanization were analyzed using NTL data [36,37].



Here, we evaluated the spatial expansion and relationships among cities under urban agglomerations along the Yellow River using nearly two decades of NTL data. Specifically, we examined (a) how cities under urban agglomerations along the Yellow River expand over time and (b) what relationships exist among cities under urban agglomerations along the Yellow River. This study can provide useful information on the patterns of urban expansion. Additionally, analyzing the relationships among cities under urban agglomerations can help us develop a better understanding of urban sustainable development planning.




2. Research Area, Materials and Methods


2.1. Research Area


The Framework of the Plan for Ecological Protection and High-Quality Development of the Yellow River Basin proposes to build a dynamic development pattern involving “one axis, two regions, and five poles” in the Yellow River Basin, and to promote the rational flow and efficient agglomeration of factors between regions [38]. The “five poles” are the five major urban agglomerations in the Yellow River Basin (Figure 1). Its land area only accounts for 41.15% of the main body of the Yellow River Basin, but the total population accounts for 91.2% of the basin, and the regional GDP accounts for 93.01%. In addition, the general public budget revenue, the total retail sales of consumer goods, and the number of patent authorizations account for more than 90% of the total in the basin. It is the main carrier for driving regional economic development, the strategic core area for the economic development of the Yellow River Basin, and the lifeblood of the economic development of the basin [16].




2.2. Data Sources and Research Methods


2.2.1. Data Source and Processing


DMSP/OLS (Defense Meteorological Satellite Program/Operational Linescan System) and NPP/VIIRS (Suomi National Polar-Orbiting Partnership/Visible Infrared Imaging Radiometer Suite) NTL data from the National Geophysical Data Center (https://www.ngdc.noaa.gov/eog/dmsp/ (accessed on 6 December 2021)) were used in this study. They cannot be directly compared and analyzed because these data come from different remote sensing detectors, and there are differences in the images’ characteristics. Therefore, a harmonized, consistent dataset of nighttime lights needed to be produced [39,40]. After this, the DMSP/OLS annual data were preprocessed and corrected using methods such as mutual correction, intra-annual fusion, and inter-annual correction. NPP/VIIRS monthly data should be aggregated into annual data. The annual data then needed to be denoised. Their coordinate system needed to be synchronized, and their resolution needed to be reprojected. Based on the data captured by both detectors in 2012 and 2013, sensitivity analysis was performed on the data from the coincident year. The optimal fitting parameters were fitted from this analysis. According to the fitted optimal parameters, the NPP/VIIRS annual data were generated and fitted to the DMSP/OLS data, and the synthetic DMSP dataset of the long-term series from 2000 to 2020 was obtained. The boundary data from the administrative divisions were obtained from the National Basic Geographic Information Center of China (http://www.ngcc.cn/ngcc/ accessed on 6 December 2021).




2.2.2. Research Methods


	
Measurement of the Expansion of the Urban Built-up Area






The threshold method [41] was used in this study, and the DN (digital number) value of 50 was taken as the range threshold of the urban built-up area. The spatial expansion characteristics of the urban agglomerations were analyzed by using expansion speed and expansion intensity [42].


  V =   ( U  A  i + n   − U  A i  )  / n   



(1)






  S =   [   ( U  A  i + n   − U  A i  )  / n  ]  /  U  A i  × 100 %    



(2)







In these formulas, V represents the expansion speed, S represents the expansion intensity, UAi and UAi+n represent the urban built-up area’s patch area in the beginning and end years of the study period, respectively, and n represents the difference between the beginning and the end years.



	2.

	
Center of Gravity’s Offset Distance and Offset Speed







The position of the gravity center was the weighted average of the coordinates of the total amount of city lights in the study area. The change in the expansion center of gravity in the urban agglomeration can be obtained according to the coordinate change using the coordinates of the center of gravity to calculate the moving distance during the study period. Its movement speed can be calculated based on the center of gravity’s offset distance and the research time span [43].


    Δ D =   (  X A  −  X B   ) 2  +   (  Y A  −  Y B  )  2        X =     ∑  i = 1  n   T  L i   x i     /    ∑  i − 1  n   T  L i        Y =     ∑  i = 1  n   T  L i   y i     /    ∑  i − 1  n   T  L i         



(3)






   V d  =   Δ D  /  ( A − B )    



(4)







In this formula, (X, Y) represents the longitude and latitude coordinates of the expansion center of the urban agglomeration, respectively. TL represents the total light value of each city in the urban agglomeration, and xi and yi represent the coordinates of the center point of the built-up area of each city. n represents the number of cities, ΔD represents the offset distance of the center of gravity, Vd represents the moving speed of the center of gravity, and A and B represent the start and end years of the research period, respectively.



	3.

	
Law of the Primate City







The primate city is generally the growth pole of the region. According to its development and changes, whether the structure of the urban agglomeration is reasonable or not can be judged [44]. The total amount of city lights can represent the comprehensive strength of the city. We can use it to obtain the primate city and to analyze the scale and hierarchical structure of the five major urban agglomerations in the Yellow River Basin.


   S i  =   T  L 1   /  T  L 2     



(5)







In the formula, Si represents the urban primacy of a certain urban agglomeration, and TL1 and TL2 represent the total number of specific NTL data in the first and second cities, respectively. When Si > 2, it means that the primate city of the urban agglomeration has a strong force in the region. When 1 ≤ Si ≤ 2, it means that the structure of the first and second cities of the urban agglomeration is more reasonable. When Si is closer to 1, it means that the scale of the first and second cities is similar, and the urban agglomeration shows a dual-core development model.



	4.

	
Gravity Model







The law of universal gravitation can be used to characterize the connection rate and attraction degree between cities [45].


    G   i j   = K    Q i   Q j        D   i j    2     



(6)







In the formula, Gij represents the degree of connection between the two cities. K is 1, which is the gravitational constant, and Q represents the quality of the city. This study selects the total amount of NTL data in each city to represent the quality of the city. Dij represents the distance between the two cities.



	5.

	
Spatial Analysis







According to Equations (1), (3) and (6), specific values such as the speed of urban agglomeration expansion, the center of gravity, and inter-city attraction are obtained. Using ArcGIS software for spatial analysis, thematic maps reflecting the spatial distribution of each index are made.



The temporal characteristics of the spatial expansion of the urban agglomeration in the Yellow River Basin are divided into four periods: 2000–2005, 2005–2010, 2010–2015, and 2015–2020. Using the expansion speed as an indicator in ArcGIS software, the urban expansion speed is divided and displayed using the natural breaks classification method.



We used ArcGIS software to draw out the gravity center’s offset route map of each urban agglomeration to analyze the spatial law of its movement.



We selected the data of 2000, 2010 and 2020 to analyze the degree of correlation between cities in the urban agglomeration of the Yellow River Basin. By using the natural breakpoint method in ArcGIS, the correlation network of different gravitational degrees was divided into five levels. The degree of correlation from strong to weak corresponds to levels I–V.






3. Results and Analysis


3.1. Analysis of the Spatial Expansion Characteristics of Urban Agglomerations


3.1.1. Temporal Characteristics of the Spatial Expansion of Urban Agglomerations


From 2000 to 2020, the urban scale of the five major urban agglomerations in the Yellow River Basin expanded by about 6.4 times. The expansion speed and expansion intensity of urban agglomerations fluctuated significantly. For the expansion speed (Figure 2), the urban agglomeration of the Central Plains and the Shandong Peninsula had a faster expansion speed compared with other urban agglomerations for a long time. From 2000 to 2005, the Shandong Peninsula urban agglomeration, the Central Plains urban agglomeration, the Guanzhong Plain urban agglomeration, and the Jiziwan urban agglomeration of the Yellow River maintained a certain speed of growth. From 2005 to 2010, the growth rate of the Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration dropped. From 2010 to 2020, all urban agglomerations showed a steady increase in scale, among which the Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration increased significantly in terms of expansion speed. After 2010, the expansion rate of the Central Plains urban agglomeration exceeded that of the Shandong Peninsula urban agglomeration. The Lanzhou–Xining urban agglomeration expanded slowly during 2000–2020 but maintained a relatively stable increase. The overall urban agglomeration mainly showed an expansion trend, but some cities within the urban agglomeration experienced shrinkage after 2005. Shrinking cities were mainly distributed in the Lanzhou–Xining urban agglomeration and the Jiziwan urban agglomeration of the Yellow River.



The expansion intensity of five major urban agglomerations all increased significantly from 2000 to 2005, at above 10% (Table 1). At that time, the Guanzhong Plain urban agglomeration and the Jiziwan urban agglomeration of the Yellow River were particularly obvious. From 2005 to 2010, urban construction gradually tended to be rationalized. The Shandong Peninsula urban agglomeration, the Central Plains urban agglomeration, the Guanzhong Plain urban agglomeration, and the Jiziwan urban agglomeration of the Yellow River dropped rapidly in terms of spatial expansion intensity, while the Lanzhou–Xining urban agglomeration maintained a relatively stable expansion intensity. From 2010 to 2015, the expansion intensity of urban agglomerations in the Central Plains increased significantly, while the expansion intensity of other urban agglomerations in the Yellow River Basin tended to be stable. From 2015 to 2020, the expansion intensity of the Shandong Peninsula urban agglomeration increased from 5.91% to 12.83%, and the expansion intensity of the Lanzhou–Xining urban agglomeration increased slightly. The expansion intensity of the urban agglomeration in the Central Plains, the urban agglomeration in the Guanzhong Plain, and the Jiziwan urban agglomeration of the Yellow River all showed a slight decline.




3.1.2. Spatial Characteristics of Urban Expansion in Urban Agglomerations


The total amount of urban lights in the Yellow River Basin showed explicit spatial distribution (Figure 3). The high-value areas of total light were located in the central and eastern urban agglomeration in the Yellow River Basin. The low-value area was mainly located in the mountainous plateau area. From the perspective of the urban agglomeration scale, the high-value areas of total lighting were mainly distributed in the Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration, and the low-value areas were mainly distributed in the Guanzhong Plain urban agglomeration, the Jiziwan urban agglomeration of the Yellow River and the Lanzhou–Xining urban agglomeration. From the perspective of the city scale, the cities with high total lights in the eastern region mainly included Jinan, Qingdao, Weifang, and Linyi, and the cities with high light values in the central and western regions mainly included provincial capitals such as Zhengzhou, Xi’an, and Taiyuan.





3.2. Gravity Center Offset Analysis


According to Equations (3) and (4), it is necessary to select the total DN value of urban lights to represent the degree of urban development and calculate it as a weight value to obtain the regional center of gravity of the urban agglomeration. This calculation result is different from the simple geometric center, and its position change can intuitively reflect the change in the focus direction of urban agglomeration expansion (Figure 4).



3.2.1. Changes in the Position of the Gravity Center of the Urban Agglomeration


The position of the gravity center was the weighted average of the coordinates of the total amount of city lights. Our results show that the gravity center of the Shandong Peninsula urban agglomeration, the Jiziwan urban agglomeration of the Yellow River, and the Lanzhou–Xining urban agglomeration were always located in the same city during the study period. The gravity center of the Central Plains urban agglomeration and the Guanzhong Plain urban agglomeration changed three times from 2000 to 2020. The gravity center of the Shandong Peninsula urban agglomeration was in the western part of Weifang City. The gravity center of the Jiziwan urban agglomeration of the Yellow River was located in the northern part of Yulin City. The gravity center of the Lanzhou–Xining urban agglomeration was located in the southwestern part of Lanzhou. The gravity center of the Central Plains urban agglomeration changed from Xinxiang to Zhengzhou and then moved to Kaifeng, which is generally located in the north of the regional geometric center. The gravity center of the Guanzhong Plain urban agglomeration shifted from Weinan to Xi’an and then to Xianyang in the past two decades.




3.2.2. The Shifting Direction and Distance of the Gravity Center


For the shifting direction of the gravity center, the gravity center of the Shandong Peninsula urban agglomeration, the Jiziwan urban agglomeration of the Yellow River, and the Guanzhong Plain urban agglomeration shifted to the southwest. The gravity center of the Central Plains urban agglomeration mainly shifted to the southeast. The gravity center of the Lanzhou–Xining urban agglomeration finally shifted westward, but the migration process fluctuated greatly, with the gravity center swinging back and forth in the northwest and southeast directions. From the perspective of the offset distance and speed of the expansion of the urban agglomeration, in the past two decades, the Jiziwan urban agglomeration of the Yellow River had the longest offset distance and the fastest moving speed, followed by the Guanzhong Plain urban agglomeration. The shifting distance of the gravity center of the Lanzhou–Xining urban agglomeration was the shortest, the speed was the slowest, and the fluctuation was the smallest.





3.3. Characteristics of the Scale and Hierarchy Structure within each Urban Agglomeration


The scale-level structure is an important manifestation of the spatial expansion characteristics of urban agglomerations. Based on the ability of night light data to characterize the comprehensive strength of the city, this paper uses the total night light intensity of the city to analyze the urban scale and hierarchical structure of the urban agglomeration in the Yellow River Basin.



The primate city remained unchanged in the Shandong Peninsula, Central Plains, Guanzhong Plain, and Lanzhou–Xining urban agglomerations from 2000 to 2020. The primate cities in those regions were Qingdao, Zhengzhou, Xi’an and Lanzhou, respectively (Table 2). In 2000, Lanzhou had the greatest primacy, followed by Xi’an, Qingdao, and Zhengzhou. In 2020, Zhengzhou had the greatest primacy, followed by Xi’an, Lanzhou, and Qingdao. The primacy of Zhengzhou showed an increase from 2000 to 2020. The primacy of Xi’an fluctuated between 1.99 and 2.60. The primacy of Lanzhou decreased from 2.6 in 2000 to 1.59 in 2020. The primacy of Qingdao showed a decrease from 2000 to 2020. However, the primate city in the Jiziwan urban agglomeration was Taiyuan in 2000, 2005 and 2010, Yinchuan in 2015, and Yulin in 2020. In the past, Qingdao had the lowest first place, with a value close to 1. The Shandong Peninsula urban agglomeration was a dual-core development model driven by both Qingdao and Jinan. The Lanzhou–Xining urban agglomeration was also a dual-core development model. The scale and structure of the Shandong Peninsula urban agglomeration and the Guanzhong Plain urban agglomeration were not reasonable enough. The Jiziwan urban agglomeration of the Yellow River did not form an obvious core area.




3.4. Spatial Correlation Characteristics of Urban Agglomerations


3.4.1. Spatial Distribution of Correlation Levels of Urban Agglomerations


According to Equation (6), it can be concluded that the urban spatial association network in the urban agglomeration in the Yellow River Basin increases with time, from 2551 pairs in 2000 to 3003 pairs in 2020. The number of IV and V contacts is increasing. The magnitude of changes in the location of associations at levels I–III is small, indicating that the number of urban spatial associations in the Yellow River Basin urban agglomeration has increased, but the change in the pattern of mutual associations is small.



The southeast of the study area showed stronger correlations than the northwest (Figure 5). The areas with strong urban connections were mainly located in the Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration, followed by the Guanzhong Plain urban agglomeration and the Jiziwan urban agglomeration of the Yellow River. The Lanzhou–Xining urban agglomeration had the weakest degree of inter-city connection, and the connection was relatively loose.




3.4.2. Spatial Distribution Characteristics of Maximum Gravitational Lines


The maximum gravitational line between cities forms a relatively stable combination structure in space. It can be divided into two attraction modes: one is the gravitational effect of the core city on the surrounding cities, and the other is the mutual gravitational effect between cities with adjacent geographical locations and comparable economic development. The core city Zhengzhou was the most attractive city in the Central Plains urban agglomeration. Zhengzhou was the growth pole city with the widest radiation range and the largest radiation area among the five major city clusters in the Yellow River Basin. The largest gravitational lines in the Guanzhong Plain urban agglomeration were concentrated in Xi’an. The largest gravitational lines in the Lanzhou–Xining urban agglomeration were concentrated in Lanzhou and Xining. The distribution of the largest gravitational lines in the Jiziwan urban agglomeration of the Yellow River was special: the western parts of the urban agglomeration were attracted by several major cities, and they were distributed in strips along the Yellow River. The attractiveness of cities in the middle of the urban agglomeration has changed over time. After 2010, resource-based cities Yulin and Ordos became more attractive. By 2020, the largest gravitational line in the central area of the urban agglomeration pointed to these two cities. Taiyuan in the east showed a radiating and driving effect on cities in northwest Shanxi.






4. Discussion


4.1. Discussion on the Expansion and Correlation of Urban Agglomerations


Our results showed a rapid expansion of urban agglomeration in the Yellow River Basin. This can be attributed to the higher rates of urban population growth in the Yellow River Basin [46]. However, compared with the research results of Sun et al. [42], the overall expansion rate of urban agglomerations in the Yellow River Basin is lower than the national level. The expansion of urban agglomeration in the Yellow River Basin is a geographically uneven process. The expansion rate and intensity are different among the urban agglomerations in the Yellow River Basin. This is due to uneven opportunities and dualism, including the household registration system, family planning, public resource allocation, and the land system [22]. The Central Plains and Shandong Peninsula urban agglomerations showed a faster expansion rate, while the Guanzhong Plain urban agglomeration, the Jiziwan urban agglomeration, and the Lanzhou–Xining urban agglomeration expanded slowly. Because the urban expansion rate is always linked to the economic status of the area [47], the Central Plains and Shandong Peninsula urban agglomerations have thriving economic activity since they are mainly distributed in east China. The economic activity of the Guanzhong Plain urban agglomeration, the Jiziwan urban agglomeration, and the Lanzhou–Xining urban agglomeration was relatively weak. There are many differences in the expansion rate and intensity of urban agglomerations across different periods. For instance, urban agglomerations expanded rapidly from 2000 to 2005 because this period witnessed overall urban expansion in China and fast GDP growth [48]. In addition, the western development strategy contributed to the economic development and human settlement activities in the western region. This policy also led to the expansion of urban agglomerations in the Yellow River Basin [49]. From 2005 to 2010, the expansion of urban agglomerations became reasonable because the local government focused on the actual needs of the region, prepared plans, and sought profit [47]. This situation also led to negative growth in some cities in the past. From 2010 to 2015, the strategy for the rise of the central region contributed to the expansion of the Central Plains urban agglomeration. From 2015 to 2020, the expansion intensity of urban agglomeration was slight, which may be associated with a sufficient built-up area.



The amount of NTL data of the urban agglomeration in the Yellow River Basin shows a large difference between the eastern and western regions. This result is consistent with the results obtained by Long et al. [22] using statistical data, POI data, and NTL data. The study area presents a step-like topography with complex terrain in the northwest and the flattened region in the southeast. Along with the upstream, midstream, and downstream of the Yellow River, the main landforms are mountains, plateaus, and plains, respectively (Figure 1). Cities with a high total NTL are mainly distributed downstream of the Yellow River, with gentle terrain. These areas are important agricultural areas and provide favorable conditions for the rapid development of cities. In the midstream and upstream of the Yellow River, most cities are located in the mountainous region and expanded relatively slowly. Due to the limitation of terrain and resources, the conditions for large-scale development and construction in this area are insufficient. Therefore, urban expansion progresses at a relatively slow rate. In addition to being affected by geographical conditions, the scale of cities is also affected by factors such as the economic development level, traffic accessibility, resource availability and policies. The Central Plains urban agglomeration and Shandong Peninsula urban agglomeration show stronger vitality in economic activity than other urban agglomerations. Zhengzhou, the core city of the Central Plains urban agglomeration, is the largest transportation hub city in the Central Plains. Most cities in the Shandong Peninsula urban agglomeration occupy favorable coastal conditions, with a high degree of external development and a relatively developed economy. Xi’an, the core city of the Guanzhong Plain urban agglomeration, has a long history of construction, developed transportation and great economic development conditions. The development of Yulin and Ordos relies on their rich mineral resources in the urban circle of the Jiziwan urban agglomeration. The Lanzhou–Xining urban agglomeration develops slowly due to its weak economic and transportation foundations.



The gravity center of the Shandong Peninsula urban agglomeration, the Jiziwan urban agglomeration, and the Lanzhou–Xining urban agglomeration were located in a city from 2000 to 2020. This result suggested relatively balanced economic development in these regions. The gravity center of the Central Plains urban agglomeration and the Guanzhong Plain urban agglomeration changed in three cities from 2000 to 2020. This result suggests the imbalanced economic development in these regions. The shifting distance and direction of the gravity center can also reflect the geographically uneven process of urban expansion. The shifting distance reflected a large difference in the speed of urban expansion in urban agglomeration, while the shifting direction of the gravity center represented the accelerated economic development in that direction. We applied the center of gravity shift to the study of urban agglomeration. It can grasp the development trend of urban agglomerations, predict the expansion direction of built-up areas, and at the same time, provide theoretical reference for urban construction.



The primacy of cities showed the hierarchical structure of the urban agglomerations. Zhengzhou’s primacy ratio was less than 2 from 2000 to 2010, and after 2015, the primacy increased to more than 2. This result indicated that Zhengzhou’s urban development was increasingly driving the economic development of the Central Plains urban agglomeration. It had strong attraction and cohesion to various elements in the urban agglomeration. Xi’an had a higher primacy in the study period, at only slightly lower than 2 in 2005. This result could be related to the slow development of secondary cities in the Guanzhong Plain urban agglomeration. The primacy of Lanzhou showed a decreasing trend. This is because Xining developed rapidly from 2000 to 2020. A mode of dual-core development dominated in the Lanzhou–Xining urban agglomeration. The primate city in the Jiziwan urban agglomeration changed three times from 2000 to 2020. This result can be attributed to a similar economic growth rate among cities in the Jiziwan urban agglomeration.



The spatial correlation in the Yellow River Basin increased from 2000 to 2020. This was related to the economic development and increased population. The pattern of spatial correlation in the Yellow River Basin urban agglomeration showed a similar pattern with the division of the study area with Hu’s Line [50]. The pattern of spatial correlation between cities was not only affected by their distance and geographical location but was also affected by their economic activity. The Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration have a relatively high degree of development in terms of their economy, society and population. Therefore, these two urban agglomerations had a strong ability to radiate and drive each other. The Guanzhong Plain urban agglomeration, the Jiziwan urban agglomeration of the Yellow River, and the Lanzhou–Xining urban agglomeration have also developed in the past two decades, especially the expansion of the core cities in the region. However, the development of its surrounding areas is relatively slow. Therefore, there were weak connections in these urban agglomerations. Gravity model has applied physical methods to urbanism and characterized the connections between different cities. The city association network can be obtained by this method. At the same time, calculating the maximum gravitational line can reflect the influence of the city more intuitively. Our findings are consistent with the results obtained by Si et al. [51] using the Moran I spatial correlation test. However, our results are more intuitive than the Moran I method. The interaction between urban agglomerations in the Yellow River Basin still needs to be strengthened. The spatial spillover effect of eastern urban agglomerations is weak. The leading role of the core cities in the western urban agglomerations on the surrounding cities needs to be strengthened.




4.2. Discussion on the Proposals for the Coordinated Development of Urban Agglomerations


Through the research, it was found that the urban agglomeration in the Yellow River Basin has differences between the east and the west in terms of urban expansion and the influence of the primate city. The influence of the western core cities and their correlation with the eastern cities need to be strengthened. The eastern urban agglomeration should develop in a balanced way to avoid a polarization phenomenon in which one city is the strongest. In further research, it can be analyzed from the perspective of urban landscape patterns or combined with other data to obtain more comprehensive results.



The research on the urban network in the Yellow River Basin has been deepened, which can provide a certain theoretical basis for the major national strategies for ecological protection and high-quality development in the Yellow River Basin. For the future construction of the urban agglomeration in the Yellow River Basin, it is necessary to pay attention to the coordinated development within the urban agglomeration and among the urban agglomerations while continuing to promote urbanization. The Lanzhou–Xining urban agglomeration in the west, due to its fragile ecological environment, vast land and sparse population, and lagging urbanization development, should rely more on the innovation-driven and rational planning of space and the efficient use of resources to promote urban development. The energy-based Jiziwan urban agglomeration of the Yellow River mainly relies on mineral resource-related industries to drive urban development. It is necessary to try green transformation and at the same time pay attention to pollution control to achieve the goal of high-quality development. The Guanzhong Plain urban agglomeration and the Central Plains urban agglomeration are located in the plains and are strategic development centers in the central and western regions. In the future, these two regions should continue to improve the overall development level and promote the development and growth of other secondary small- and medium-sized cities other than the provincial capital cities. The Shandong Peninsula urban agglomeration will still play its leading role in the development of the watershed in the future. Compared with other mature urban agglomerations in the country, its technological innovation capability and core competitiveness are not outstanding enough. In the future, it is still necessary to enhance the comprehensive competitiveness of the whole country. Only by formulating individualized development strategies according to the actual conditions of different urban agglomerations can the coordinated development of urban agglomerations in the whole basin be realized as soon as possible.





5. Conclusions


This study utilizes multi-source nighttime light remote sensing data to characterize urban space. The evolution law of cities and urban agglomerations in time and space is summarized using the methods of spatial expansion measurement, the center of gravity offset, city primacy, and the gravity model to explore the expansion and correlation of the five major urban agglomerations in the Yellow River Basin. The spatial and temporal characteristics of urban expansion in the Yellow River Basin urban agglomeration are as follows: the speed and intensity of the spatial expansion of the five major urban agglomerations in the Yellow River Basin have increased, and the scale of cities has expanded significantly, and the expansion speed and intensity have shown obvious fluctuations due to the influence of policies and development laws. From a spatial point of view, the overall distribution pattern of urban lighting is high in the east and low in the west.



The shifting law of the gravity center of the five major urban agglomerations is as follows: Generally speaking, in the past 20 years, the gravity center of the Shandong Peninsula urban agglomeration, the Jiziwan urban agglomeration of the Yellow River, and the Guanzhong Plain urban agglomeration have all shifted to the southwest, and the center of the Central Plains urban agglomeration has moved to the southeast. The center of gravity of the Lanzhou–Xining urban agglomeration has mainly shifted to the west, the migration process fluctuates greatly, and the center of gravity swings back and forth in the northwest and southeast directions.



The characteristics of the primacy of urban agglomerations are as follows: From 2000 to 2020, Qingdao, Zhengzhou, Xi’an and Lanzhou have been the primate cities in the four urban agglomerations of Shandong Peninsula, Central Plains, Guanzhong Plain, and Lanzhou–Xining. Due to the low level of the Jiziwan urban agglomeration of the Yellow River, the primate city in the region changed from Taiyuan to Yinchuan and then to Yulin.



The characteristics of the spatial correlation of urban agglomerations in the Yellow River Basin are as follows: The spatial distribution of the gravitational network is dense in the southeast and sparse in the northwest. The Shandong Peninsula urban agglomeration and the Central Plains urban agglomeration have a strong degree of urban connection, followed by the Guanzhong Plain urban agglomeration and the Jiziwan urban agglomeration of the Yellow River. The Lanzhou–Xining urban agglomeration has the weakest degree of interconnection. The greatest gravitational lines of cities all point to growth pole cities and core cities. Eastern core cities are more attractive than western core cities.
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Figure 1. Schematic diagram of urban agglomeration in the Yellow River Basin. Drawing review number: GS (2021)5451. 
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Figure 2. Spatial expansion speed of each urban agglomeration in the Yellow River Basin. The solid legends indicate expansion velocity (km2/a). The hollow colored legends indicate the extent of the urban agglomeration. 
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Figure 3. Spatial distribution of the total NTL data in cities in the Yellow River Basin 2000–2020. Solid legends indicate total NTL. The hollow colored legends indicate the extent of the urban agglomeration. 
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Figure 4. Expansion and center of gravity shift of each urban agglomeration in 2000–2020. 
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Figure 5. Spatial and temporal differentiation of the spatial correlation of cities in the Yellow River Basin urban agglomeration. (The Hu Line is the connection between Heihe and Tengchong in China, and its function is to compare the population density of China). 






Figure 5. Spatial and temporal differentiation of the spatial correlation of cities in the Yellow River Basin urban agglomeration. (The Hu Line is the connection between Heihe and Tengchong in China, and its function is to compare the population density of China).



[image: Sustainability 14 09359 g005]







[image: Table] 





Table 1. The expansion intensity of each urban agglomeration in the Yellow River Basin.
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Urban Agglomerations

	
Expansion Intensity (%)




	
2000–2005

	
2005–2010

	
2010–2015

	
2015–2020






	
The Shandong Peninsula urban

agglomeration

	
28.1

	
5.01

	
5.91

	
12.83




	
The Central Plains urban agglomeration

	
21.62

	
4.83

	
17.57

	
15.81




	
The Guanzhong Plain urban

agglomeration

	
30.9

	
6.46

	
9.78

	
9.05




	
The Jiziwan urban agglomeration of the Yellow River

	
28.92

	
8.91

	
9.56

	
8.28




	
The Lanzhou–Xining urban agglomeration

	
15.27

	
10.91

	
12.58

	
11.99




	
All urban agglomerations in the Yellow River Basin

	
25.89

	
5.86

	
10.51

	
12.73











[image: Table] 





Table 2. The primacy ratio of cities in the Yellow River Basin urban agglomeration in 2000–2020.
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Urban Agglomeration

	
Primate City

	
Primacy Ratio




	
2000

	
2005

	
2010

	
2015

	
2020






	
The Shandong Peninsula urban

agglomeration

	
Qingdao

	
1.46

	
1.31

	
1.19

	
1.28

	
1.10




	
The Central Plains urban

agglomeration

	
Zhengzhou

	
1.11

	
1.90

	
1.86

	
2.67

	
2.19




	
The Guanzhong Plain urban agglomeration

	
Xi’an

	
2.40

	
1.99

	
2.60

	
2.30

	
2.10




	
The Jiziwan urban agglomeration of the Yellow River

	
Taiyuan, Yinchuan, Yulin

	
1.42

	
1.48

	
1.05

	
1.09

	
1.00




	
The Lanzhou–Xining urban

agglomeration

	
Lanzhou

	
2.60

	
1.74

	
1.61

	
1.46

	
1.59
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