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Abstract

:

This study focuses on the determination and examination of both the Land Surface Temperature (LST) and the atmospheric temperature in the city of Catania Sicily (Italy), through freely available satellite remote sensing images from the Sentinel-2 and MODIS missions. Satellite images were processed as raster data in free and open-source GIS environments. The GIS software allows the retrieval, processing of the satellite images for the estimation of the LST and the atmospheric temperature with a very coarse spatial resolution. In particular, the proposed procedure allows increasing the spatial resolution of satellite images, from 250 m (LRES) to 10 m (HRES) through the principle of “Disaggregation of thermal images”. The analysis provided georeferenced maps which show the LST, as well as the atmospheric temperature within the investigated area with a very fine resolution, 10 m. Such spatial resolution reveals evident correlations between areas with different urban densities and their microclimate. An important result of this study is that significant LST differences can be observed during both day (15–17 °C) and night (2–3 °C) between green and built-up areas. The outcomes of this study highlight the effectiveness of the combined use of satellite remote sensing and GIS for analyzing the thermal response of urbanized areas with different built density.
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1. Introduction


Urban microclimate is defined as the local climate observed in urban areas, which can be significantly different from the climate of the surrounding rural areas. Temperature is one of the climatic parameters that differentiates within urban areas and it is associated with the Urban Heat Island (UHI) effect, which may significantly impact on human health. Various studies report average temperature differences of ~2–4 °C, which can even reach 10 °C in extreme cases [1,2,3,4,5].



There are several factors that affect the microclimate of an urban area. The increase of both daily and night temperatures contributes to the severe degradation of the urban microclimate and air quality, with higher pollution levels, that may increase the heat-related deaths/illnesses (e.g., heat cramps, respiratory difficulties, heat exhaustion, etc.) [2,3,4,5]. The determining factors in the formation of the urban microclimate are the absorption coefficient of the surfaces, the presence of vegetation and bodies of water, which favour the evapotranspiration, the density of the inhabited centre, the sky view, the vehicular traffic and the use of heating/cooling systems [6]. At the same time, replacing natural ground cover with concrete, infrastructure, and industrial activities results in the elimination of natural cooling effects [7].



Moreover, the presence of high buildings and narrow streets can heat the air trapped between them. Typically, in cities, narrow streets and high buildings create urban canyons where smaller part of the sky is visible decreasing the possibility of night cooling. This particular phenomenon is described by the Sky View Factor(SVF) which influences the formation of UHI [8]. Conversely, the urban microclimate is mitigated by the presence of large bodies of water, sea breeze phenomenon and vegetation that favours evapotranspiration [8,9,10].



Anthropogenic solutions to mitigate the urban microclimate effect include the installation of Photovoltaic (PV) pavements, especially in the roadway and parking lots that occupy large urban areas. Indeed, it has been shown that the adoption of PV pavements is an efficient solution not only for alleviating the urban microclimate effects but also for generating renewable energy [11,12]. The impact of PV plants on building surface temperature, urban-canyon air temperature and energy fluxes was evaluated in [13,14]. Recent studies have also found that high albedo materials, used for urban elements and homes, green areas and urban inland water bodies assist in mitigating the urban microclimate [15].



The Land Surface Temperature (LST), which is the brightness temperature of the land surface, is close to the real temperature on the surface but has a strong relationship with air temperature, being an indicator for urban microclimate [16,17]. LST measurements are commonly retrieved from remotely sensed thermal-infrared (TIR) data in order to detect the upwelling thermal radiance, allowing the examination of the natural and human-induced changes impact on surface temperatures [18]. LST is influenced by different aspects, including albedo, vegetation cover and soil moisture, atmospheric temperature and humidity, clouds and large aerosol particles such as dust [19].



Several studies are based on satellite-derived vegetation indices calculated from single spectral bands (e.g., NDVI, IBI, partial least square, etc.), confirming their effectiveness in the detection and continuous monitoring of UHI [20]. For instance, Landsat TM/ETM+/OLI thermal bands have been used to map urban heat islands over the Southern region of Cairo Governorate (Egypt), in Cairo and Giza, which have been subject to uncontrolled expansion over the past 50 years, and thus identify a correlation between major urban microclimate and urbanization [21,22,23]. Air temperature for 22 years was also analyzed in the city of Athens [24], highlighting temperature variations caused by natural processes and anthropogenic activities, and finding a correlation between city growth and the average minimum temperature increase.



The use of the GIS software has been proven to be a valuable tool for the processing of remote sensing data and the management of space-time data in different areas of engineering, from environmental monitoring to archaeology [25,26,27,28,29]. GIS has been also used as a simulation environment to calculate the maximum intensity of urban heat islands based on urban geometry data in two or three dimensions. Starting from the correlation between the vertical elevation of urban morphology and urban microclimate, GIS and artificial neural network have been used to predict the spatial distribution of urban microclimate considering a terrain correction integrated with other morphological parameters [30].



This study aims at presenting a novel GIS-based procedure for the detection and analysis of the variation of the LST and atmospheric temperature using freely available satellite images, which can provide extensive and reliable information about urban microclimate and their relationship with the economic, social and environmental factors [31]. The GIS software allows the retrieval, processing of the satellite images for the estimation of the LST and the atmospheric temperature with a very fine spatial resolution. In particular, the proposed procedure allows increasing the spatial resolution of satellite images, from 250 m (LRES) to 10 m (HRES) through GIS software elaborations.



Intending to test the proposed procedure, this research presents an application in Catania, a city located on the eastern coast of Sicily (Italy), where, like other coastal cities, the Urban Microclimate (UMC) is evident and persistent during summer [31,32,33,34,35], but no previous studies have been conducted. Catania is one of the most important Italian cities, among the top eight cities, with a population of about 300,000 people. Moreover, Catania is characterized by a particular geographic location: it is bordered by the sea at South-Est and by the Etna volcano at North, and a wide flat agricultural area at South West, namely the “Piana di Catania”, which creates a very particular topography affecting the microclimate of the city.



The paper is organized as follows: Section 1 presents a selection of literature studies regarding the evaluation of UMC through satellite analysis; Section 2 illustrates the procedure followed for the management of the available satellite data into the GIS environment; Section 3 presents the results, which consists of both the analysis of the meteorological data derived by fixed weather stations (Section 3.1) and the maps of NDVI and LST (Section 3.2) and air temperature (Section 3.3); Section 4 discusses the main findings and summarizes the work.




2. Materials and Methods


2.1. Satellite Data


The satellite images are obtained from the NASA’s TERRA (EOS AM-1; https://terra.nasa.gov/, accessed on 7 July 2020) and Aqua (EOS PM-1; https://aqua.nasa.gov/, accessed on 7 July 2020) satellites equipped with Moderate Resolution Imaging Spectroradiometer (MODIS), and by the Sentinel-2 satellite of the Copernicus program, downloaded using the QGIS SCP plug-in (https://earthdata.nasa.gov/, accessed on 7 July 2020).



Terra MODIS and Aqua MODIS observe the entire Earth’s surface every 1 or 2 days, acquiring data in 36 spectral bands.



The SENTINEL-2 Multispectral Instrument (MSI) is characterized by:




	
Four bands with spatial resolution of 10 m.



	
Six bands with spatial resolution of 20 m.



	
Three bands with spatial resolution of 60 m.








These images have been processed using Quantum GIS (or QGIS), which is a free and open-source cross-platform GIS software that supports viewing, editing, and analysis of geographic data. For our purpose, QGIS was used to manage the satellite images as georeferenced rasters and calculate quantitative environmental indices.




2.2. Normalized Difference Vegetation Index


The Normalized Difference Vegetation Index (NDVI) has been calculated in a GIS environment using MODIS satellite images. The NDVI is a vegetation index based on the proportion of reflected light in the visible red spectra (VIR), which is absorbed by plants for photosynthesis, and reflected light in the Near-Infrared (NIR) spectra, which is usually not absorbed by plants as wavelengths are too long for photosynthesis. It is widely used to forecast agricultural production, advising on the greenness of biomes [31].



The NDVI ranges from –1 to 1: negative values correspond to water, while values close to zero (–0.1 to 0.1) correspond to areas of rock, sand, or snow. Moderate NDVI values correspond to a grassland area (from 0.2 to 0.4). High NDVI values (from 0.6 to 0.9) indicate dense vegetation (i.e., temperate, and tropical forests or crops at peak growth stage). The NDVI is determined by the difference in the intensities of reflected light in the red and infrared range divided by the sum of these intensities [36,37]:


  NDVI =  (    NIR − VIR   NIR + VIR    )   



(1)







In this study, the MODIS Near Real-Time (NRT) level-2G Global 250 m product (MOD09GQ), which provides bands B1 (620–670 nm) and B2 (841–876 nm) at a 250-m resolution, was used to calculate the NDVI250, where the subscript 250 indicates the spatial resolution. The NDVI10 was also derived by the Sentinel-2 Multi-Spectral Instrument (MSI) imagery with 10 m spatial resolutions using the spectral bands B4 (VNIR) and B8 (NIR).




2.3. Weather Data


Data derived from the satellite images were compared with the weather data measured by three weather stations (WSs), namely WS1, WS2 and WS3, sited within the urban and suburban areas of Catania.



Catania is bordered to the East by the Ionian Sea, to North by Etna volcano, and to the West and South by agricultural land oasis (Figure 1a). The position of the urban centre of Catania (yellow circle) and the location of the three WSs are shown in Figure 1b.



The WS1 is owned by the Department of Electric, Electronics and Computer Engineering of the University of Catania and is located in the north part of the city, within the university campus, near an almost densely built area and important busy street. The weather data recorded are mainly used for the analysis of the performances of the solar system (PV and PVT plants). The WS2 is owned by the ENEL Green Power S.p.A.-Innovation Lab di Catania anddd is placed nearby the industrial area south of town, which is assumed to be rural. The WS3 is owned by the Sicilian Agrometeorological Information Service (SIAS), which provide the official network of the Sicily region and is located south of town in a rural area with very low built-up density nearby the urban centre.




2.4. Land Surface Temperature


The Land Surface Temperature (LST) is the temperature of the outermost layer of the earth’s surface and is measured along the direction of the remote acquisition sensor. It is derived from the top-of-atmosphere brightness temperatures retrieved from the infrared spectral channels of geostationary satellites (Meteosat Second Generation, GOES, MTSAT/Himawari). Since the LST indicates the redistribution of energy into latent and sensible heat fluxes, it gives fundamental information on the surface energy and water balances [34,35].



The MOD11A1 product (https://lpdaac.usgs.gov/products/mod11a1v006, accessed on 7 July 2020) provides daily per-pixel Land Surface Temperature and Emissivity (LST&E) with 1 kilometer of spatial resolution in a 1200 km by 1200 km grid (https://lpdaac.usgs.gov/products/mod11a1v006, accessed on 7 July 2020). Thus, following the procedure proposed by Baghdadi [38] the MOD11 LST data (https://modis.gsfc.nasa.gov/data/dataprod/mod11.php, accessed on 7 July 2020), with 1 km of spatial resolution, are converted to temperature (in K) using the QGIS raster calculator tool as follows:


LST1000 = MOD11 ∗ 0.02



(2)







To avoid inconsistent values of temperature, the constrain that LST has to be higher than 273 K is imposed [39].



Since the spatial resolution and the area covered by the MODIS and Sentinel images are different, the QGIS “Align” tool is used to obtain images with the same areal extent and the same number of pixels, resized from images with 10 m (High RESolution—HRES) to 1000 m Low RESolution—LRES) of spatial resolution images and vice-versa. The “Align” tool allows to line up and subset different images, giving them the same spatial resolution by resizing LRES to HRES images. To avoid misleading results, the images are then resized to their original spatial resolution (250 m for NDVILRES and 1000 m for LSTLRES) and deprived of the negative values, not altering the resolution, considering these values as “no data” in the raster calculator tool.



To combine the low spatial resolution MODIS thermal images with the higher resolution MSI visible and near-infrared images (VNIR) that come with high spatial resolution, we used the principle of “Disaggregation of thermal images” [40,41,42,43,44,45]. The relationship between LST and NDVI is obtained by fitting a linear regression to the observed data, which gives rise to the following equation [39]:


LST = a + b ∗ NDVI



(3)




where the coefficients a and b are determined through a linear regression model. The coefficients of the linear regression that correlate NDVILRES (NDVI1000) and NDVI250 were obtained using the GRASS toolbox available in QGIS [39]:


NDVI1000= 0.15 + 0.81 ∗ NDVI250



(4)







In this way, it is possible to determine the NDVI1000 as a function of NDVI250.



After setting the cell size of NDVILRES to 1 km, i.e., the spatial resolution of LSTLRES, through the GRASS “resamp” command, the same procedure is used to correlate LSTLRES with NDVILRES [39]. The coefficients of the linear regression that correlate LSTLRES (LST1000) with NDVILRES (NDVI1000) are found through:


LST1000 = 321.5 − 8.5 ∗ NDVI1000



(5)







The LSTHRES (LST10) is calculated as a function of the NDVI10 using the same coefficients of Equation (5) [40]:


LST10 = 321.5 − 8.5 ∗ NDVI10



(6)







Recent studies have demonstrated a correlation between observation of atmospheric temperature and estimated temperature from satellite data [39,42,43,44,45,46,47].



For the calculation of atmospheric temperature Ta, the regression model presented by Kloog et al. [48] has been adopted due to its wide field of application.



Indeed, such model relates the atmospheric temperature with the land surface temperature, the elevation of the area, NDVI, and the percentage of urban area in the grid as follows:


Ta = (M1 ∗ LST) + (M2 ∗ UrbanPercent) + (M3 ∗ Elevation) + (M4 ∗ NDVI) + B



(7)




where



	
M1 is the LST slope,



	
M2 is the sum of the fixed and random Urban Percent slopes.



	
M3 is the sum of the fixed and random elevation slopes.



	
M4 is the sum of the fixed and random NDVI slopes.



	
LST is the LSTHRES derived by Equation (6).



	
Urban Percent is the percentage of urban area in the grid.



	
Elevation is calculated from DEM (Digital Elevation Model).



	
NDVI is the NDVIHRES.



	
B is a datum obtained as the sum of the fixed intercepts and random intercepts.






The elevation is calculated from the DEM of the investigated area within the GIS software. The reliability of the Ta calculated, determined as raster data in the GIS environment, is performed making a comparison with the temperatures measured by three fixed weather stations, called WS1, WS2 and WS3, installed within the investigated area (see Figure 1). Further information on such weather stations is provided in Section 3.1.



It is worth noting that Equation (7) is a statistically derived equation that has local/regional applicability, since LST depends on urban morphology, urban functions and urban fabric. Thus, when it is used in areas that have different urban characteristics, it is compulsory to investigate the robustness of the results obtained. In this context, assuming possible variability of the regression coefficients between +/−10% and LST temperature of 50 °C, which is close to the maximum values observed, an average fluctuation of the air temperatures in the range +/−2.2 °C, with a maximum variation of +/−3.4 °C, was observed.



We would underline the application of Equation (7), within this study, gives rise to atmospheric temperatures lower than the LST at midday and higher at night, as expected. Finally, a preliminary assessment on the reliability of the application of Equation (7) in the investigated area is presented. Figure 2 represents the flowchart of the proposed methodology, showing the datasets used, the processing stage and the output.




2.5. Case Study


The procedure described in the previous sections is applied to the urban area of Catania, (Italy) which extends in an area of 182.9 km2, (longitude: 15.07435, latitude: 37.51563). Figure 3 shows the ortophoto of Catania, where some areas of interest are indicated.



The procedure to determine the LST, as well as the atmospheric temperature in the GIS software consists of the following steps:




	
Selection of the days to analyse based on the availability of both weather station and satellite data.



	
Processing of MODIS and SENTINEL-2 satellite images in a GIS environment.



	
Application to the investigated area.



	
Analysis of the atmospheric temperatures.








This study presents the comparison between air temperatures calculated through the proposed procedure and the data measured at the three weather stations during 12 days comprized between July–August 2007 with a cloud coverage <0.25% (Table 1).





3. Results


3.1. Data Measured by the Weather Stations


In this section, the weather station observations are discussed showing the first evidence of temperature difference between areas of different land use during the 12 selected days. In particular, we estimated the maximum, minimum and average temperatures during each day and measured the difference of the minimum temperatures by choosing couples of weather stations, highlighting the average temperature difference during the entire period. The maximum, minimum and average temperatures measured by the weather stations during the 12 days selected are summarized in Table 2.



Looking at the entire period (4 July–28 August), it is observed that for many days the higher daily values of maximum temperature (Tmax), as well as the lower daily minimum temperatures (Tmin) are observed by the WS2. The WS1 and WS3 observed almost similar values of the maximum daily temperature (Tmax). Regarding the Tmin timeseries, the temperatures observed by WS3 are lower than that observed by WS1. This is due to the fact that WS1 is located in an densely built area, WS2 is placed in the industrial area of Catania and WS3 is located in the surrounding rural area.



To highlight the variation in the minimum temperature at the different weather stations, we performed differences per pair of stations, i.e., WS1–WS2, WS1–WS3 and WS3–WS2, as shown in Figure 4. The minimum temperatures observed at WS1 are 2–6 °C higher than the other two WSs. The average temperature difference (∆Tu-r) between WS1 and WS2 results 5.04 °C with a standard deviation of 0.92 °C, while ΔTu-r between WS1 and WS3 gives rise to 2.98 °C with a standard deviation of 1.1 °C. These values highlight the increase of the air temperature moving from the city centre to the far surroundings, where the WS2 is placed. In light of the above analysis, the differences between daily Tmin measured by the urban weather station WS1, and those measured by the WS1 and WS3 weather stations, could provide preliminary evidence for the heat island intensity




3.2. NDVI and LST Derived by Satellite Images


In this section, we present the comparison between the NDVI and LST at different spatial resolutions in the urban center of Catania for two selected days, 14 July and 26 August 2017. Moreover, we selected a specific area around “Villa Bellina”, where we estimated the high-resolution LST, highlighting its difference between the daytime and nighttime. The same estimates are reported for references buildings/areas of the city.



The raster maps concerning the NDVI and the LST at low (250 m) and high (10 m) spatial resolution on 14 July 2017 are shown in Figure 5. In the LRES image (Figure 5a), the NDVI is fairly invariable in all the area of Catania. In contrast, in the HRES image, many green spots and scattered areas appear. Among these green areas, a very representative site is “Villa Bellini”(red circle), which is an large urban park covering an area of 6.1 ha. The striking level of detail achieved with the HRES image (Figure 5b) can be appreciated by looking at the white elliptic area within the “Villa Bellini”, which is represented by NDVI = 0.16. Such a value is reasonable, as this particular area is an arena paved with sand. In general, Figure 5b highlights different vast areas with NDVI lower than 0.3, reflecting the high built density zones of Catania. Similar annotations can be drawn comparing the LRES and HRES LST images (Figure 5c,d), where the purple spots highlight the areas with the lowest LST temperature corresponding to the vegetated area.



To further point out the helpfulness of the proposed procedure for obtaining more detailed evaluations on the urban climate, the zonal-statistics raster QGIS tool was applied to the sample area indicated by the yellow box of Figure 6. Within this sample area, the minimum (LSTmin), maximum (LSTmax) and average LST (LSTavg) temperature were determined. As the zone under investigation is represented by a single pixel, the LRES image (Figure 6) returns a single LST value for the entire area (44 °C). On the contrary, using the HRES image at 10 meters, the area can be better characterized. Indeed, using the statistical raster tool, we calculated the LSTmin, LSTmax and LSTavg that result 26.05, 44.92 and 44.39 °C, respectively. To highlight the difference in temperature between the day and nighttime period, we depicted the LST10 during two days, on 14 July and 26 August 2017 (Figure 7).



As can be observed, a different thermal behaviour between the green and the paved areas emerges, due to the different albedo coefficients for these two types of surfaces. This effect can be better noticed by looking at the the temperature difference between the green areas and the built-up areas (Figure 8), where the green areas are 2–3 °C cooler than the built-up areas during the night period and even of 15–17 °C during the daytime. As a result, the green areas, which are low albedo areas allowing reduced absorption of solar radiation, are characterized by cooler LST and atmospheric temperatures. These results confirm the LST is closely related to the city energy use.



Looking at the atmospheric temperatures measured by the WS1 on these days, the green areas have temperatures 2–3 °C lower than the surrounding areas. Thus, it is possible to assert that the green areas in addition to the evapotranspiration effect, further contribute to cooling down the environment through sensible heat fluxes. On the contrary, the built-up areas have LST temperatures 15–17 °C higher than the atmospheric temperatures. This outcome indicates that the very hot pedestrian surface contributes to the increase of surrounding air temperature. As a further analysis, we considered some reference buildings/areas of Catania (“Villa Bellini”, the highest building of the city, namely the skyscraper, and the courthouse) and evaluated the LST during these two days (Table 3).




3.3. Atmospheric Temperature


In this section, we discuss the satellite-derived atmospheric temperatures during daytime and nighttime and compared them with those measured by the three weather stations. The analyses are performed first for the urban area of Catania and then for two representative areas, i.e., the Stesicoro square and San Nullo district.



The variation of the atmospheric temperature in the central urban area of Catania during day and night is shown in Figure 9. The atmospheric temperature maps allow the identification of cooler areas (blue and purple colors), which coincide with green areas of the investigated region. It is also possible to observe as these cool areas are spread within the city. During the day (Figure 9a), the atmospheric temperature ranges from 23.65 to 34.44 °C, while during the night (Figure 9b), the variation is less evident, with the temperature going from 21.58 to 22.47 °C.



The analysis of the atmospheric temperature is in agreement with the air temperatures measured by the three weather stations and those determined by the proposed procedure in the same sites. Indeed, an average difference of 0.8 °C and a standard deviation of 0.5 °C is found between the observed (exp) and calculated (sim) atmospheric temperature (Tmax) at WS1, WS2 and WS3 on 14 July and 26 August 2017 (Figure 10). The differences between the simulated and experimental data range from 0.1 to 1.29 °C for WS1 and from 0.89 to 2.31 °C for WS3, while the lowest difference was observed at the position of WS2, being 0.18 and 0.24 °C on 7 July and 26 August, respectively.



The comparison between measured and simulated air temperature highlighted a maximum difference of 2.31 °C. This impreciseness of the prediction is in accordance with the average error, evaluated in the application of Equation (7) as previously pointed out.



Although, the average differences between measured and simulated data are less than 1 °C, it is mandatory to extend the number of observations, both in space and time, with the aim of tuning the regression coefficients of Equation (7), in such a way to derive a new correlations validated within the investigated area. Another fundamental aspect that has to be taken into account is the delay time that relates the time variation of LST and atmospheric temperature, due to the rapid change of LST in comparison with atmospheric temperature.



In order to further illustrate the potential of the proposed procedure, we performed a specific analysis on two representative areas of Catania, the Stesicoro square and San Nullo district (Figure 11), where we estimated the daily and night atmospheric temperatures (Figure 12) and the temperature difference with respect to the suburban and rural areas, ΔTu-r.



For the Stesicoro Square (SteS), ΔTu-r was determined by the differences between Tmin and Tmin in the suburban area of WS2 and the rural area of WS3. In the same way, ΔTu-r for San Nullo (SanN) was determined by the differences between Tmin at San Nullo and Tmin at WS2 and WS3. The atmospheric temperatures at the four locations SteS, SanN, WS2 and WS3 during the nighttime are reported in Figure 13. The two urban districts SteS and SanN have similar atmospheric temperatures for both days, which are about 22.5 °C on 14 July and 25.5 °C on 26 August, while the suburban area, WS2, and the rural area WS3, have meaningful differences. WS2 has a temperature of about 19.9 °C on 14 July and 18.7 °C on 26 August; WS3 has a temperature of about 21 °C on 14 July and 21.6 °C on 26 August.



Assuming the WS2 location as reference for the rural area, a ΔTu-r of 6.5 °C can be observed. Conversely, assuming the WS3 location as reference, a ΔTu-r of 2.5° is obtained. This result is coherent with the location of WS2, which is placed closest to the city centre with respect to WS3.





4. Discussion


This work presents a novel procedure to evaluate and analyse the variation of the urban microclimate within cities. The procedure is based on the integration of free and open-source GIS software and satellite remote sensing images freely downloadable from Internet and/or GIS tools. In particular, we used the principle of “Disaggregation of thermal images” and the Kloog’s algorithm [48] for the estimation of the land surface temperature and the atmospheric temperature, which allows evaluating the microclimate in urban areas with different built-up densities. The outcome of the procedure are raster maps at high spatial resolution (10 m) that can be inspected by using specific GIS functionaties to perform statistical analyses. This allows obtaining detailed information about the local microclimate, which could provide a valid support tool for assistance in various decision-making processes and city planning. The proposed procedure has been tested using the city of Catania as case study. However, the procedure has been designed to be replicated in any territory for which georeferenced maps and satellite images are available.



We used MODIS and Sentinel-2 satellite images characterized by clear sky conditions and data acquired by weather stations on 12 days between July and August 2017 were used to evaluate the urban climate inside the city of Catania. By looking at the NDVI and LST maps with a spatial resolution of 10 m for the entire investigated period both during daytime and nighttime in the entire urban area, we found that the green areas have temperatures lower than 17 °C during daylight and 2–3 °C during nighttime. By focusing on the sample area shown in Figure 7, the LST10 reports a minimum value of 26.05 °C and a maximum value of 44.92 °C. In contrast, the LST estimated from low-resolution images in the same area covers a single pixel with a unique temperature value of 44 °C.



The availability of data on land surface and air temperatures can support studies on the building energy fluxes and outdoor human comfort. In particular, it will be possible to discover the urban areas where the risk due to thermal stresses could be larger and vice versa the urban areas where such kinds of risks are limited, for example during heatwaves phenomena. Moreover, this study could be useful in interventions of urban regeneration as it allows identifying the areas characterized by the worst condition for the outdoor thermal comfort.



The reliability of these results is confirmed by the data acquired by the three different weather stations located in different part of the city, using a methodology already consolidated in literature [49]. Indeed, ΔTu-r, calculated using the weather stations observations, results about 5 °C, while the one derived by satellite ranges between 4.5 and 5.5 °C. Our results are coherent with those obatained by other studies conducted in other cities of the Mediterranean Area, as Bari (Italy) [33], Rome (Italy) [49], Thessaloniki (Greece) [50], Athens (Greece) and Patras (Greece) [51].



The comparison between measured and simulated air temperature highlighted a maximum difference of 2.31 °C. This impreciseness of the prediction is in accordance with the average error, evaluated in the application of Equation (7) as previously pointed out. Although, the average differences between measured and simulated data are less than 1 °C, it is mandatory to extend the number of observations, both in space and time, with the aim of tuning the regression coefficients of Equation (7), in such a way to derive a new correlations validated within the investigated area. Another fundamental aspect that has to be considered is the delay time which relates the time variation of LST and atmospheric temperature due to the rapid change of LST in comparison with atmospheric temperature.



Future work will include the improvement and the validation of the algorithm for the calculation of atmospheric temperatures. This will be achieved by analyzing longer periods and/or using a greater number of “reliable” weather stations uniformly distributed in the area where the microclimate is analyzed to better find the right correlation.
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Figure 1. (a) Geographic position of Catania city, object of the study; (b) localization of the urban centre of Catania (yellow circle) and the three WSs. 
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Figure 2. Flowchart of the methodology used. 
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Figure 3. Ortophoto of Catania city, red circle highlights Villa Bellini, yellow circle the courthouse, blue circle the skyscraper, orange circle Stesicoro square and green circle is San Nullo district. 
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Figure 4. Difference of Tmin between WS1–WS2 (vertical blue bars), WS1–WS3 (vertical orange bars) and WS3–WS2 (vertical green bars) during the 12 selected days (x axis). The horizontal bars indicate the average difference during the entire period. 
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Figure 5. NDVI250 (a), NDVI10 (b), LST at low (c) and high resolution (d) on 14 July 2017. The red circle highlights Villa Bellini, the yellow circle the courthouse and the blue circle the skyscraper. 
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Figure 6. Area subjected to statistical analysis. 
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Figure 7. Daytime (a) and nighttime (b) LST10 on 14 July 2017. Daytime (c) and nighttime (d) LST10 on 26 August 2017. 
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Figure 8. Daytime (a) and nighttime (b) LST differences on 26 August 2017. 
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Figure 9. Daytime (a) and nighttime (b) atmospheric temperature on 26 August 2017. 
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Figure 10. Observed (exp) and calculated (sim) atmospheric temperature (Tmax) at the three weather stations site (WS1, WS2, WS3 as) on 14 July and 26 August 2017. 
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Figure 11. Location of Stesicoro square (red circle in (a)) and San Nullo district (yellow circle in (b)). 
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Figure 12. Daily atmospheric temperature in Stesicoro square (a) and San Nullo District (b), night atmospheric temperature in Stesicoro square (c) and San Nullo District (d). 
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Figure 13. Night time temperature at Stesicoro (Stes), San Nullo (SanN), WS2 and WS3. 
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Table 1. Overpass time of the satellite for the twelve investigated days. Greenwich Mean Time (GMT).
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	Days
	Daytime
	Nighttime





	4 July 2017
	10:36
	21:36



	9 July 2017
	10:54
	22:00



	12 July 2017
	11:24
	22:20



	14 July 2017
	11:12
	22:18



	22 July 2017
	10:24
	21:30



	29 July 2017
	10:30
	21:36



	3 August 2017
	10:48
	21:54



	11 August 2017
	11:36
	22:42



	16 August 2017
	10:18
	21:18



	18 August 2017
	11:42
	22:48



	26 August 2017
	10:54
	22:00



	28 August 2017
	10:42
	21:48
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Table 2. Maximum, minimum and average temperatures (Tmax, Tmin, Tavg) observed at the three WSs (DIEEI, ENEL, SIAS) during the 12 analyzed days.
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Days

	
WS1-DIEEI

(Lat 37.525, Long 15.072)

	
WS2-ENEL

(Lat 37.414, Long 15.047)

	
WS3-SIAS

(Lat 37.441, Long 15.069)




	
Tmax

	
Tmin

	
Tavg

	
Tmax

	
Tmin

	
Tavg

	
Tmax

	
Tmin

	
Tavg






	
4 July 2017

	
29.2

	
22.0

	
25.9

	
31.5

	
16.6

	
25.6

	
29.7

	
19.8

	
25.5




	
9 July 2017

	
36.8

	
24.7

	
30.5

	
36.1

	
18.9

	
27.6

	
34.2

	
24.7

	
27.5




	
12 July 2017

	
39.9

	
28.2

	
33.3

	
42.1

	
23.7

	
31.2

	
40.8

	
25.5

	
31.7




	
14 July 2017

	
33.2

	
25.3

	
29.1

	
32.4

	
19.9

	
27.1

	
31.1

	
21.6

	
27.1




	
22 July 2017

	
36.2

	
25.8

	
31.7

	
40.0

	
21.9

	
30.8

	
37.9

	
23.5

	
31.3




	
29 July 2017

	
33.3

	
23.3

	
27.2

	
32.1

	
17.6

	
25.6

	
30.7

	
20.6

	
25.6




	
3 August 2017

	
37.5

	
26.4

	
32.1

	
39.1

	
20.2

	
28.8

	
34.2

	
21.2

	
28.8




	
11 August 2017

	
35.3

	
26.4

	
31.2

	
35.3

	
22.8

	
28.8

	
34.2

	
24.8

	
29.0




	
16 August 2017

	
31.6

	
23.7

	
27.6

	
31.9

	
19.9

	
26.3

	
30.9

	
21.6

	
26.9




	
18 August 2017

	
32.8

	
24.1

	
28.7

	
34.1

	
19.3

	
27.0

	
33.5

	
21.6

	
27.4




	
26 August 2017

	
32.7

	
23.9

	
27.8

	
33.2

	
18.7

	
25.9

	
31.9

	
21.0

	
26.2




	
28 August 2017

	
32.2

	
24.1

	
28.2

	
33.0

	
17.9

	
26.0

	
31.1

	
20.0

	
26.2
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Table 3. LST for the chosen references buildings/areas on 14 July and 26 August 2017. Temperatures are in °C.
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	Daytime

Temperature on 14 July
	Daytime

Temperature on 26 August
	Nighttime

Temperature on 14 July
	Nighttime

Temperature on 26 August





	Villa Bellini
	29
	31
	20
	18



	Skyscraper
	45
	44
	21
	20



	Courthouse
	42
	45
	21
	20
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