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Abstract

:

Urban sprawl is generally defined as the urbanization of space adjacent to a city, which results from that city’s development. The discussed phenomenon involves land development, mainly agricultural land, in the proximity of cities, the development of infrastructure, and an increase in the number of residents who rely on urban services and commute to work in the city. Urban sprawl generates numerous problems which, in the broadest sense, result from the difficulty in identifying the boundaries of the central urban unit and the participation of local inhabitants, regardless of their actual place of residence, in that unit’s functional costs. These problems are associated not only with tax collection rights but with difficulties in measuring the extent of urban sprawl in research and local governance. The aim of this study was to analyze the applicability of the CORINE Land Cover (CLC) database for monitoring urbanization processes, including the dynamic process of urban sprawl. Polish cities with county rights, i.e., cities that implement independent spatial planning policies, were analyzed in the study to determine the pattern of urban sprawl in various types of cities. Buffer zones composed of municipalities that are directly adjacent to the central urban unit were mapped around the analyzed cities. The study proposes a novel method for measuring the extent of suburbanization with the use of the CLC database and Geographic Information System (GIS) tools. The developed method relies on the overgrowth of urbanization (OU) index calculated based on CLC data. The OU index revealed differences in the rate of urbanization in three groups of differently sized Polish cities. The analysis covered two periods: 2006–2012 and 2012–2018, and it revealed that urban sprawl in the examined cities proceeded in an unstable manner over time. The results of the present study indicate that the CLC database is a reliable source of information about urbanization processes.
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1. Introduction


The observations made in the recent decades indicate that the development of cities in Europe and around the world has been progressing in a chaotic manner due to insufficient control. The above can be attributed mainly to the unprecedented scale of economic and social change [1]. The boundaries of cities are increasingly indiscernible due to growing levels of human mobility, technological advancement, and vast exchange of information. The above poses a serious threat to spatial order and it can compromise the sustainable development of cities [2].



Uncontrolled urban expansion is clearly visible in metropolitan areas and it often results from insufficient space within city limits that can be zoned for development in cities characterized by rapid economic and demographic growth [3]. Urban sprawl has been long associated with the development of areas that directly surround the urban core in metropolitan areas (functional urban areas) [4]. However, this phenomenon is also encountered in the vicinity of much smaller settlements, not only along city boundaries but also in rural areas where vast changes in land-use can be observed [5,6]. According to Kociuba [7], the percentage of developed land continues to increase in Poland despite the absence of an accompanying increase in the scope of local zoning plans. These processes are particularly intensified along the boundaries and in the proximity of cities with county rights, where the area of land covered by zoning plants has been increasing at a mere rate of 3% per year since 2012, and where local zoning plans cover only one-third of the territory in suburban areas [8]. Cities act as magnets for urbanization and investment and the high demand for land indicates that development processes are not effectively controlled within city limits, and even less so in the neighboring municipalities [9]. The fringe areas between cities with county rights and the adjacent rural municipalities offer vast opportunities for research into urban sprawl, but these areas are also in greatest need of such analyses.



Research into urban sprawl is generally based on statistical data relating to demographics and development in administrative units [10,11]. The relevant studies deliver highly valuable results by illustrating the scale of the analyzed phenomenon. However, many studies fail to account for the direction and territorial range of the examined processes. These knowledge gaps can be analyzed with the use of modern Geographic Information System (GIS) tools [12]. Spatial databases containing information about land cover as well as advanced techniques for processing and modeling spatial data are vast sources of knowledge, and they can be deployed to develop new tools for identifying and monitoring urban sprawl [13,14,15]. In view of the above, the aim of this study was to propose a new indicator for measuring urban expansion based on an analysis of changes in land cover with the use of GIS tools and the CORINE Land Cover (CLC) database which support cohesive evaluations of urban sprawl on the national or even continental scale [16].



The CORINE Land Cover (CLC) database supports broad spatial analyses because the data describing land cover in Europe are characterized by spatial continuity and enable non-ambiguous identification of various land-use types. Most importantly, CLC databases are developed regularly, which facilitates analyses of the dynamics and rate of changes and supports forecasting. This study relied on data for 2006, 2012, and 2018. Other sources of data, such as the Urban Atlas and the Global Human Settlement Layer, are less versatile in this respect [17].



Studies that rely on CLC data have certain limitations, such as the detailed nature of input data and interpretation methods and, consequently, a high degree of generalization. In areas characterized by considerable land fragmentation, the results can be generalized to dominant land-use types, which leads to a certain loss of information. According to the literature, the CLC is a far more useful resource for small-scale studies, but it is a less reliable tool for analyses conducted on a larger scale [18].




2. Background and Related Research


The term “urban sprawl” has a long history. It was used in ancient times to describe fragmented or irregular low-density development that extended beyond city limits [19]. Urban sprawl is regarded as a natural process that accompanies social and economic change. This phenomenon has generally negative connotations because it denotes rapid, uncontrolled, and chaotic expansion of cities [20]. According to some authors, urban sprawl cannot be avoided and this view gave rise to the inevitability theory of sprawl. Urban sprawl cannot be effectively curbed by spatial planning policies, but various approaches to controlling this process have been adopted in different parts of the world [21]. Urban sprawl is commonly used to describe physically expanding urban areas. The European Environment Agency (EEA) has described sprawl as the physical pattern of low-density expansion of large urban areas, under market conditions, mainly into the surrounding agricultural areas. Sprawl is the leading edge of urban growth and implies little planning control of land subdivision. Development is patchy, scattered, and strung out, with a tendency for discontinuity. It leap-frogs over areas, leaving agricultural enclaves. Sprawling cities are the opposite of compact cities, full of empty spaces that indicate the inefficiencies in development and highlight the consequences of uncontrolled growth [22].



Urban containment policies are largely influenced by local culture and lifestyle in a given region. Urban sprawl is less intensive in Europe than in North America. Europeans walk, cycle, and use public transport to a greater extent than the residents of North America [23]. However, this does not imply that urban sprawl does not pose a problem in Europe [24,25].



In its initial stages, urban sprawl is associated with positive phenomena such as development, economic growth and increase in wealth, but uncontrolled sprawl has many adverse consequences [26], including economic and social losses [27]. Negative economic consequences include rising transportation costs and traffic congestion in cities [28]. Fewer investment projects are initiated in downtown areas and real estate speculation increases, which undermines the stability of the real estate market [29]. The outflow of more affluent residents to suburban areas also decreases the cities’ budgets [30]. The main social losses result from the disintegration of local communities and changes in their function, which often leads to conflict between the existing communities and new residents. Other adverse social phenomena include progressive segregation and alienation [31]. Urban sprawl also contributes to the eradication of agricultural areas, forests, and open areas. Moreover, it increases energy costs and pollutant emissions [32]. Urban sprawl induces negative changes in the local landscape and degrades the quality of scenic landscapes. Urban development often leads to spatial chaos or monotony [33].



Cities are burdened with the growing costs of managing the rising number of urban space users. Many users reside in other administrative units that do not participate in these costs. Suburban residents take advantage of the resources in the urban core, but this relationship is not reciprocal. The authorities have to accept the fact that a city’s development potential spills over to the surrounding areas, which increases the significance of the urban core [34]. However, the costs associated with development are immense [35], ranging from infrastructure deficiencies (traffic congestion, overcrowding in schools, and public institutions) to social alienation in less trendy or even deserted areas of the city [36]. These problems are further exacerbated by the shortage of land for large development projects that contribute to local development and create access to the job market. The above could be attributed to excessive fragmentation of land where low-density development takes place. For this reason, the influence of urban sprawl on investment opportunities [37,38] and the real estate market [39,40,41,42] has been extensively researched.



The discussed problems have many causes. One of the most important causative factors is the absence of coordinated spatial planning between the urban core and the surrounding municipalities. Spatial planning is one of the key regulators of urban sprawl and its intensity. In Poland, the spatial planning policies implemented by municipal authorities have contributed to an oversupply of land zoned for residential construction [43]. According to estimates, it would take more than 900 years to sell all the land zoned for housing construction and more than 3000 years if the provisions of local land-use plans were to be taken into account [44]. These observations indicate that instead of catering to social demand, spatial planning policies are more likely to further the interests of the local authorities and landowners by encouraging developers to invest in rural land. It should also be noted that land zoning measures are not accompanied by the development of technical and social infrastructure [25]. Spatial planning can also contribute to speculation on the real estate market, where developer groups with various financial capacity have largely uncoordinated, if not mutually exclusive, expectations regarding the location, type, and appearance of new development projects.



These discrepancies are clearly visible in land management practice and the resulting land-use structure [45]. Rural municipalities surrounding large cities are characterized by chaotic patterns of suburban development as well as fragmentation of agricultural land and forests whose initial functions are lost due to the irreversible depletion of their natural value (Figure 1).



Analyses of urban sprawl contribute to the discussion about the actual location of city boundaries which, due to administrative complexities and social resentment, are rarely changed. The term “urban sprawl” can be used to describe both a state (the degree of sprawl in a landscape) as well as a process (increasing sprawl in a landscape) [46]. The boundaries of cities can be identified by analyzing changes in the land cover of the affected space.



Urban sprawl can considerably influence the quality of life in various regions of the world. For this reason, urbanization trends and their extent should be closely monitored. Urban sprawl is often measured based on the population density gradient which marks the decrease in population density with an increase in distance from the urban core [47]. The size of the urban area is yet another measure of uncontrolled urbanization [48]. Analyses of population density and area support observations of the disproportional increase in urbanized space relative to the size of the urban population [49]. However, such analyses are complex and they often produce erroneous results. The increase in the number of users of rapidly expanding urban space is difficult to determine because these users formally reside in rural municipalities that surround the urban core.



A 1974 report entitled “The Costs of Sprawl” is one of the key documents illustrating the extent of urban sprawl and the methods for measuring this phenomenon [50]. The report proposes a sprawl index which is based on five measurable indicators: development density, land-use mix, structure of enterprises, activity centering in selected parts of the city, and road accessibility. The correlations between means of transport and socioeconomic potential were analyzed to reveal that people who live further away from the urban core are more likely to travel long distances, own more cars, and are even at greater risk of fatal traffic accidents [51].



The development of new techniques for the acquisition of land cover data, remote sensing methods, and GIS tools has spurred new research into urban sprawl [52,53,54].




3. Methods and Materials


3.1. Procedure


Due to complex data acquisition methods, research into urban sprawl is conducted in selected urban units and conducted over long periods of time. In studies of the type, data collection and analysis are time-consuming processes. In an attempt to develop new tools for monitoring uncontrolled urban sprawl on the national scale, this study proposes a procedure for calculating the overgrowth of urbanization (OU) index (Figure 2).



Cities that contribute to the overgrowth of urbanization were identified in the first stage of the analytical process. These cities can be selected based on various criteria, such as administrative status, economic significance, demographic data, or independent land-use planning systems. The latter criterion played the key role in this study. The selected cities are county capitals responsible for developing land-use plans that cover their respective territories and do not influence the adjacent areas. The boundaries of towns in the direct vicinity of the urban core were also aggregated in this stage of the analysis.



A database containing the required information on land cover was selected in the second stage of research. The selected database should ensure the spatial continuity and cyclicity of data. The CLC database fulfils the above requirements.



The required level of detail of land cover data was selected in the third stage. CLC data are available at three levels of detail. The selected level has to correspond to the research objective as well as the scale of the analysis. Highly detailed data could be required in studies that focus on individual cities to determine the extent and directions of urban sprawl. The present study investigated the degree of urbanization on the national scale; therefore, level 1 data were regarded as sufficient for the needs of the analysis.



The boundaries of the areas that have undergone urbanization were determined in the fourth stage. In this process, all level 1 areas, i.e., artificial surfaces, were aggregated. The actual boundaries of urbanized areas were determined based on their size and relative proximity. The current study analyzed the rate of urbanization; therefore, data covering different periods of time were required.



Level 1 areas within the administrative boundaries of the urban core were identified in the fifth stage.



The OU index was calculated in the sixth stage. The index was calculated as the ratio of an aggregated urban area to a city’s administrative area with the use of Equation (1):


  O  U i  =   A G  a i    A D  a i     



(1)




where:



OU: overgrowth of urbanization index of area i;



Aga: aggregated urban area;



Ada: city’s administrative area;



i: number of analyzed areas.



The value of the OU index can range from zero to several or even more than ten points. The OU index can equal zero only in theory, as it would represent a situation where city boundaries have been mapped, but an urbanized area does not yet exist. When the OU index is higher than 0, but not higher than 1, the entire urbanized space is situated within the city’s administrative boundaries, and it is actually smaller than the area delimited by the city’s administrative boundaries. The above scenario is usually encountered in urban areas where extensive forests, surface water bodies, or agricultural land are situated within a city’s administrative boundaries. OU values higher than one indicates that urbanized space extends beyond a city’s boundaries.



Analyses of changes in land cover offer the simplest and the most rapid approach to measuring urbanized areas [55]. Land cover data are increasingly available from spatial databases and they can be rapidly processed with the use of GIS tools. These resources make analyses of urban sprawl less time consuming and they support analyses of a large number of cities, thus creating new sources of information for evaluating the extent and character of the evaluated phenomenon [56]. In this study, data for analysis were obtained from the CORINE Land Cover database. The analyzed data were generated by remote sensing. CLC data were processed by integrating remote sensing data in a mixed approach combining automatic methods and interpretation tools for digital image analysis. The processed data were Landsat TM multispectral satellite images and aerial images [57].



The procedure during which GIS tools were applied to determine the measures for calculating the OU index based on CLC data is presented in Figure 3.



The results of the calculations were verified in the third stage by analyzing changes in the value of OU. In the seventh stage, changes in land cover were determined based on CLC data for 2006, 2012, and 2018. In the eighth stage, changes in OU values were analyzed in relation to the demographic processes in the studied cities. The dynamics of urban sprawl was examined in the ninth stage by analyzing changes in OU values in 2006–2012 and 2012–2018. In the 10th stage, the rate of changes in OU values relative to demographic processes was determined in the evaluated objects during the analyzed period.




3.2. Data


The CORINE (Coordination of Information on the Environment) Land Cover program is a European Community initiative that was implemented in 1985. Poland joined the program in 2001 upon the decision of the Chief Inspector of Environmental Protection. The main aims of the CLC program are to [58]:




	
compile harmonized information on the state of the environment with regard to certain topics which have priority for all Member States of the Community:



	
coordinate the compilation of data and the organization of information within the Member States or at the international level;



	
ensure that information is consistent and that data are compatible.








In Poland, the CLC project was carried out in 1990–2018 by the Institute of Geodesy and Cartography with financial support of the European Union. The results of the CLC project are presented on the website of the Chief Inspectorate of Environmental Protection.



The CLC database features all types of land cover on the European continent, and there are no headings for unclassified land [59]. The database contains information about land cover as well as land-use. Land cover nomenclature is organized at three levels. There are five main classes of land cover:




	
Artificial surfaces—built-up areas, including residential areas, commercial and industrial areas, mines, and green urban spaces.



	
Agricultural areas—arable land, permanent crops, meadows, pastures, and land principally occupied by agriculture with significant areas of natural vegetation.



	
Forests and semi-natural areas—forests, shrubs and open areas with little or no vegetation.



	
Wetlands—inland marshes, peatbogs, salt marshes, salines, and intertidal flats.



	
Water bodies—inland waters and marine waters.








Different land-use types within each of the above groups are specified at the second and third level of the inventory [60].



The rate of urban sprawl in the analyzed cities was evaluated in areas classified as artificial surfaces in the CLC inventory (level 1). These areas were then aggregated based on their proximity and size. Urbanized areas separated by a distance of less than 3 km usually feature green urban areas and surface water bodies. This distance can be traveled without mechanized means of transport and can be crossed on foot, which contributes to social cohesion. As a result, the boundaries between such areas, if they formally exist, are weakly embedded in space and public awareness. Areas larger than 1.5 ha were also aggregated to eliminate isolated buildings such as forest service buildings, utility structures and technical facilities. The aggregation of urbanized areas larger than 1.5 ha supported the agglomeration of built-up land featuring at least several buildings and land that is permanently occupied or managed. In the next step, only areas where the central unit was situated within a city’s administrative area were selected. This procedure was conducted based on land cover data for 2006, 2012, and 2018.



The analysis covered cities, also referred to as central units, which are hubs of social and economic activity and create numerous opportunities for development. These areas implement independent spatial planning policies, which can deepen the divide between cities and the surrounding administrative units. The study involved Polish cities with the status of county capitals. These cities differ in levels of spatial, demographic, and economic development, and these parameters were included in the analysis of urban sprawl. A total of 71 Polish cities were evaluated. Two urban areas were merged to form agglomerations because the boundaries of the respective cities came into direct contact or were separated by a very small distance, thus forming a homogeneous urban structure. The merged areas were the Upper Silesian urban area composed of 19 cities and the Tricity urban area composed of five cities. In the final step, 49 urban areas with distinct administrative boundaries were identified. The studied area was determined in the land cover map by analyzing the increase in urbanization in the municipalities situated in the direct vicinity and at a small distance from the investigated city. Municipalities where the increase in urbanization proceeded in the direction of the urban core were included in the study. A total of 530 such municipalities were identified. The number or urban-rural municipalities and rural municipalities in the vicinity of the studied urban areas is presented in Table A1-Appendix A.



The size of urban areas and the surrounding municipalities, as well as information about changes in the administrative boundaries of cities in the last 20 years are also presented in Table A1. Administrative boundaries were changed in only six cities, and a significant increase in the size of urban areas was noted in only three cities: Zielona Góra (377%), Rzeszów (77%), and Opole (54%).



The analyzed areas, including the boundaries of 49 cities and the surrounding municipalities, are presented on a map of Polish voivodships in Figure 4.





4. Results


Land cover types in the analyzed areas were identified in the first stage of the study with the use of the CLC database. The corresponding data were divided into five main land cover classes corresponding to level 1 nomenclature in the CLC inventory. The analyzed data were not further subdivided into detailed land cover categories to prevent excessive fragmentation of the evaluated areas. The incorporation of more detailed data would prolong the analytical process without affecting the final result which is based on the size of all urbanized areas regardless of detailed land-use types. The land cover map of the analyzed areas based on level 1 nomenclature in the CLC database is presented in Figure 5. Land cover types in the examined areas were identified based on CLC data for three periods: CLC 2006, CLC 2012, and CLC 2018. This approach supported an evaluation of the rate of urbanization processes in the studied areas.



In the next step, the urban areas identified based on CLC 2006 data and classified as artificial surfaces were selected. Selected areas were aggregated based on their proximity and size. Only areas separated by a distance of up to 3 km were aggregated. The above criterion was applied to merge interdependent areas with a shared social and spatial structure. The analyzed areas were also merged based on their size. Only urban areas with a minimum size of 1.5 ha were aggregated. Distance and size criteria were adopted to identify and aggregate areas where non-isolated residential estates with direct spatial links to the urban core are being developed. Isolated residential enclaves were eliminated based on the literature. Some authors [61] define residential estates as clusters of minimum 10 residential buildings. Based on the average size of land plots zoned for residential construction (approx. 1200 m2) and the area required for the development of public facilities, the size criterion was set at 1.5 ha. The distance criterion was set based on the results of research investigating municipal transport and pedestrian zones. It was assumed that spatial differences between a city and the surrounding areas are obliterated if the place of residence and the nearest cluster of buildings are separated by walking distance. According to some authors, a walking distance of up to 5 km does not require extreme effort [62]. An analysis of the municipal transport system revealed that stops should not be separated by a distance greater than 2 km [63]. In view of the above, the distance criterion was set at up to 3 km. Several simulation tests were also carried out to modify the applied criteria. The adopted values produced optimal results and demonstrated a considerable shift in the boundaries of the urban zone.



Areas featuring individual buildings or temporary structures were thus eliminated from analysis. Areas that overlapped cities were identified, and urban areas that were directly linked to cities were identified in the last step. The above procedure was repeated for 2012 and 2018 data. The urban areas aggregated based on 2018, 2012, and 2006 data are presented in Figure 6. A clear increase in urbanization can be observed in the analyzed cities.



In the next step, the overgrowth of urbanization (OU) index was calculated as the ratio of aggregated urban area, determined in the previous step (Formula (1)), to the city’s administrative area. The values of the OU index in 2006, 2012, and 2018 with the corresponding size of urbanized areas are presented in Table A2.



In the analyzed cities, the OU index in 2006, 2012, and 2018 was determined in the following range of values:



in 2006–from 0.17 in Świnoujście to 5.91 in Kalisz;



in 2012–from 0.22 w Świnoujście to 15.43 in Siedlce;



in 2018–from 0.23 w Świnoujście to 15.76 in Siedlce–Figure 7.




5. Discussion


The calculated values of the OU index support a comprehensive analysis of changes in cities and their immediate vicinity. In the first step of the analysis, the values of the OU index in 2006, 2012, and 2018 were compared based on demographic data. The cities identified as central units were divided into demographic classes based on their population. Central units with a population higher than 150,000 were classified as large cities; central units with a population of 80,000 to 150,000 were classified as medium-sized cities, and central units with a population below 80,000, as small cities. Small-, medium-, and large-sized cities are ranked in Table A3 with the corresponding values of the OU index.



The changes in the value of the OU index in each demographic class in 2006, 2012, and 2018 are presented in Figure 8. The OU index was highest in small cities in all analyzed years. The median value of OU clearly increased in small cities from 2.74 in 2006, to 6.10 in 2012, and 6.58 in 2018. Considerable variations in OU values were noted in small cities in the analyzed period. The third quartile of OU values was determined at 5.25 in 2006, 8.61 in 2012, and 9.97 in 2018, with an increasing number of outliers and the maximum OU value of 15.76. Such a dynamic increase in OU value was not observed in large and medium-sized cities. In large cities, the median value of OU reached 1.88 in 2006, 3.07 in 2012, and 3.33 in 2018. In medium-sized cities, this parameter was determined at 3.07, 3.22, and 3.25, respectively. Large- and medium-sized cities were also characterized by smaller variations in OU values. In large cities, the values between the first and the third quartile ranged from 1.30 to 2.79 in 2006, from 2.08 to 4.40 in 2012, and from 2.47 to 4.60 in 2018. A somewhat greater range of values was observed in medium-sized cities: from 0.84 to 3.07 in 2006, from 2.13 to 5.49 in 2012, and from 2.44 to 5.76 in 2018. The number of outliers increased in both groups.



In the step, the values of the OU index were analyzed over time. In 2006–2012, the highest increase in urbanized area was noted in Siedlce (698.80%) and the smallest increase was observed in Katowice (6.70%). In 2012–2018, the corresponding increase was highest in Elbląg (179.03%) and lowest in Wrocław (0.06%). The analyzed cities are ranked based on the values of the OU index in 2006–2012 in Figure 9 and in 2012–2018 in Figure 10.



The increase in OU values was also investigated in demographic classes to analyze the results of the performed calculations. In large cities with a population higher than 150,000, urbanization processes were most extensive in 2006–2012 in Białystok (227.17%) and least extensive in Katowice (6.70%). In 2012–2018, urbanization proceeded most rapidly in Bydgoszcz (90.65%) and least rapidly in Wrocław (0.06%). In medium-sized cities with a population of 80,000 to 150,000, urbanization was highest in 2006–2012 in Jelenia Góra (419.50%) and lowest in Nowy Sącz (10.14%). In 2012–2018, the increase in urbanization was highest in Elbąg (179.03%) and lowest in Grudziądz (0.12%). In small cities with a population below 80,000, urbanization proceeded most rapidly in 2006–2012 in Siedlce (698.80%) and least rapidly in Piotrków Trybunalski (10.60%). In 2012–2018, the increase in urbanization was highest in Łomża (101.91%) and lowest in Chełm (0.22%). The cities in each demographic class are ranked based on the increase in the values of the OU index in Table A4.



In the next step, the changes in the value of the OU index were referenced with population changes in the analyzed objects. The increase in OU values in 2006–2012 and 2012–2018 with an increase in the population of the analyzed cities and the adjacent municipalities are presented in Table A5.



The distribution of the increase in the analyzed values is presented graphically in Figure 11. The smallest changes in population were observed in small cities where the median value of OU reached 0.05 and the values between the first and third quartile ranged from 0.05 to 0.36. Much greater changes in population with more diversified median values were noted in large cities in 2006–2012, where the increase in the OU indicator was smallest relative to the remaining demographic classes. The values of OU were also clustered near the median value (0.65) and the values between the first and the third quartile ranged from 0.54 to 3.42. The smallest increase in population (median: 0.48) with a large number of outliers (range of values between the first and third quartile: −0.80 to 1.35) was observed in medium-sized cities which were characterized by the highest increase in OU values (median: 1.08) and similar change trends (range of values between the first and the third quartile: 0.35 to 1.99, without outliers). In small cities, the increase in OU was higher (median: 0.76; range of values between the first and the third quartile: 0.33 to 1.48, without outliers) and more stable than the increase in population (median: 0.77; range of values between the first and the third quartile: 0.025 to 1.26, with a large number of outliers).



An analysis of the increase in OU values and population in 2012–2018 produced somewhat different results. These changes are presented graphically in Figure 12. The increase in OU values in all demographic classes was close to zero, and significant variations were not observed. The greatest variations in OU values were noted in small cities, where the median reached 0.05 and the range of values between the first and the third quartile was determined at 0.05 to 0.36. The population increase in 2012–2018 was much greater and more diversified relevant to the median. The observed trends were similar to those observed in the previous period. The greatest differences were noted in large cities, where the median reached 0.98 and the range of values between the first and the third quartile was determined at −0.49 to 2.73. Population increased at a much slower rate in small cities, where the median reached −0.54 and the range of values between the first and the third quartile was determined at −1.54 to 0.19. The smallest, but the most varied increase was observed in medium-sized cities where the median reached −0.38 and the range of values between the first and the third quartile was determined at −1.36 to 0.40, with a large number of outliers.




6. Conclusions


Urban sprawl is one of the most important determinants of the present and future structure of cities and areas that directly undergo urbanization. The extent and rate of urban sprawl can be evaluated by analyzing spatial data relating to different land cover types.



The results of the present study indicate that the CLC database is a reliable source of information about urbanization processes. Several conclusions can be drawn from the analysis of the OU index in areas surrounding the capital cities of Polish counties. The analysis demonstrated that the CLC database is highly useful for evaluating urban sprawl phenomena in all evaluated cities. The OU index is a simple and effective tool for analyzing the extent of urban sprawl. An analysis of changes in OU values over time also produced valuable findings. The CLC inventory is regularly updated, which supports reliable evaluations of the dynamics of spatial phenomena such as urban sprawl. An analysis of OU values over time revealed two distinctive periods of spatial changes: a more dynamic period in 2006–2012 and a more stable period in 2012–2018. A clear increase in urbanized area in the vicinity of the analyzed cities was noted in 2006–2012 and it coincided with a boom on the Polish real estate market. The above period witnessed a rapid increase in built-up area (residential and road construction) in the vicinity of most cities. Urbanization processes were considerably slowed down in 2012–2018.



The examined cities were divided into three demographic classes based on their population and an analysis conducted in each class also produced interesting results. Large cities were characterized by a smaller increase in urbanized area than medium- and small-sized cities. These findings could be attributed to already high levels of urbanization in the analyzed areas and a reduction in the distance that could be comfortably traveled by residents who commute to work in the urban core. These results could pave the way to future research into development density in urbanized areas. The above findings could also indicate that the studied cities are less affected by urban sprawl. Different results were noted in areas neighboring small cities which were characterized by very high values of the OU index. However, considerable variations in OU values were noted in this group, which suggests that small cities “spill” over much larger areas. The above could also result from much greater availability of undeveloped land and the annexation of smaller towns in the vicinity of cities due to the expansion of the road network and improved transport accessibility.



The results noted in different demographic classes were also confronted with an analysis of population changes in the examined cities. Despite a smaller increase in urbanized area, large cities witnessed a substantial increase in population. These findings validate the observation that urbanized areas are characterized by high development density, but further research is needed to confirm this hypothesis. The smallest increase in population or, in some cases, a population decrease was observed in small cities. Therefore, it could be postulated that in small cities, urbanization does not increase with a rise in demand, but that it increases in response to an improvement in the quality of life and greater availability of undeveloped land. Small cities were characterized by considerable variations in the value of the OU index which were not associated with a population increase, which suggests that urban sprawl is a much more rapid and unpredictable process in this group.



Despite a relatively small increase in the population of medium-sized cities, the distribution of the OU index was relatively stable both in terms of its values and growth dynamics.



A uniform land cover database is very difficult to develop for large areas. The growing number of Earth observation satellites supports the creation of cohesive land cover databases. Satellite images are regularly available for all regions of the Earth (provided that cloud cover is low), and they can be collected with high frequency at a relatively low cost. Satellite data have to be processed in a rigorous and systematic manner and in relation to the existing data to maximize the reliability of the resulting databases. The above requirements have to be met to ensure that the collected data are consistent and that they produce uniform sets of land cover data. The CORINE Land Cover (CLC) inventory is a prime example of the above [64]. The latest CLC inventories are generated based on satellite images that are interpreted with the use of semi-automatic, computer-aided methods which reduce processing time. In addition to SPOT−4/5 data (2006), CLC databases also rely on optical imaging systems that acquire satellite images in the near-infrared spectrum, such as Landsat-7’s ETM (2000), IRS P6’s sensor LISS III (2006 and 2012) and RapidEye (2012) [65].



The extent to which the acquired data can be used in the CLC inventory is limited mainly by their scope and level of detail. The CLC inventory is an excellent source of data for small-scale studies, but its applicability for large-scale analyses is controversial. One of the limitations could be the minimum polygon area which was set at 25 ha for a polygon with a minimum width of 100 m. In areas characterized by various types of land cover, the polygon represents the predominant land-use type. The use of the dominant land cover in highly fragmented landscapes can lead to considerable generalization. For this reason, clear and stable criteria have to be applied to produce reliable results in studies where changes in land cover are analyzed over time. These criteria are an integral element of the CLC inventory and they play an important role in the present study.



The results of this study indicate that the CLC database is particularly useful for analyzing the rate of changes in land cover and the accompanying spatial phenomena such as urban sprawl. The relevant data can be analyzed to produce far-reaching conclusions about the dynamics and magnitude of urbanization processes. Subsequent updates of the CLC inventory will expand the range of data for analyses and even more interesting conclusions could be derived if the CLC database were updated more frequently.



This study analyzed urbanization processes in areas surrounding the capital cities of Polish counties across time and in different demographic classes; therefore, the research goal has been achieved. The presented findings can be used in further research to expand the thematic and spatial scope of similar analyses.







Author Contributions


Conceptualization, I.C.; Data curation, A.B., I.C.; Formal analysis, A.B.; Methodology, I.C.; Project administration, A.B., S.C.; Supervision, I.C.; Visualization, K.S.; Writing—original draft, A.B., I.C.; Writing—review & editing, A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The Corine Land Cover project in Poland was implemented by the Institute of Geodesy and Cartography and financed by the European Union. Project results were obtained from the website of the Chief Inspectorate for Environmental Protection clc.gios.gov.pl.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. The studied urban areas and the surrounding municipalities.
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	No.
	Urban Area
	Area [ha] in 2018
	Year of Change in Administrat-ive Boundaries
	Change in Area [%]
	Area [ha] of Adjacent Municipalities
	Number of Adminis-trative Units





	1
	Warszawa
	51,724
	
	
	189,299
	26



	2
	Biała Podlaska
	4940
	
	
	104,058
	6



	3
	Białystok
	10,213
	
	
	139,414
	8



	4
	Bielsko-Biała
	12,451
	
	
	84,710
	15



	5
	Bydgoszcz
	17,598
	
	
	174,801
	10



	6
	Chełm
	3528
	
	
	95,501
	7



	7
	Częstochowa
	15,971
	
	
	105,456
	10



	8
	Elbląg
	7982
	
	
	98,764
	7



	9
	Tricity urban area
	46,431
	
	
	166,127
	15



	10
	Gorzów Wielkopolski
	8572
	
	
	97,513
	6



	11
	Grudziądz
	5776
	
	
	107,937
	9



	12
	Jelenia Góra
	10,922
	
	
	112,979
	13



	13
	Kalisz
	6942
	
	
	97,475
	8



	14
	Upper Silesian urban area
	141,440
	
	
	403,177
	57



	15
	Kielce
	10,965
	
	
	119,897
	11



	16
	Konin
	8220
	
	
	97,177
	9



	17
	Koszalin
	9834
	2010
	18.0
	99,089
	7



	18
	Kraków
	32,685
	
	
	142,849
	17



	19
	Krosno
	4350
	
	
	70,726
	10



	20
	Legnica
	5629
	
	
	97,083
	8



	21
	Leszno
	3186
	
	
	80,100
	6



	22
	Lublin
	14,747
	
	
	109,372
	11



	23
	Łomża
	3267
	
	
	116,209
	7



	24
	Łódź
	29,325
	
	
	158,095
	16



	25
	Nowy Sącz
	5758
	
	
	64,206
	8



	26
	Olsztyn
	8833
	
	
	145,151
	7



	27
	Opole
	14,888
	2017
	54.2
	95,761
	9



	28
	Ostrołęka
	2863
	
	
	71,378
	5



	29
	Piotrków Trybunalski
	6724
	
	
	98,007
	7



	30
	Płock
	8804
	
	
	116,051
	9



	31
	Poznań
	1351
	
	
	136,318
	12



	32
	Przemyśl
	26,191
	2010
	5.5
	66,544
	7



	33
	Radom
	4617
	
	
	122,064
	11



	34
	Rybnik
	11,180
	
	
	168,026
	27



	35
	Rzeszów
	14,836
	2006–2017
	76.9
	116,904
	13



	36
	Siedlce
	12,041
	
	
	99,932
	8



	37
	Skierniewice
	3186
	2012
	4.6
	75,450
	8



	38
	Słupsk
	3460
	
	
	123,343
	6



	39
	Suwałki
	4315
	
	
	96,424
	6



	40
	Szczecin
	6551
	
	
	173,931
	8



	41
	Świnoujście
	30,060
	
	
	113,008
	5



	42
	Tarnobrzeg
	19,723
	
	
	96,115
	10



	43
	Tarnów
	8540
	
	
	77,071
	9



	44
	Toruń
	7238
	
	
	98,921
	7



	45
	Wałbrzych
	11,572
	
	
	98,377
	13



	46
	Włocławek
	8470
	
	
	106,018
	9



	47
	Wrocław
	29,282
	
	
	171,653
	11



	48
	Zamość
	3034
	
	
	52,303
	5



	49
	Zielona Góra
	27,832
	2015
	377.1
	177,313
	11



	
	Total
	
	
	
	5,828,077
	530
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Table A2. Overgrowth of urbanization index in 2006, 2012 and 2018. The calculated indicators OU for 2006, 2012 and 2018 are marked in gray.
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	No.
	Urban Area
	Urbanized Area 2006 (ha)
	Urbanized Area 2012 (ha)
	Urbanized Area 2018 (ha)
	OU 2006
	OU 2012
	OU 2018





	1
	Warszawa
	123,502
	152,496
	154,533
	2.39
	2.95
	2.99



	2
	Biała Podlaska
	5102
	9107
	14,878
	1.03
	1.84
	3.01



	3
	Białystok
	14,466
	47,328
	54,276
	1.42
	4.63
	5.31



	4
	Bielsko-Biała
	32,928
	48,442
	55,340
	2.65
	3.90
	4.45



	5
	Bydgoszcz
	18,778
	22,500
	42,895
	1.07
	1.28
	2.44



	6
	Chełm
	18,531
	21,547
	21,593
	5.25
	6.10
	6.11



	7
	Częstochowa
	36,543
	68,872
	69,578
	2.29
	4.32
	4.36



	8
	Elbląg
	3801
	5751
	16,047
	0.48
	0.72
	2.01



	9
	Gdańsk
	47,394
	81,448
	83,255
	1.15
	1.97
	2.01



	10
	Gorzów Wielkopolski
	9897
	27,582
	27,915
	1.15
	3.22
	3.26



	11
	Grudziądz
	5612
	21,408
	21,433
	0.97
	3.71
	3.72



	12
	Jelenia Góra
	10,933
	56,798
	57,453
	1.00
	5.20
	5.26



	13
	Kalisz
	40,951
	45,476
	47,767
	5.91
	6.56
	6.89



	14
	Katowice
	237,193
	253,096
	260,582
	1.95
	2.08
	2.14



	15
	Kielce
	44,589
	73,438
	77,506
	4.07
	6.70
	7.08



	16
	Konin
	16,058
	28,283
	30,242
	1.96
	3.45
	3.69



	17
	Koszalin
	9220
	20,560
	27,615
	0.94
	2.09
	2.81



	18
	Kraków
	54,517
	116,685
	118,896
	1.67
	3.57
	3.64



	19
	Krosno
	23,996
	28,517
	28,593
	5.52
	6.56
	6.58



	20
	Legnica
	22,671
	40,088
	54,220
	4.03
	7.12
	9.64



	21
	Leszno
	8711
	27,414
	31,752
	2.74
	8.61
	9.97



	22
	Lublin
	26,690
	37,303
	48,431
	1.81
	2.53
	3.28



	23
	Łomża
	3780
	17,141
	34,609
	1.16
	5.25
	10.60



	24
	Łódź
	81,830
	91,901
	94,813
	2.79
	3.14
	3.24



	25
	Nowy Sącz
	14,920
	16,433
	16,843
	2.59
	2.86
	2.93



	26
	Olsztyn
	9866
	23,399
	29,737
	1.12
	2.65
	3.37



	27
	Opole
	43,309
	48,084
	48,323
	2.91
	3.23
	3.25



	28
	Ostrołęka
	5885
	14,596
	19,912
	1.76
	4.37
	5.96



	29
	Piotrków Trybunalski
	37,823
	41,831
	47,414
	5.63
	6.23
	7.06



	30
	Płock
	7110
	15,057
	17,925
	0.81
	1.71
	2.04



	31
	Poznań
	46,385
	78,733
	82,310
	1.77
	3.01
	3.15



	32
	Przemyśl
	12,986
	23,521
	24,701
	2.81
	5.09
	5.35



	33
	Radom
	31,078
	57,736
	63,385
	2.78
	5.17
	5.67



	34
	Rybnik
	64,712
	83,894
	84,590
	2.17
	2.82
	2.84



	35
	Rzeszów
	40,380
	57,280
	60,669
	3.35
	4.76
	5.04



	36
	Siedlce
	6152
	49,139
	50,212
	1.93
	15.43
	15.76



	37
	Skierniewice
	20,380
	35,322
	35,527
	5.90
	10.22
	10.28



	38
	Słupsk
	7615
	24,114
	25,535
	1.77
	5.59
	5.92



	39
	Suwałki
	4667
	7123
	10,005
	0.71
	1.09
	1.53



	40
	Szczecin
	29,904
	59,683
	59,859
	0.99
	1.98
	1.99



	41
	Świnoujście
	3436
	4570
	4687
	0.17
	0.23
	0.23



	42
	Tarnobrzeg
	40,027
	58,337
	58,523
	4.69
	6.83
	6.86



	43
	Tarnów
	22,556
	46,015
	46,770
	3.12
	6.36
	6.47



	44
	Toruń
	15,657
	24,025
	28,690
	1.35
	2.08
	2.48



	45
	Wałbrzych
	26,800
	40,587
	42,716
	3.17
	4.80
	5.05



	46
	Włocławek
	6118
	18,731
	19,479
	0.73
	2.22
	2.31



	47
	Wrocław
	94,562
	122,463
	122,538
	3.23
	4.19
	4.19



	48
	Zamość
	14,228
	27,098
	27,955
	4.69
	8.93
	9.21



	49
	Zielona Góra
	13,937
	30,187
	34,731
	0.50
	1.08
	1.25
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Table A3. Ranking of cities based on population with the corresponding values of the OU index. Demographic classes of cities have been marked in color. Big cities—blue, medium—orange, small—green.
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	No.
	Urban Area
	OU Index 2006
	OU Index 2012
	OU Index 2018
	Population in 2017





	1
	Warszawa
	2.39
	2.95
	2.99
	1,764,615



	18
	Kraków
	1.67
	3.57
	3.64
	767,348



	24
	Łódź
	2.79
	3.14
	3.24
	690,422



	47
	Wrocław
	3.23
	4.19
	4.19
	638,586



	31
	Poznań
	1.77
	3.01
	3.15
	538,633



	9
	Gdańsk
	1.15
	1.97
	2.01
	464,254



	40
	Szczecin
	0.99
	1.98
	1.99
	403,883



	5
	Bydgoszcz
	1.07
	1.28
	2.44
	352,313



	22
	Lublin
	1.81
	2.53
	3.28
	339,850



	3
	Białystok
	1.42
	4.63
	5.31
	297,288



	14
	Katowice
	1.95
	2.08
	2.14
	296,262



	7
	Częstochowa
	2.29
	4.32
	4.36
	224,376



	33
	Radom
	2.78
	5.17
	5.67
	214,566



	44
	Toruń
	1.35
	2.08
	2.48
	202,562



	15
	Kielce
	4.07
	6.70
	7.08
	196,804



	35
	Rzeszów
	3.35
	4.76
	5.04
	189,662



	26
	Olsztyn
	1.12
	2.65
	3.37
	173,070



	4
	Bielsko-Biała
	2.65
	3.90
	4.45
	171,505



	49
	Zielona Góra
	0.50
	1.08
	1.25
	139,819



	34
	Rybnik
	2.17
	2.82
	2.84
	139,129



	27
	Opole
	2.91
	3.23
	3.25
	128,140



	10
	Gorzów Wielkopolski
	1.15
	3.22
	3.26
	124,295



	8
	Elbląg
	0.48
	0.72
	2.01
	120,895



	30
	Płock
	0.81
	1.71
	2.04
	120,787



	45
	Wałbrzych since 2013
	3.17
	4.80
	5.05
	113,621



	46
	Włocławek
	0.73
	2.22
	2.31
	111,752



	43
	Tarnów
	3.12
	6.36
	6.47
	109,650



	17
	Koszalin
	0.94
	2.09
	2.81
	107,670



	13
	Kalisz
	5.91
	6.56
	6.89
	101,625



	20
	Legnica
	4.03
	7.12
	9.64
	100,324



	11
	Grudziądz
	0.97
	3.71
	3.72
	95,629



	38
	Słupsk
	1.77
	5.59
	5.92
	91,465



	25
	Nowy Sącz
	2.59
	2.86
	2.93
	84,041



	12
	Jelenia Góra
	1.00
	5.20
	5.26
	80,072



	36
	Siedlce
	1.93
	15.43
	15.76
	77,653



	16
	Konin
	1.96
	3.45
	3.69
	74,834



	29
	Piotrków Trybunalski
	5.63
	6.23
	7.06
	74,312



	39
	Suwałki
	0.71
	1.09
	1.53
	69,554



	48
	Zamość
	4.69
	8.93
	9.21
	64,354



	21
	Leszno
	2.74
	8.61
	9.97
	64,197



	6
	Chełm
	5.25
	6.10
	6.11
	63,333



	23
	Łomża
	1.16
	5.25
	10.60
	63,092



	32
	Przemyśl
	2.81
	5.09
	5.35
	61,808



	2
	Biała Podlaska
	1.03
	1.84
	3.01
	57,545



	28
	Ostrołęka
	1.76
	4.37
	5.96
	52,215



	37
	Skierniewice
	5.90
	10.22
	10.28
	48,308



	42
	Tarnobrzeg
	4.69
	6.83
	6.86
	47,387



	19
	Krosno
	5.52
	6.56
	6.58
	46,600



	41
	Świnoujście
	0.17
	0.23
	0.23
	41,032
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Table A4. Ranking of cities based on an increase in the values of the OU index in 2006–2012 and 2012–2018 and an increase in population. Demographic classes of cities have been marked in color. Big cities—blue, medium—orange, small—green.
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	No.
	Urban Area
	Population in 2017
	Increase in OU in 2006–2012

(%)
	No.
	Urban Area
	Population in 2017
	Increase in OU in 2012–2018

(%)





	3
	Białystok
	297,288
	227.17
	5
	Bydgoszcz
	352,313
	90.65



	26
	Olsztyn
	173,070
	137.16
	22
	Lublin
	339,850
	29.83



	18
	Kraków
	767,348
	114.04
	26
	Olsztyn
	173,070
	27.09



	40
	Szczecin
	403,883
	99.58
	44
	Toruń
	202,562
	19.42



	7
	Częstochowa
	224,376
	88.47
	3
	Białystok
	297,288
	14.68



	33
	Radom
	214,566
	85.78
	4
	Bielsko-Biała
	171,505
	14.24



	9
	Gdańsk
	464,254
	71.85
	33
	Radom
	214,566
	9.78



	31
	Poznań
	538,633
	69.74
	35
	Rzeszów
	189,662
	5.92



	15
	Kielce
	196,804
	64.70
	15
	Kielce
	196,804
	5.54



	44
	Toruń
	202,562
	53.45
	31
	Poznań
	538,633
	4.54



	4
	Bielsko-Biała
	171,505
	47.11
	24
	Łódź
	690,422
	3.17



	35
	Rzeszów
	189,662
	41.85
	14
	Katowice
	296,262
	2.96



	22
	Lublin
	339,850
	39.76
	9
	Gdańsk
	464,254
	2.22



	47
	Wrocław
	638,586
	29.51
	18
	Kraków
	767,348
	1.89



	1
	Warszawa
	1,764,615
	23.48
	1
	Warszawa
	1764,615
	1.34



	5
	Bydgoszcz
	352,313
	19.82
	7
	Częstochowa
	224,376
	1.02



	24
	Łódź
	690,422
	12.31
	40
	Szczecin
	403,883
	0.29



	14
	Katowice
	296,262
	6.70
	47
	Wrocław
	638,586
	0.06



	12
	Jelenia Góra
	80,072
	419.50
	8
	Elbląg
	120,895
	179.03



	11
	Grudziądz
	95,629
	281.49
	20
	Legnica
	100,324
	35.25



	38
	Słupsk
	91,465
	216.65
	17
	Koszalin
	107,670
	34.32



	46
	Włocławek
	111,752
	206.18
	30
	Płock
	120,787
	19.05



	10
	Gorzów Wielkopolski
	124,295
	178.68
	49
	Zielona Góra
	139,819
	15.05



	17
	Koszalin
	107,670
	122.99
	38
	Słupsk
	91,465
	5.89



	49
	Zielona Góra
	139,819
	116.60
	45
	Wałbrzych
	113,621
	5.25



	30
	Płock
	120,787
	111.77
	13
	Kalisz
	101,625
	5.04



	43
	Tarnów
	109,650
	104.00
	46
	Włocławek
	111,752
	3.99



	20
	Legnica
	100,324
	76.82
	25
	Nowy Sącz
	84,041
	2.49



	45
	Wałbrzych
	113,621
	51.44
	43
	Tarnów
	109,650
	1.64



	8
	Elbląg
	120,895
	51.28
	10
	Gorzów Wielkopolski
	124,295
	1.21



	34
	Rybnik
	139,129
	29.64
	12
	Jelenia Góra
	80,072
	1.15



	13
	Kalisz
	101,625
	11.05
	34
	Rybnik
	139,129
	0.83



	27
	Opole
	128,140
	11.03
	27
	Opole
	128,140
	0.50



	25
	Nowy Sącz
	84,041
	10.14
	11
	Grudziądz
	95,629
	0.12



	36
	Siedlce
	77,653
	698.80
	23
	Łomża
	63,092
	101.91



	23
	Łomża
	63,092
	353.39
	2
	Biała Podlaska
	57,545
	63.36



	21
	Leszno
	64,197
	214.70
	39
	Suwałki
	69,554
	40.47



	28
	Ostrołęka
	52,215
	148.03
	28
	Ostrołęka
	52,215
	36.42



	48
	Zamość
	64,354
	90.46
	21
	Leszno
	64,197
	15.83



	32
	Przemyśl
	61,808
	81.13
	29
	Piotrków Trybunalski
	74,312
	13.35



	2
	Biała Podlaska
	57,545
	78.51
	16
	Konin
	74,834
	6.92



	16
	Konin
	74,834
	76.13
	32
	Przemyśl
	61,808
	5.02



	37
	Skierniewice
	48,308
	73.32
	48
	Zamość
	64,354
	3.16



	39
	Suwałki
	69,554
	52.63
	36
	Siedlce
	77,653
	2.18



	42
	Tarnobrzeg
	47,387
	45.74
	41
	Świnoujście
	41,032
	2.12



	41
	Świnoujście
	41,032
	33.00
	37
	Skierniewice
	48,308
	0.58



	19
	Krosno
	46,600
	18.84
	42
	Tarnobrzeg
	47,387
	0.32



	6
	Chełm
	63,333
	16.28
	19
	Krosno
	46,600
	0.27



	29
	Piotrków Trybunalski
	74,312
	10.60
	6
	Chełm
	63,333
	0.22
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Table A5. Ranking of cities based on an increase in the values of the OU index and an increase in population. Demographic classes of cities have been marked in color. Big cities—blue, medium—orange, small—green.
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	Name
	Urban Area
	Increase in

OU 06-12
	Increase in OU 12-18
	Population Increase 06-12
	Population Increase 12-18





	1
	Warszawa
	0.23
	0.01
	3.33
	3.73



	18
	Kraków
	1.14
	0.02
	2.78
	2.54



	24
	Łódź
	0.12
	0.03
	−3.19
	−2.55



	47
	Wrocław
	0.30
	0.00
	2.95
	3.45



	31
	Poznań
	0.70
	0.05
	3.75
	2.81



	9
	Gdańsk
	0.72
	0.02
	3.67
	2.70



	40
	Szczecin
	1.00
	0.00
	2.25
	0.20



	5
	Bydgoszcz
	0.20
	0.91
	2.45
	−0.29



	22
	Lublin
	0.40
	0.30
	0.76
	−0.43



	3
	Białystok
	2.27
	0.15
	2.15
	1.92



	14
	Katowice
	0.07
	0.03
	−2.21
	−2.04



	7
	Częstochowa
	0.88
	0.01
	−2.01
	−2.67



	33
	Radom
	0.86
	0.10
	−0.15
	−0.67



	44
	Toruń
	0.53
	0.19
	1.77
	1.29



	15
	Kielce
	0.65
	0.06
	5.05
	−0.12



	35
	Rzeszów
	0.42
	0.06
	4.18
	3.71



	26
	Olsztyn
	1.37
	0.27
	3.02
	1.25



	4
	Bielsko-Biała
	0.47
	0.14
	1.96
	0.71



	49
	Zielona Góra
	1.17
	0.15
	1.30
	8.34



	34
	Rybnik
	0.30
	0.01
	0.68
	−0.22



	27
	Opole
	0.11
	0.00
	−2.69
	−1.03



	10
	Gorzów Wielkopolski
	1.79
	0.01
	1.78
	0.89



	8
	Elbląg
	0.51
	1.79
	−0.77
	−1.72



	30
	Płock
	1.12
	0.19
	0.29
	−0.68



	45
	Wałbrzych since 2013
	0.51
	0.05
	−1.72
	−3.42



	46
	Włocławek
	2.06
	0.04
	−0.82
	−2.13



	43
	Tarnów
	1.04
	0.02
	0.05
	−0.40



	17
	Koszalin
	1.23
	0.34
	2.34
	−0.19



	13
	Kalisz
	0.11
	0.05
	−0.67
	−0.91



	20
	Legnica
	0.77
	0.35
	1.37
	0.32



	11
	Grudziądz
	2.81
	0.00
	0.83
	−0.91



	38
	Słupsk
	2.17
	0.06
	1.05
	−0.29



	25
	Nowy Sącz
	0.10
	0.02
	3.45
	1.88



	12
	Jelenia Góra
	4.19
	0.01
	−1.40
	−2.50



	36
	Siedlce
	6.99
	0.02
	0.97
	1.43



	16
	Konin
	0.76
	0.07
	0.92
	−0.57



	29
	Piotrków Trybunalski
	0.11
	0.13
	−0.82
	−1.36



	39
	Suwałki
	0.53
	0.40
	1.26
	0.40



	48
	Zamość
	0.90
	0.03
	0.72
	−0.66



	21
	Leszno
	2.15
	0.16
	2.86
	0.80



	6
	Chełm
	0.16
	0.00
	−0.94
	−2.27



	23
	Łomża
	3.53
	1.02
	0.77
	−0.19



	32
	Przemyśl
	0.81
	0.05
	−0.25
	−1.43



	2
	Biała Podlaska
	0.79
	0.63
	0.65
	−0.39



	28
	Ostrołęka
	1.48
	0.36
	2.01
	0.82



	37
	Skierniewice
	0.73
	0.01
	0.53
	−0.06



	42
	Tarnobrzeg
	0.46
	0.00
	−1.11
	−2.03



	19
	Krosno
	0.19
	0.00
	1.10
	−0.14



	41
	Świnoujście
	0.33
	0.02
	1.82
	−1.19
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Figure 1. Progressive development in the suburban zone–southern part of the Olsztyn city in the Region of Warmia and Mazury, Poland. Source: own elaboration. 
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Figure 2. Procedure of calculating the overgrowth of urbanization (OU) index and verifying the results. 






Figure 2. Procedure of calculating the overgrowth of urbanization (OU) index and verifying the results.



[image: Remotesensing 12 00282 g002]







[image: Remotesensing 12 00282 g003 550] 





Figure 3. The application of Geographic Information System (GIS) tools for spatial analysis. 
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Figure 4. Source: own elaboration. 
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Figure 5. Land cover map of the analyzed areas based on CLC data (level 1). Source: own elaboration. 
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Figure 6. Aggregated urban areas. Source: own elaboration. 
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Figure 7. The OU index in the analyzed cities. Source: own elaboration. 
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Figure 8. The value of the OU index in demographic classes in 2006, 2012, and 2018. 
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Figure 9. Ranking of cites based on the values of the OU index in 2006–2012. 
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Figure 10. Ranking of cites based on the values of the OU index in 2012–2018. 
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Figure 11. Increase in OU values and population in 2006–2012. 
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Figure 12. Increase in OU values and population in 2012–2018. 
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