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Abstract

:

Unsustainable development paths have reached critical levels in Europe. In recent years, in cities, urbanization has been contributing to the intensification of urban heat islands. To analyze the development of surface urban heat islands (SUHI) in Europe in the last few years, the present study combines the land surface temperature (LST) from MODIS with the urban classes of the CORINE land cover data within 617 functional urban areas (FUAs). Urban and industrial uses have significantly higher LST than green urban areas across all years (about 4 to 6 °C), as do agricultural areas within cities. Besides land cover, location also influences LST differences. While, e.g., Bolzano (Italy) shows particularly large LST differences (>6 °C) between the core and the commuting zone, this effect is hardly visible in Porto (Portugal) and Madrid (Spain) (<2.5 °C). Cities of moderate climates show increasing differences between a city and its commuting zones with rising LST (r = 0.68), i.e., less cooling effects at night.
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1. Introduction


Rising temperatures and more frequent heat waves caused by climate change have an increasing impact on our daily life [1]. The human body reacts to extreme air temperatures with increased sweating, falling blood pressure, and higher heart rates. If heat waves already represent an impairment in daily life for a healthy human organism, the consequences for physically vulnerable people, senior citizens, and children are many times higher and more dangerous [2]. In parallel with climate change, increasing heat stress is exacerbated by growing settlement pressure and advancing urbanization.



Both climate change and current demographic trends, as well as urban development, will lead to increased heat-related mortality and morbidity. The current demographic trends include both the ageing population [3] and migration to cities, particularly in northern and even central Europe [4]. The PESETA (Projection of Economic impacts of climate change in Sectors of the EU based on bottom-up Analysis) study forecasts about 90,000 deaths per year in the EU-27 member states and the UK in the period 2071–2100, with an average temperature increase of 3 °C, compared to 2700 annual deaths today [5]. According to Kemen et al. [6], heat extremes are therefore one of the greatest health challenges of climate change. The IPCC already described them in 2001: ‘Extreme weather episodes may lead to changes in deaths, injuries, or illness. For example, health status may improve as a result of reduced cold stress or deteriorate as a result of increased heat stress and disease’ [7].



The urban climate is particularly characterized by the fact that climatic conditions are heavily influenced by human beings. In addition to the aerochemical properties of the urban atmosphere, the energy and heat balance and the associated temperature conditions of a city also change because of the built-up area [8]. Increased aerodynamic roughness has consequences for wind speeds and their vertical distribution [9]. A composition of differently sealed surfaces and their heat storage in urban areas influences radiation and heat balance, in particular the latent heat flux [8]. Cities are a major source of air pollutants and gas emissions of all kinds; for example, more than 50% of the EU-27’s 8.5 million tons of NOx in 2015 were emitted in cities and their surrounding areas, although improvements have been made due to various laws [3]. In contrast to natural surfaces, building materials have different properties in terms of thermal conductivity and heat capacity, as well as their effects on the storage capacity [8].



Changes in the heat balance in densely built-up urban areas are due to increasing urbanization [10,11,12]. Both the mean air temperature and the land surface temperature (LST) are generally higher in urban centers than the respective temperatures in the rural environment [12].



One of the most important and most studied characteristics of the urban climate, and probably one of the most impressive anthropogenic effects of climate change (on a small scale), is the formation of the urban heat island (UHI) effect [13,14].



There are four types of UHI (surface-, subsurface-, canopy-, and boundary layer), each having different temporal and spatial patterns and being generated by different dominant physical processes [15]. All of them are primarily driven by the conversion of the natural landscape to a sealed and less vegetated area [15]. The canopy layer and surface urban heat islands (SUHI) have been studied most frequently, though they differ fundamentally in their basic energetic and temporal characteristics [14]. While studies of UHI consider processes within the canopy layer, these processes are not represented when looking at SUHI [16].



In addition to urban heat island estimates based on differences between urban canopy temperature and peri-urban areas, the respective LST differences are commonly used both to characterize the SUHI and to support urban energy budget studies, as LST is closely related to human comfort and urban energy use [17]. Air temperatures are measured by in-situ weather stations, which, on the one hand, offer long time series with an excellent temporal resolution but, on the other hand, have poor spatial coverage and are limited to local conditions [13,18].



The surface temperature, T0, is the shared boundary in the temperature gradients that create a sensible heat flux density (QH) upward into the atmosphere and similarly conducts a sensible heat flux downward into the substrate (QG) [15]. Equation (1) plots the surface energy balance for a surface as a function of the change in T0 with time for a layer of thickness, z, with heat capacity, C:


C ∗ (δT0/δt) ∗ z = Q* − QH − QE − QG (W/m²)



(1)







Five surface properties exert a particularly strong influence on Equation (1) and thus on T0: radiative, thermal, moisture, geometric, and aerodynamic [15].



The radiative properties of a body describe its ability to reflect shortwave radiation (albedo; α) and emit longwave radiation (emissivity; ε) [19]. High T0 occurs on surfaces with low α (shortwave absorption), while low T0 occur on those with high α [20]. A high ε increases both the absorption and the emission of longwave radiation [21]. When a surface is warmer than its surroundings and it has a high ε, it radiates heat more effectively, which promotes its cooling [15,19]. Looking at the thermal properties of a body, the highest daytime T0 values occur on surfaces made of materials that have both low heat capacity (C) and low thermal conductivity (k) [21]. On these surfaces, heat transfer is concentrated in a thin surface layer and heats up (e.g., roofs) [15]. At night, roofs become relatively cold because they have limited heat storage compared to road surfaces [15]. The availability of surface and near-surface soil and plant water moisture for evaporation provides a mechanism for heat loss through latent heat flux (QE) in Equation (1) [19,21]. The highest T0 are generally found on dry surfaces (e.g., concrete, roofs), while surfaces with access to water have lower daytime T0 due to evaporative cooling [22]. Geometric characteristics in the form of tilt angle and azimuth, as well as openness to the sun and sky, also influence T0 [15]. During the day, for example, the highest T0 occurs on unshaded surfaces or those with a small local zenith angle, while the lowest T0 can usually be found in the shade or on slopes where the local zenith angle is large [15,23]. Finally, aerodynamic properties, especially the aerodynamic roughness length, z0, and protection from the wind, affect T0. The highest T0 occurs on surfaces that are smooth with little turbulence and on facets sheltered from wind, while lower T0 is observed over surfaces well coupled with wind [15,19].



In an urban area, there is an almost infinite mixture of these characteristics, so that the spatial patterns of T0 in cities vary extremely, especially during the course of the day. The temporal variability of T0 in cities is much greater than that of air temperature and subsurface temperature [15].



The LST of urban land closely matches the distribution of land use and land cover characteristics [24]. Satellite remote sensing offers the possibility of characterizing the spatial and temporal structures of LST [25], with sufficient resolution to distinguish between urban centers and rural areas.



The relevance of this topic is increasing in the scientific community. The majority of remote sensing studies that look at cities only analyze individual case studies [26]. With respect to SUHIs, Zhou et al. [27] observed something similar: About 64% of publications analyze the SUHI in a local context, with regional, national, or continental considerations currently receiving little attention. He goes on by saying that the land cover and its changes are undeniably among the most important factors influencing the SUHI. Overall, the land cover of an area can determines whether an urban area is a heat island or an urban heat sink. However, looking at land cover alone is not always sufficient to explain temperature differences within cities. Several studies [27,28,29,30] indicate that land use is a more appropriate parameter because it takes human activities into account. For example, industrial areas are often found to be among the hottest places in urban environments due to the high heat emissions linked to these areas [31,32,33]. In addition to increased anthropogenic heat (QA), the lower albedo [34] and lack of cooling due to the shading of low-rise buildings or due to the usually absent or limited vegetation [35,36] also play a role. Furthermore, the degree of correlation between land cover and temperature depends on the type of urban land use. Regardless of which of the two variables is more important, research undoubtedly shows that land cover and land use can not only lead to urban-rural temperature gradients, but also to intra-urban temperature differences [27,37].



Although large-scale analyses have considerably increased the knowledge about spatial variations of SUHI’s and their potential causes, and the data situation has also improved in recent years, the literature is still dominated by purely local analyses of individual locations [27,38,39]. The few studies that deal with SUHI beyond local boundaries at the European level [38,40,41,42] only consider city size and shape. Additionally, analyses with cities under 1 million inhabitants should be taken into account [27], especially in regard to projections showing that the highest growth and urbanization will occur in medium-sized cities [26]. Rapid changes in land cover, especially urban expansion, have been largely ignored in large-scale SUHI studies and often outdated data or a limited selection has been used [43,44]. Furthermore, it is difficult to compare the results of studies from different time periods [45]. However, to characterize SUHIs over a long period of time requires accurate and simultaneous land cover mapping [26,27].



This paper attempts to fill existing research gaps in the context of temperature trends and land use from a continental perspective. The continental perspective here means that the trends of individual FUAs across the continent were considered, compared, and summarized, rather than looking at individual local cases, as has usually been done in previous studies. It is assumed that:




	
SUHI and heat anomalies are an increasing problem due to urbanization processes, and urban centers are particularly affected;



	
Land use has similar effects on LST in all functional urban areas across Europe.








In the following, the data used, as well as the methodology, are explained in more detail. Subsequently, anomalies of LST in European countries in the summer and LST developments in the past and in different land use classes are explained. Finally, the results will be assessed and validated in the context of existing studies.




2. Materials and Methods


2.1. Study Area


About 73% of the European Union’s 446 million people live in urban areas, which is why Europe is characterized by a high degree of urbanization. According to the EU Reference Scenario, the number of Europeans living in urban areas will increase by 27 million by 2050 [5,46]. The population is seen as one of the main drivers of urbanization and land use change—another major challenge of our time alongside climate change. Despite the growing awareness of the problems of land-take for settlement and transport, about 1.26 million hectares of land in Europe were converted into urban land between 2000 and 2018, representing about 44% of the total land use change [47].



Functional Urban Areas (FUAs) [48] were used to delineate LST changes in European cities and their surrounding areas and to provide some comparability. A FUA consists of a densely populated core and its less densely populated commuting zones, whose labor market is integrated into the city from the outset, and at least 15% of the working population work in the associated city (the commuting zone). A city is defined here as a Local Administrative Unit (LAU) where at least half of the population lives in one or more centers. These centers consist of contiguous high-density areas, grid cells, with at least 1500 inhabitants per square kilometer [49]. Selected isolated FUAs were considered in more detail: Bolzano, Madrid, Nice, Oberhausen/Ruhr Area, Porto, Rijeka, Stavanger, Thessaloniki, and Warsaw (cf. Figure 1). They were selected because of their geographical location across Europe, and because of their LST differences between core and commuting zone.




2.2. Data


2.2.1. MODIS Land Surface Temperature


The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the five instruments with which the Terra satellite is equipped. Using 36 discrete spectral bands, MODIS scans a 2330 km swath twice a day. The LST is provided by the C6 Daily MOD11A1 LST product. To create the product, MODIS retrieves the data on 1 km pixels using the generalized split-window algorithm. In the split-window algorithm, emission values in bands 31 and 32 are estimated by the classification-based emissivity method [50]; the atmospheric column water vapor and the lower limit of the air surface temperature are split into reasonable sub-ranges for retrieving data optimally [51]. In the MOD11A1 product C6, the LST values in all grids are derived from individual MODIS observations in clear skies by selecting LSTs at smaller viewing angles or the LSTs at larger zenith angles with high values. The daily LST product of level 3 with a spatial resolution of 1 km is a tile of the daily LST product gridded into a sinusoidal projection. One tile contains 1200 × 1200 grids in 1200 rows and 1200 columns. The exact grid size at 1 km spatial resolution is 0.928 km by 0.928 km [52]. The MODIS LST algorithm is based on the basic assumption that a land surface pixel could be described by different spectral emissivities and a single effective radiometric temperature in all TIR bands. To correct atmospheric effects, MODIS uses a split-window method, which utilizes the differential absorption in adjacent thermal bands [53]. By estimating emissivities in bands 31 and 32 from land cover types, this split-window algorithm also corrects for emissivity effects [50,52]. When linking pixel values to fixed grids on the Earth’s surface coordinates, various MODIS land products, such as the LST product, complicate mixed pixels along land cover boundaries [51].




2.2.2. Calculation of STI and LST Changes


To get a first impression of how LSTs have developed in Europe in recent years, heat anomalies were calculated using the Standardized Temperature Index (STI) based on the LST of the MODIS data set. The STI describes the temperature anomaly of a month or period as a multiple of the standard deviation from the long-term mean value [54]. For this purpose, each week of the summer months and in May and September were selected as periods. Via Day-of-Year (DOY), these periods were calculated in comparison to their long-term mean and the standard deviation from 2000 to 2020. However, in order to take into account different climatic conditions as well as the large-scale weather situation, the STI was not calculated for Europe as a whole but for the individual countries. The STI is closely related in its principles to the Standardized Precipitation Index (SPI) [55].


STI = (X − X−)/σ



(2)




with X as the temperature series, X− as the long-term mean of all data, and σ as the standard deviation of all data. For example, the LST mean for the first two weeks of May in each year is compared to the mean and standard deviation of the first two week of May over the entire period. The results can be interpreted as follows (cf. Table 1):



The selection of periods was made when the deviations were above 1.5 or 2 in several countries and other countries (over 50%) above 1 (or 1.5). Both daytime and nighttime LST from MODIS were used to determine the STI.



In terms of night-time LSTs in the city and the surrounding area, the average LST of the selected FUAs for the core and surrounding area in the first two weeks of August 2000–2020 were calculated and averaged, as most LST anomalies occurred in these weeks.



In the second step of how LSTs has developed in Europe in recent years, the maximum day LST of the period from June to October 2000 to 2020 were calculated. In order to obtain a uniform and consistent database of LST changes despite different climatic and weather conditions, the maximum LST of each year was used as the basis of the analysis. Data quality flags were not considered in the calculations because no LST product was generated in bad conditions, for example, due to cloud effects (flags 10 and 11). Impacts on the LST by thin cirrus or sub-pixel clouds were further reduced by retrieving the maximum values and would show deviations of ≤2 K in the worst case [52]. All preliminary calculations of the LST were performed with Google Earth Engine (GEE) [56]. The LST maxima were then aggregated by country, and a three-year moving average was calculated. In addition to a chronological sequence shown by the mean values for a city and surrounding area via zonal statistics as a table in ArcGIS, the LST were assigned to the areas of the Corine Land Cover (cf. Figure 2).




2.2.3. Land Use and Land Cover


In order to estimate the influence of land use and land cover on LST, Corine Land Cover data were used.



Land cover and land use are important indicators of environmental pressures and human activity. CORINE Land Cover (CLC) provides data on the European land area and how it changes. Since 1990, data have been considered and collected Europe-wide from a minimum mapping unit (MMU) of 25 ha for areas and 100 m for linear “phenomena”. Smaller areas are allocated to the next appropriate class according to a matrix, which is divided into 44 land cover and land use classes (cf. Table 2). With the second version in 2000, a temporal change in land use and land cover compared with 1990 was mapped for the first time, in addition to existing areas with an MMU of 5 ha. Further versions followed in 2006, 2012, and 2018. Although the data set is provided by EEA, it is mainly responsible for coordination, integration, and evaluation. Producing the national CLC databases is carried out by the Eionet network National Reference Centers Land Cover (NRC/LC) [57].




2.2.4. Calculation of CLC and LST


The CLC data were merged with the shapefiles of the FUAs using ‘Identity’ in ArcGIS. The area sizes were subsequently recalculated. Thus, each CLC polygon, the input feature, received the coding and attributes of the respective commuting zone or core, the identity features, and could be clearly assigned (cf. Figure 3).



In order to analyze the relationship between LST and urban use, the LST maxima of the MODIS product of each CLC polygon calculated in GEE were averaged using the zonal statistics function for the years 2000, 2006, 2012, and 2018. The output table includes the ID of each individual polygon, the land use code, the FUA code, and the average LST of each polygon.



For further analysis, the data were combined by means of frequency for core and commuting zone and then aggregated to different classes. Frequency is a tool in ArcGIS that statistically aggregates multi-polygons with the same properties. In this case, the mean values of the LSTs of each land use type in each FUA were aggregated. (cf. Table 2). The artificial surfaces and the 300 classes (in forest and nature) were further subdivided, e.g.,: 111 and 112 were combined to urban fabric, 121 to 124 were aggregated as industrial und infrastructure areas, 141 and 142 as urban green, and 211 to 244 grouped together as agriculture. The end product is a table that contains the average LSTs of each land use/ cover for all FUA’s in Europe, divided into core and commuting zone.






3. Results


3.1. LST Change


Figure 4 depicts the LST changes for the whole continent of Europe between 2000 and 2018, with a resolution of 1000 m. If one compares the LST differences between these years, it becomes clear that Europe, eastern Europe especially, had particularly higher LSTs in 2000. Higher LSTs compared to the previous period mainly occur in central Europe, Scandinavia, Finland, France and Great Britain (cf. Figure 4). A deeper investigation of the past LST development was carried out based on the selected FUAs and CLC classes.



3.1.1. LST in the First Two Weeks of August in Selected FUAs


The different months of the above-average warm periods make it difficult to assess a development of SUHIs in recent years. As most heat anomalies occur in August (cf. Table 3), the LST of the first half of August in the whole period was calculated for better comparability (cf. Section 2.2.2).



Comparing time series, FUAs with particularly high LST differences in the city and its surrounding area (taking the example of Bolzano, as well as additional cities) were then selected in order to cover the greatest possible geographical breadth of Europe.



Due to its location in the valley, the FUA of Bolzano, for example, shows particularly large LST differences between the core and the commuting zone, contrary to Porto where, due to its location on the Atlantic coast, this effect is less noticeable. In the city center of Madrid, night-time LST are also only marginally higher than in the densely built-up areas surrounding the city (cf. Figure 5). The examples of Oberhausen and Warsaw show that the difference between the city and its commuting zones increases with rising LST, i.e., less cooling effects at night (r = 0.68; p < 0.001) (cf. Figure 6). In contrast, the differences in cities in southern European countries, such as Madrid, Nice, Porto, Rijeka, and Thessaloniki, remain relatively constant, even at different LST. With the exception of Porto and Thessaloniki, the LST have shown a trend, with either 2015 or 2020 being the year with the highest values (cf. Figure 5).



The ratio of the urban-rural difference in the selected FUAs remains similar to previous periods. However, 2019 is a striking year, when the LST in the area surrounding the FUAs in the Ruhr Area and Stavanger were higher than in the centers. Whereas 2019 was the coldest year since 2015 in Oberhausen (Ruhr Area), in Stavanger, 2016 was significantly colder, but despite low LST, it shows a high disparity between the city and its commuting zones (cf. Figure 7).



The trend of perceiving the year over a long period of time has not been discernible in recent years. Instead of the “hottest” year, spatial patterns are emerging on the basis of which one tends to classify the regions according to climate zones. While it was particularly hot in 2015 in the FUAs of Rijeka and Warsaw, which are located more in the east of Europe, the hottest year of the two northernmost FUAs of the Ruhr Area and Stavanger was 2020. In Madrid and Nice it was 2018; the same as in Bolzano for three years (2015, 2018, and 2020 had equal values). The highest LST in Porto occurred in 2016, and in Thessaloniki it was in 2017; in 2019 none of the selected FUAs showed the highest LST in recent years (cf. Figure 7).




3.1.2. Development of LST Maxima from 2000 to 2020


Differences in LST development can not only be seen in different FUAs but also in countries. Considering the fact that the LST maxima of all FUAs in Europe at the three-year moving window average from 2018 to 2020 were 35.81 °C, temperatures were about 1.4 °C higher than 20 years before; the LST in Romania and Italy is even below the LST at the beginning of the millennium, whereas in Italy the trend (y = 0.0161x) is still slightly increasing—in contrast to Romania (y = −0.0071x). In Spain, LST has risen but has stayed below the European average, while in Germany and Finland the increase is much higher, at a rate of 4 °C and almost 3 °C, respectively (cf. Figure 8).





3.2. LST of Different Land Use/Land Cover Types


However, for further analysis of the differences between the city and the surrounding area, not only the geographical location of the FUAs must be taken into account, but also their structure. This is obvious when looking at the LST of the built-up areas (CLC 110, 120, and 130) of the total European land area. The example of the maximum LST in 2018 shows quite clearly that they rise with the increasing density of built-up areas (cf. Figure 9).



LST differences in the individual land use classes in FUAs are therefore considered and explained in detail. For this purpose, the LST for the years 2000 and 2018 are considered in the land use classes summarized in: urban fabric, industrial and infrastructure areas, as well as green urban and agricultural areas (cf. Section 2.2.3 and Section 2.2.4).



If one compares the LST maps of built-up, urban green, and agricultural areas in 2000 (cf. Figure 10 and Figure 11) it turns out that the LSTs of more use-intensive areas, such as industrial and commercial areas, as well as those of the infrastructure (summarized below as industrial areas) and urban fabric, have clearly higher LSTs than the other two groups of uses, with the LSTs of urban green areas being clearly lower than those of agricultural areas.



While the LSTs in the cores are highest in urban fabric areas, with an average of 26.13 °C, the LST in the surrounding areas are the highest in areas of industrial use, with an average of 28.63 °C, even if only slightly different (28.57 °C in urban fabric). A particular note in the Figures as well as in the average LST is that the LSTs within the cores are lower than those in the commuting zones (see Figure 10). This effect is particularly obvious in infrastructure areas, where the LST in the commuting zones is, on average, about 4 °C higher. In urban fabric areas, the effect can mainly be observed in larger cities and agglomerations.



The LSTs of green urban areas are significantly lower than those of the more use-intensive areas, both in the city and in the surrounding countryside. In addition, the differences between core and commuting zone are larger. LSTs in green urban areas are about 6 °C below of those of the surrounding areas, at 18.62 °C in the cities. The significantly lower LSTs of urban green spaces suggest that the same applies for other vegetated areas such as agriculture. In the surrounding areas, LSTs in agricultural areas, at a rate of 28.39 °C, are similarly high as those in urban fabric and infrastructure areas, although the LSTs of agricultural areas in the cores, at an average of 24.19 °C, are comparable to those in urban areas (cf. Figure 11).



In 2018, the LSTs of urban fabric and infrastructure areas are again significantly higher than those of green urban areas. Within the cores, the areas of urban use are those with the highest LSTs (32.63 °C). Despite some relatively cooler commuting zones in Hungary and France, the highest LSTs can also be found in the infrastructure areas, with 27.76 °C, higher than the urban fabric areas, with an LST of 26.57 °C. The “reversal” of the differences between the city and its commuting zone is also clearly visible in the Figures (cf. Figure 12); the centers here now stand out very clearly from the surrounding areas, in the same way that the higher LSTs compared to 2000 are also visible.



The LSTs of the green urban and agricultural areas are 24.29 °C and 29.40 °C, respectively, with a similar difference to 2018—again below the LSTs in the urban areas. The LSTs of the green urban areas are now higher in the cores than in the surrounding areas and show the second-highest difference after the urban fabric areas with just under 4 °C. As in 2000, the LSTs of agricultural land show a more homogeneous picture, with recognizable spatial structures, and are the highest after those of urban fabric and urban infrastructure areas. As the average values suggest, the core LST of 29.40 °C is almost higher than those of the surrounding areas, with an average of 26.27 °C. Exceptions are again rather less extensive FUAs. The only larger FUA, where LST of agricultural land in 2018 is higher in the surrounding area, is Vienna. In Eastern Europe, LSTs are almost identical in all FUAs, with 20–25 °C in the surrounding areas and 25–30 °C and 30–35 °C in urban fabric and urban infrastructure areas, respectively. Spatial clusters with similar LSTs are also emerging in France and on the Iberian Peninsula. The LSTs of agricultural land in densely populated areas of the Benelux countries, Germany, and Great Britain are also strikingly high and comparable to the LSTs in southern Europe (cf. Figure 13).



The phenomenon of the warmer surrounding area in 2000 is illustrated for all types of use in Figure 14. The greatest LST differences to the city are found in forest areas and areas of terrestrial nature. The LSTs of forest areas, as well as urban fabric, infrastructure, and agriculture areas in the commuting zones were already below those of cities in 2006. In the case of non-urban areas, wetlands, and waterbodies, the LST will remain above this level throughout the entire period, but the difference gets smaller and smaller. The LSTs of green urban areas and terrestrial nature are still lower in 2006 in the cores than in the commuting zones, albeit a decreasing difference compared to 2000. In 2012 and 2018, however, the ratio is expected to reverse.



LSTs in the various forms of land use are highest over the entire period in the urban fabric areas, followed by infrastructure and agricultural areas. With the exception of 2000, the lowest LSTs can be found in the wetlands areas. The LSTs of areas with vegetation are lower in the green urban areas than in the forest areas, again with the exception of 2000.





4. Discussion


If one looks at the LST change in the FUAs, the trend of an increase in temperature in recent years is quite clear; the EEA also states that observational data show a continuous increase in heat extremes over land [58]. Looking at the LST maxima of all FUAs in Europe, considering the three-year average in 2018–2020 of 35.81 °C, temperatures are 1.4 °C higher than 20 years before, while the average annual temperature of European land areas in the last decade (2010–2019) was about 1.7 °C to 1.9 °C higher than in the pre-industrial period, turning this decade into the warmest ever in Europe [59].



The results for the first half of August also show that the LSTs have risen overall and the last few years have been warmer. The urban-rural difference is higher at high LSTs in regions of lower LSTs, such as Oberhausen, Stavanger, Warsaw, and Bolzano, while it remains relatively constant in Madrid, Nice, Porto, Rijeka, and Thessaloniki, regardless of the respective LST. The effect of stronger night-time SUHIs in cold-drier cities than in humid-warmer cities has also been described in other studies [60].



The development of the difference between the city and the surrounding area, with higher LSTs in the surrounding area compared to the city in 2000 and vice versa in 2018, is only partially visible in comparative studies. Analyses that examined global changes in SUHIs in connection to climate change tend to show different trends with higher temperature increases in rural areas compared to cities, and the other way round [61,62]. Local studies especially demonstrate a development comparable to this study [63].



The growth of cities in the decades to come is expected to increase the SUHI effect and further intensify the heat stress in cities in addition to the temperature increase due to climate change [26,64]. Zhou et al. [27] argue that land cover and its changes are undeniably among the most important factors influencing UHI. For example, the presence of buildings and sealed surfaces leads to an increase in LST, whereas urban green areas have a cooling effect [65,66]. The analyses in Section 3.2 show a strong correlation between higher LSTs and built-up areas and conversely between lower LSTs and forests and urban green. Comparable results are explained by Bechtel et al. [14] for the relationship between LST and the local climate zones (LCZ) of cities. In particular, compact LCZ types and commercial/industrial LCZ types have stronger SUHI intensities than open ones. In addition, all cities show positive SUHI values for the built-up classes. The effect of a higher proportion of built-up areas and higher LSTs is also clearly evident in the commuting zones, while this correlation also exists in the cores, but less clearly, although the composition of urban structures is often considered more important than its arrangement [67,68].



According to Adachi et al. [69], the highest LSTs are found in the densest areas of a city. These temperature fluctuations can also be assumed in the European analysis, as the LST of the individual land use classes of an FUA showed partly significant differences (cf. Section 3.2). Research also shows that land cover and land use may not only lead to urban-rural temperature gradients, but also to inner-city temperature differences [27,37]. Urban differences typically manifest themselves in a spatial cluster of hot and cold spots, which can sometimes even be larger than the temperature gradient between urban and rural areas [27].



However, as industrial areas, for example, are often among the hottest places in urban environments due to high heat emissions, land use must be included in the analyses in addition to land cover [31]. It can particularly be seen that LSTs in industrial areas, especially in the surrounding areas, are comparable to or higher than those in urban fabric areas (cf. Section 3.2.; [32]).



High LSTs in agricultural land and lower differences between urban and rural areas, as is evident for Europe as a whole, can be explained by increased soil dryness, which leads to a reduction in the rural evaporation rate [61].



The analyses of developments of various kind in the present study are too brief and require a more in-depth analysis. The simple comparison of years in particular does not show the actual LST change in a city, but compares two snapshots, which can be used to produce an initial overview and extract individual trends but are not suitable for a deeper analysis. By using the maximum LST of each year, an attempt was made to create a uniform and consistent data basis providing a sound basis for the analysis of the LST development despite different weather conditions. High differences between core and commuting zone of different land uses (such as 2018 in and around Paris) may result from the poor resolution of the MODIS LST product. In particular, smaller sealed areas, for example, are distorted by adjacent water or natural areas because the mean value over all areas is lower here. Conversely, in the cores, the LST of a tile over urban green spaces can be increased by neighboring buildings. Other sources of uncertainty in comparing LSTs in different land uses/covers can also be identified in the CLC dataset. Identifying and mapping specific patterns in an urban context can be made difficult due to differences in classification between countries. While most datasets are classified through the use of high-resolution satellite imagery, there are others that are based on semi-automated processes using both in-situ data and satellite imagery, generalizations, and GIS integrations [57,70]. In addition to land use and land cover, elevation also affects LST, as can be seen very clearly in the example of Bolzano. However, these effects were not taken into account in this paper. Furthermore, it is to be taken into account that LST changes over the years can not only be influenced by urbanization or climate change; even climate oscillations such as NAO, ENSO, or climate variability can also have an impact on LST.




5. Conclusions


The evolution of LST in European cities in recent years shows a clear trend of rising LST. A higher incidence of urban centers is particularly noticeable in places with a high proportion of built-up areas. Therefore, a connection exists between higher LSTs within built-up areas as opposed to LSTs in urban green areas and forests. In 2018, the averaged LST in the cores in urban use areas was 32.63 °C, and in green urban areas it was 24.29 °C. Apart from that, agricultural areas sometimes show similarly high LSTs to built-up areas. Thus, the average LST in commuting zones in urban use areas was 28.57 °C, and in industrial areas it was 28.63 °C; agriculture had 28.39 °C in comparison. Urban density is a key factor in the spatial variability of SUHIs, and higher LSTs often occur in the densest parts of the city (cf. Figure 9), potentially exposing the inhabitants of these areas to high levels of heat stress. Nevertheless, many local studies have so far only examined one urban land use type rather than the variability of density within the city. In addition, urbanization has mainly been considered in terms of expansion; other urban planning instruments, such as re-densification, have been completely ignored. However, the first approach of the present study towards including the different land use classes of a city in the consideration is too limited and needs to be further elaborated in further studies by means of a more detailed analysis and, for example, comparisons of LST within the identified morphology. In future analyses, the possibility of downscaling to 100 m, as has already been done locally, would need to be considered to accommodate both resolutions.



Apart from that, the analysis of the different densities should be validated on a large scale or at least with further case studies for a more precise validation. The need for research in the field of re-densification and land use changes will continue to grow in importance in the future, as it is already part of almost all urban development plans, though, SUHI effects have so far mainly been studied in the context of suburbanization. Estimating the development of heat islands is absolutely unrealistic on the basis of a pure analysis of expansion; future studies should thus aim to include more realistic scenarios of urban growth, e.g., by applying government plans when designing scenarios. In addition, the separate considerations of climate change and urban growth should not be neglected, as this would lead to a stronger increase in temperature than considering either of the two factors alone. A better understanding of the processes by which climate change or urban growth increase or decrease the SUHI will help to identify particularly vulnerable urban areas. If either climate change or urban growth is excluded, the effects of the future urban LST would be underestimated.
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Figure 1. Location of selected FUAs. 
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Figure 2. Methodology. With CLC as Corine Land Cover, LC as land cover, FUA as functional urban areas, LST as Land Surface LST, and STI as Standardized Temperature Index. 
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Figure 3. Identity tool in ArcGIS. 
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Figure 4. Change of maximum LST 2000–2018. Calculated from MODIS MOD11A1. 
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Figure 5. Average LST by night: 1 to 14 August in selected FUAs and years. 
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Figure 6. LST difference in Oberhausen and Warsaw 2000–2020. 
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Figure 7. Average LST by night: 1 to 14 August in selected FUAs in recent years. 
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Figure 8. LST change trends at a three-year moving window average during the period from 2000 to 2020. In Germany (DE), Spain (ES), Finland (FI), Italy (IT), and Romania (RO) compared to the member states of the European Union and United Kingdom (EU27 + UK). 
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Figure 9. LST in built-up areas. 
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Figure 10. LST of urban fabric and industrial areas, 2000. 
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Figure 11. LST of urban green and agricultural areas, 2000. 
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Figure 12. LST of urban fabric and industrial areas, 2018. 
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Figure 13. LST of urban green and agricultural areas, 2018. 






Figure 13. LST of urban green and agricultural areas, 2018.



[image: Remotesensing 13 02111 g013]







[image: Remotesensing 13 02111 g014 550] 





Figure 14. LST of different land covers in core and commuting zone of different years. 
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Table 1. STI values and conditions [54].
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	Conditions
	STI





	Extremely hot
	≥2.00



	Very hot
	≥1.50 and <2.00



	Moderately hot
	≥1.00 and <1.50



	Near normal
	<1.00 and >−1.00



	Moderately cold
	≤−1.00 and >−1.50



	Very cold
	≤−1.50 and >−2.00



	Extremely cold
	≤−2.00
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Table 2. Corine Land Cover Classes and their aggregation.
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	Urban Use
	Urban Use





	Urban—urban fabric

111 Continuous urban fabric

112 Discontinuous urban fabric
	Urban—industry and infrastructure

121 Industrial or commercial units

122 Road and rail and associated land

123 Port areas

124 Airports



	Non-urban artificial
	Urban use



	Artificial—mineral extraction sites

131 Mineral extraction sites

132 Dump sites

133 Construction sites
	Urban—urban green

141 Green urban areas

142 Sport and leisure facilities



	Agriculture
	Agriculture



	211 Non-irrigated arable land

212 Permanently irrigated land

213 Rice fields

221 Vineyards

222 Fruit trees and berry plantations

223 Olive groves
	231 Pastures

241 Annual crops with permanent crops

242 Complex cultivation patterns

243 Agriculture with natural vegetation

244 Agroforestry areas



	Forest
	Terrestrial nature



	311  Broad-leaved forest

312 Coniferous forest

313 Mixed forest
	321 Natural grasslands

322 Moors and heathland

323 Sclerophyllous vegetation

324 Transitional woodland-shrub

331 Beaches, dunes, sands

332 Bare rocks

333 Sparsely vegetated areas

334 Burnt areas



	Wetlands
	Water bodies



	335 Glaciers and perpetual snow

411 Inland marshes

412 Peat bogs

421 Salt marshes

422 Salines

423 Intertidal flats
	511 Water courses

512 Water bodies

521 Coastal lagoons

522 Estuaries

523 Sea and ocean
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Table 3. Heat anomalies in Europe for the period 2000–2020.
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	Weeks
	Month
	Year





	1; 2
	September
	2001



	1; 2
	June
	2002



	1; 2
	August
	2003



	4; 1
	August/September
	2006



	3; 4
	May
	2007



	2; 3
	June
	2010



	3; 4
	August
	2011



	2; 3
	July
	2017



	3; 4
	July
	2018



	3; 4
	June
	2019



	3; 4
	July
	2019



	1; 2
	August
	2019



	1; 2
	August
	2020
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