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Underground hard coal mining activity in southern Poland has lasted more than 200 years. Among many factors related to mining and influencing the natural environment, the longest-active are coal waste heaps and tailings ponds. Several hundred objects are inventoried in Lower and Upper Silesia, of which 109 are located in the Lower Silesian Coal Basin (LSCB). These remnants of mining activity are built of gangue, waste coal, and coal silt (post-mining wastes). They cause environmental hazards, i.e., soil, air, groundwater, and surface water pollution in the storage area. They also tend to combust spontaneously, emitting enormous amounts of greenhouse gases into the atmosphere and increasing their neighborhood’s air, soil, and water temperature. Indigenous fires occur more than 20 years after the end of the waste disposal phase. The post-mining heat island (PMHI) phenomena, related to thermal activity development of the post-coal mining heaps and tailings ponds, is still under-recognition and research. Therefore, our study aims to improve and develop a methodology for remote detection and monitoring of heat islands resulting from coal mining operations to track the thermal activity of heaps and tailings ponds in LSCB from mines closure to 2023. The study used open satellite data from the Landsat program to identify and track post-mining heat islands over 23 years within the former mining area and verify the results within the borders of the inventoried heaps and tailings ponds. As a result, geospatial analysis on a time scale was carried out to identify post-mining hot spots. The self-heating intensity index (SHII) and the air temperature thermal indicator (ATTI) were calculated for identified and confirmed objects. SHII ranged between 0.00 and 10.07, and ATTI, on the other hand, varied from −12.68 to 25.18. Moreover, maps of the thermal activity of selected heaps were developed, the characteristics of the self-combustion phenomena were identified, and the remote detection of PMHI and its monitoring methodology was developed. The provided method can be used in the future to regularly monitor coal mining areas to prevent and identify hazardous hot spots and verify the maturity stage of the self-combustion processes.
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1 INTRODUCTION
Mining activity is an anthropogenic factor affecting, among other things, landforms, the structure and quality of surface water and groundwater, the quality of atmospheric air, and the condition of living organisms residing in the vicinity, where works related to the exploration, access and exploitation of the deposit and the processing of the mineral are carried out (Dirner et al., 2010; Hendrychová and Kabrna, 2016; Milbourne and Mason, 2017; Xu et al., 2019; Abramowicz et al., 2021a). The landform changes created in the process of mineral exploitation are coal waste dumps and tailings ponds that are an integral part of the landscape of Europe’s coalfields (the Ruhr and Saarland in Germany, Leeds and Cardiff in the UK, the Upper and Lower Silesian Coal Basins in Poland), Asia (Datong, Fushun and Shanxi in China, Damodar in India, Karagandz and Ekibastus in Kazakhstan), Africa (Witwatersrand and Transvaal in South Africa), Australia (New South. Wales, Queensland, and Newcastle) and America (the Appalachian and Lake District in the United States). These facilities are filled with waste rock, coal waste, flotation waste, and coal silt. Very often, they are thermally active, and spontaneous combustion occurs, causing endogenous fires and raising the temperature in their interior, on the surface, and in fissures locally extending to the surface (Scheme 1). Heap and tailings fires negatively affect the environment and cause emissions of pollutants such as CH4, CO, CO2, H2S, SO2, NH3, aromatic hydrocarbons (PAHs), or containing toxic metals (Ba, Cr, Cd, Hg, Pb, and Z) (Carras et al., 2009; Ribeiro et al., 2010; Elsevier et al., 2012; Kuna-Gwoździewicz, 2013; Melody and Johnston, 2015; Liang et al., 2016; Stankevich et al., 2016; Gawor, 2017; Fabiańska et al., 2019; Nádudvari et al., 2020; Swolkień, 2020; Abramowicz et al., 2021a; Nádudvari et al., 2021a; Abramowicz et al., 2021b; Nádudvari et al., 2021b; Smoliński et al., 2021; Górka et al., 2022; Nádudvari et al., 2022; Rykała et al., 2022; Dąbrowska et al., 2023).
[image: Scheme 1]SCHEME 1 | Slupiec waste dump–view of fire fissures on the surface of the heap (credit: K. Chudy 2021).
Several investigations of coal waste heaps and tailings ponds with high temperatures are described in the literature, carried out by various methods, mainly by direct methods. Fire can be identified by examining the presence of emitted gases, for example, by gas chromatography of collected samples (Fabiańska et al., 2018; Nádudvari et al., 2021b; Karacan et al., 2021; Nádudvari et al., 2022; Singh et al., 2022) or by measuring the temperature directly in a heap spot-wise with a pyrometer (Kruszewski et al., 2018; Allen et al., 2019; Protasov et al., 2021), or using thermal imaging cameras and thermal image analysis (Abramowicz and Chybiorz, 2019; Sobocińska and Sobociński, 2019; Nádudvari et al., 2020; Nádudvari et al., 2021a). However, these methods require researchers to be present in a hazardous area. For this reason, remote sensing methods are increasingly used to identify fires (Huo et al., 2014; Nádudvari, 2014; Fabiańska et al., 2019; Fix et al., 2019; Stracher, 2019; Nádudvari et al., 2020; Wasilewski, 2020; Almeida et al., 2021; Nádudvari et al., 2021a; Ren et al., 2022). Non-contact measurement, low cost, as well as time-saving, and safe implementation of measurements, especially in the case of large-scale sites, are unquestionable benefits of remote sensing methods. The advantage over direct methods is also the wide range of imaging, which ensures simultaneous data acquisition on entire objects (Wang et al., 2022).
Data for remote sensing studies of heap and tailings ponds high temperatures or fire effects can be obtained by thermal sensors placed on satellites, Unmanned Aerial Vehicle (UAV), or by thermal handheld cameras (Nádudvari, 2014; Abramowicz and Chybiorz, 2019; Nádudvari et al., 2020; Nádudvari et al., 2021a). Active remote sensing techniques are also used, performing surveys from satellite radar data (Akcin et al., 2007; Jiang et al., 2011; Nádudvari, 2014; Nádudvari et al., 2020; Nádudvari et al., 2021a; Karanam et al., 2021; Yu et al., 2022) or from Light Detection and Ranging (LiDAR) data acquired from a UAV airstrike (McKenna et al., 2017; Nguyen et al., 2021; Jońca et al., 2022). With these techniques it is possible to study landslides and land subsidence due to fire. Indeed, many studies show a correlation between temperature anomalies and land subsidence (Jiang et al., 2011; Syed et al., 2018; Karanam et al., 2021).
In the case of satellite imaging data, not only thermal imaging but also multispectral imaging – visible and near-infrared range (VIS-NIR) are used. Based on multispectral imaging, studies of the presence and condition of vegetation can be carried out, e.g., using the Normalized Difference Vegetation Index (NDVI). An index stating the condition of the vegetation can provide information about high-temperature sites on the heap or tailings ponds, as thermal processes affect vegetation characteristics. Vegetation’s absence in a given place, or its variability in time and space, can indicate fire’s presence or movement (Abramowicz et al., 2021b; Ren et al., 2022). Multi-period observations of vegetation cover can also provide information on the effectiveness of site restoration (Xiaoyang et al., 2016; Nourani et al., 2021). Lush vegetation on the surface of a heap does not always mean no overheating. If the fire does not reach the root system of the plants and the temperature is higher, an environment favorable to the growth of plants with high heat requirements is created. Some species exceed their standard maximum size due to higher concentrations of CO2 and nitrogen compounds, and some thrive even in winter (Ciesielczuk et al., 2015). By identifying and monitoring such anomalies, fire processes can also be detected.
Satellites that have a sensor capable of thermal imaging are Landsat 4-5 TM, Landsat 7 ETM+, Landsat 8-9 OLI TIRS, Terra ASTER, Terra MODIS, NOAA-AVHRR, or Sentinel-3 (NASA, 2023a; United States Geological Survey, 2023e; NASA, 2023b; Copernicus, 2023; NOAA, 2023). In studies of the temperature of coal mining tailings ponds and heaps, thermal data are primarily from Landsat or ASTER systems (Chatterjee, 2006; Martha et al., 2010; Nádudvari, 2014; Huo et al., 2015; Mishra et al., 2020; Nádudvari et al., 2020; Nádudvari et al., 2021a; Wang et al., 2022). Thermal channels of satellites such as NOAA-AVHRR, Terra MODIS, and Sentinel-3 have a spatial resolution of 1 km. Thus, looking for and investigating small objects such as mine coal dumps is impossible. ASTER is one of the sensors on board the Terra satellite launched at the end of 1999. The Land Processes Distributed Active Archive Center (LP DAAC) provides image data with varying degrees of processing, from unprocessed data at full resolution with ancillary information to data processed to sensor units and with uniform space-time grid scales. The spectral channels cover the range from 0.52 to 11.65 µm, providing data with a spatial resolution of 15 m for Visible and Near-Infrared (VNIR), 30 m for Shortwave Infrared (SWIR), and 90 m for Thermal Infrared (TIR). Availability and temporal resolution from ASTER data make multi-temporal studies difficult. LP DAAC distributes ASTER products, which are produced from on-demand data acquisition requests. Thus, products are not in regular temporal ranges (https://lpdaac.usgs.gov, 2023).
The Landsat mission has been providing thermal data since 1982 when Landsat 4 (and Landsat 5 two years later) was launched with a set of sensors: the MSS and the Thematic Mapper recording in the thermal infrared range in channel 6 with a spatial resolution of 120 m. Launched in 1999, Landsat 7 ETM+ recording in the thermal range with twice the spatial resolution of 60 m, was followed by Landsat 8 and Landsat 9 carrying multispectral OLI and thermal (TIRS) sensors (spatial resolution 100 m). The revisit time for each Landsat satellite is 16 days, but for currently operating Landsat 8 and Landsat 9 data is available every 8 days due to the same flight and sensor parameters and an 8-day interval from each other. A major advantage of using Landsat data for multitemporal studies is free access to archival and current data and the availability of science products. United States Geological Survey (USGS) provides Landsat Level-1 data - raw images with standard processing parameters, applied Landsat Level-2 Science Products, including Landsat Surface Reflectance, Landsat Surface Temperature, Landsat Surface Reflectance (derived spectral indices) and Provisional Aquatic Reflectance and Level-3 Science Products: Analysis Ready Data available only for U.S. and Alaska. Science Products are generated at 30-m spatial resolution from Landsat Level-1 data and processed to be ready for use by researchers. Landsat Surface Temperature product is calculated using the Global Emissivity Database and NDVI data derived from ASTER data, air temperature, humidity, and atmospheric profiles of geopotential height obtained from Goddard Earth Observing System (Model Version 5) or Modern-Era Retrospective analysis for Research and Applications Version 2. Calculating LST from a raw image requires a lot of processing, time, software, and knowledge. The Level-2 data provided by the USGS is extremely useful for many scientists, allowing them to conduct research faster and skip the imaging processing step (United States Geological Survey, 2023a). The quality and accuracy of this data are comparable to independently processed LST from Level-1 data. Evaluation research showed that the mean percent absolute error of Landsat 7 and Landsat 8 data compared to in-situ measurements is similar for both levels (Pinto et al., 2020).
Nádudvari et al. (2020, 2021a) presented the approach to Polish and Ukrainian waste heaps based on Landsat, Aster thermal bands supported by drone thermal camera images. They also proposed a self-heating intensity index (SHII) to value the thermal activity of the analyzed research objects based on the highest (pixel max.) and lowest (pixel min.) temperatures taken from satellite thermal maps. This research used night-time and snow-covered images with zero cloud-, haze- and fog cover from https://earthexplorer.usgs.gov (2019). It calculated Land Surface Temperature (LST) independently from Level-1 data according to the methodology given in Landsat, 2023. This work covered two examples from LSCB and was partially continued in Lewińska-Preis et al. (2021), considering two additional objects. Until now, it was the only research using satellite data to classify the thermal activity of coal waste heaps in Poland.
Despite the many studies described above that have been done so far, and despite the availability of many sources of free remotely acquired data, there is still ample room for the improvement and development of remote testing methods and the use of remote sensing and satellite imaging to identify and monitor the thermal activity of coal mine tailings ponds and waste heaps. Self-combustion and spontaneous fires in post-mining facilities are not only a source of harmful gas emissions into the atmosphere, but most importantly, they threaten public safety and the lives of those in the area or the vicinity. Therefore, developing a simple, reliable, and inexpensive method to remotely find and track thermal changes occurring in waste deposition areas of past and present coal mining is essential. The specific area in this context is Lower Silesian Voivodeship and LSCB, where coal mining relicts are still active and need easy and cheap methods to monitor, classify, and prevent hazardous fires.
Thus, our study addresses the need to screen large post-mining areas remotely and trace surface temperature changes to identify burning tailings ponds and dumps. Our approach is dedicated to the early identification of indigenous fire hazards. In addition, the goal of our research is the spatiotemporal analysis of the heat island generated by the self-ignition of coal heaps and tailings ponds to study its variability over time and, in further stages, also the dependence of PMHI on geological, climatic conditions or anthropogenic activity within the research areas. Therefore, our study presents a methodology for remote detection and monitoring of heat islands resulting from coal mining operations to track the thermal activity of heaps and tailings ponds in LSCB from the time of mines closure (1999) to nowadays. The study first used open satellite data from the Landsat program to identify hot spots and verify the heat sources using GIS (ArcGIS Pro) tools and CORINE Land Cover data together with an inventory database of post-mining waste disposal areas. The next goal was to indicate PMHI and track the LST changes within the inventoried heaps and tailings ponds over 23 years. The article presents a step-by-step methodology and results for 18 post-coal-mining facilities (11 waste heaps and seven tailings ponds). As an example of the methodology utilization, geospatial analysis on a time scale was carried out, and maps of the thermal activity of selected heaps were developed. Based on that, the characteristics of the self-combustion phenomena in chosen locations were also determined by analyzing calculated indicators (SHII and ATTI).
2 MATERIALS AND METHODS
The study improved and developed a methodology for remote detection and monitoring of heat islands resulting from anthropogenic coal mining activities (Figure 1). A multi-temporal geospatial analysis was carried out using open satellite data at a selected time scale, along with the development of surface temperature maps for thermally active heaps and settlements left over from coal mining. On this basis, spontaneous combustion phenomena were characterized, and a methodology for remote detection and monitoring of spontaneous combustion processes at these sites was developed. The presented method can be used in the future for regularly monitoring post-mining areas to identify dangerous hotspots and verify the advancement of spontaneous ignition processes occurring on the studied objects.
[image: Figure 1]FIGURE 1 | Methodology for post-mining heat islands (PMHI) analysis.
2.1 Defining the research area
The Lower Silesian Coal Basin (LSCB), where the post-mining districts of Walbrzych and Nowa Ruda (S-W Poland–Figure 2) are located, was chosen as the study region.
[image: Figure 2]FIGURE 2 | Lower Silesian coal basin compiled from the Mine Heaps Database, (2023)
The LSCB area is in southwestern Poland in the Walbrzych and Nowa Ruda regions. The area where the coal seams occur was about 530 km2. It covers part of the Sudetes Mountains of both Poland and the Czech Republic. This area is characterized by a very varied morphology evidently related to geological and structural conditions, with a basin character. It is located in the eastern and northeastern part of the Intra-Sudetic Basin, the morphological axis of which runs from northwest to southeast and follows the direction of the Sudetic structure (Kondracki, 2000).
Geologically, the area belongs to the Intra-Sudetic Basin (northeastern part of the Bohemian Massif, the eastern part of the European Variscan Orogen). The Intra-Sudetic Basin consists of Carboniferous-Permian clastic rocks with hard-coal intercalations and basaltic/andesitic composition lavas related to post-orogenic delamination and mantle upwelling (Ulrych et al., 2004). The Paleozoic rocks are partially covered by Quaternary, mainly fluvial and fluvioglacial sediments.
According to the regional classification of groundwater, aquifers of the Walbrzych and Nowa Ruda area are settled in the Sudetic region. They are formed in crystalline and sedimentary, Carboniferous and Permian formations, and Carboniferous and Permian volcanites (Paczynski, 1995).
The history of coal mining in this area dates back to the 15th century when the first records of the sale of mines appeared in the town book of Nowa Ruda. From the 16th century, numerous written records indicate organized coal mining in the LSCB (Piątek and Piątek, 1999). Exploitation was carried out mainly on outcrops through adits. At the beginning of the 19th century, the depth of the shafts was shallow and reached a maximum of 90 m, leading to the excavation of the coal seams on several levels. The late 18th and early 19th centuries brought the application of explosives for adit tunneling. In the second half of the 19th century, the use of horses to transport the excavated material to the surface became widespread (Piątek, 1989). The 19th century was the time of the implementation of steam engines, mainly to operate dewatering pumps. This allowed the depth of coal seams to be increased. The new mines were already deep, and mining took place below the adit level. The impulse for the development of coal mining in the area of Nowa Ruda and Wałbrzych was the construction of a railway line from Wrocław to Wałbrzych in 1843, which greatly expanded the markets for the sale of coal.
The turn of the 19th and 20th centuries brought important changes in the ownership and structure of mines towards the consolidation of industrial capital, centralization of management, and concentration of coal production and sales. It increased coal production from about 500,000 tonnes in 1854 to 4,760,000 tonnes in 1900 (Piątek and Piątek, 1999).
The period between World War I and World War II was a period of complete stagnation, in which the mines declined due to a lack of funds and qualified personnel. In addition, this time was marked by a high risk of gas emissions, mainly CO2, which killed more than 300 miners (Piątek and Piątek, 1977).
After World War II, the mines of the Lower Silesian Coal Basin became part of Poland. The mines were nationalized, and the most significant emphasis was placed on increasing coal production, which was difficult in the post-war period due to the lack of capital and qualified staff. Improvements in this area were not recorded until after 1957. However, due to the problematic geological situation and the decreasing importance of this coal basin compared to the Upper Silesian Coal Basin, proper economic effects were not achieved, and the mines were in deficit (Skiba, 1979).
Coal mining in the LSCB lasted continuously from 1434 to 2000. During this period, about 450 million tonnes of hard coal were extracted from the mined coal seams without exhausting the coal reserves, which were estimated at 1.2 billion tonnes (Bossowski and Ihnatowicz, 2006).
Until the end of the 20th century, Lower Silesia was one of Poland’s most important mining districts. In the 1990s, a decision was taken to close the mining. It was a time of political and economic changes in Poland, during which decisions were made to close selected branches of the mining industry due to outdated mining technology and the resulting high costs of the mines. Closing the mines and flooding the mine workings was finished around 2004–2006 (Chudy et al., 2014).
According to the Polish Geological Institute - National Research Institute (PGI-NRI) (Mine Heaps Database, 2023) database, 109 heaps and nine tailings ponds accumulating coal mining waste were inventoried within the defined research area. Their current state is highly variable. For the most part, these facilities have been recultivated. However, according to Lasak and Zemska’s (2021) analysis, the heap reclamation processes carried out were inadequately financed, prepared, and monitored, which was due to, among other things, inexperience and organizational and economic chaos during the period of mine decommissioning in the LSCB. It has been estimated that 20% of the heaps in the area have again experienced degradation processes and require proper reclamation due to the risk of dust emissions and a source of potential fires with gas emissions.
On the other hand, the tailings ponds have been rehabilitated to a small extent, mainly due to their sale to private investors. Their operation of tailings ponds is a source of secondary dust and gas emissions into the environment. These facilities are located near residential areas and were interesting to our research.
2.2 Selection of sensor and data
The research uses satellite data from the Landsat system. This system was selected considering the availability of open-source thermal data, the large archive containing data from the desired years and months, the resolution to identify the phenomenon (30 m), and the possibility of downloading Level-2 data. The use of Level 2 data makes the research process faster and easier. Data for the years 1999–2011 are collected by Landsat 5 TM. Data from 2013 to 2023 are provided by Landsat 8-9 OLI TIRS. The year 2012 was excluded from the analyses. This year’s only available data was from Landsat 7 ETM+, which provides incomplete data due to the Scan Line Corrector Failure. Surface Temperature product generated from the Thermal Infrared band (Band 6 for Landsat 5, Band 10 for Landsat 8–9) was used to analyze surface temperature values. The Pixel Quality Assessment product (QA_PIXEL) was used to inspect present cloud coverage over the heap and tailings ponds area at the time of image acquisition.
The research was conducted on data covering a time range of 23 years, from 1999, when coal exploitation in the LSCB ceased, to 2023. Our goal was to analyze data in more or less equal 1-year time steps, which were defined by data availability.
Data was collected from late spring and summer (April to July). During winter, very low external temperatures can reduce the temperature on the surface of heaps and settling ponds. In summer, on the other hand, when there is high insolation, the remotely measured surface temperature of heaps and settling ponds can also result from the heated ground surface cover and not just the thermal processes occurring inside the object. Using night-time acquisition data (United States Geological Survey, 2023d) to be processed to surface temperatures is also not advised. It is because data products must contain both optical and thermal components to be successfully transformed to surface temperature, as ASTER NDVI is required to temporally adjust the ASTER GED product to the target Landsat scene. Supplementary Appendix SA contains information about the downloaded data and the date and time of their acquisition. The varying months of downloaded data result from the visibility of the surveyed objects. When selecting the data, the degree of cloud cover was analyzed, and the images with the most minor cloud cover over the objects were selected. It was attempted to have all images from April, but it was impossible due to cloud cover.
2.3 Data processing
The first step was to process satellite thermal data to convert each pixel’s Digital Number (DN) into a surface temperature value. The United States Geological Survey (USGS) provides the satellite data used in this study. Therefore, the surface temperature value was calculated using instructions provided in the Product Guide (United States Geological Survey, 2023c) with the support of ArcGIS Pro tools. First, the scale factor was applied to obtain the surface temperature value in Kelvins, which was then converted to degrees Celsius. Eq. 1 presents the applied raster calculations.
[image: image]
where DN (Digital Number) is the pixel value of the raster, 0.00341802 + 149.0 is a scale factor, 273.15 is the Kelvin-Celsius conversion value.
Due to visible cloud cover on selected satellite data, image and spatial analyses of cloudiness were performed using ArcGIS Pro (Spatial Analyst Tools, Image Analyst Tools, Data Management Tools). Remote sensing and GIS methods are instrumental in estimating cloudiness in the long term. Such a case is described in detail in the work by Valjarević et al. (2022). Considering the significance of cloud cover on the surface temperature measured on satellite imagery, clouded areas must be excluded from temperature measurements. Landsat raster product “QA_PIXEL” was used to mask clouds. It contains the quality assessment of each image pixel in the form of pixel value. Interpretations of these values are provided in the Science Product Guide documentation for Landsat 4-7 and Landsat 8–9 (United States Geological Survey, 2023c; United States Geological Survey, 2023b). Selected pixel values and their description are presented in Table 1. Cloud masks were created for each image by applying simple reclassification to the QA_PIXEL raster. Classes existing in the QA_PIXEL raster containing pixel values corresponding to the cloud cover were selected and given the ‘clouds’ class, while all remaining pixels were classified as ‘no data’ and removed from the QA_PIXEL raster. Created masks were verified by visually analyzing and comparing the mask with the cloud cover visible in the RGB image. The mask was not applied when it contained several single and scattered pixels that were not over object boundaries. The percentage of cloud cover over the entire image was calculated using ArcGIS Pro spatial analyst tools.
TABLE 1 | Selected pixel values and description for Landsat 5 and Landsat 8–9.
[image: Table 1]The masked temperature images prepared for each year of study were clipped to the research areas. Coherent temperature ranges were defined to ensure comprehensible visualization. Temperature values were graded in a step of 5°, and symbolization was selected. Based on that, the land surface thermal activity maps were created (Supplementary Appendix SB).
Moreover, for the entire observation period, air temperature measured at a height of 2 m above the ground in the shade at the Szczawno-Zdrój climatological station No. 250160130 (50°48′24.0“N 16°14′28.0“E − Figure 2) was also analyzed. This station was the only existing and located closest to the study areas with continuous historical measurements, which is why it was selected for the study. The Institute of Meteorology and Water Management (IMGW) shared the data. Maximum, average, and minimum temperatures for the exact days on which satellite images were taken were extracted from the temperature databases (Supplementary Appendix SD). These data are presented in the table in Supplementary Appendix SC and the graph (Figure 3). The above data were used for comparative analyses with the surface temperature of the study sites and an indicator calculation.
[image: Figure 3]FIGURE 3 | Air temperature from Szczawno-Zdroj station on selected measuring days compiled from the Institute of Meteorology and Water Management (2023).
2.4 PMHI identification
According to the methodology proposed in Section 2.3, 24 maps of the thermal activity of the land surface were created for two study areas, Walbrzych (1) and Nowa Ruda (2) of the LSCB as part of the tests. Supplementary Appendix SB shows one map from each year of observation between 1999 and 2023, except for 2012 when satellite data was unavailable. For comparison purposes, an attempt was made to keep each year’s imagery roughly evenly timed. Still, due to cloud cover or lack of data, they are contained between April and July, with most of the imagery falling in April. These maps made it possible to identify heat islands.
The three-step approach was adapted to exclude heat island effects from factors other than post-coal-mining waste heaps and tailings ponds and identify the heat island resulting from other land cover forms. For that purpose, data from three sources were compilated:
− CORINE Land Cover data from the third level of detail with the following technical assumptions: land cover mapping is carried out with an accuracy corresponding to a map at a scale of 1:100000, the minimum mapping unit (MMU) is 25 ha, the minimum width of linear elements is 100 m, the accuracy of guiding the boundaries of individual land cover forms is 100 m, the mapping of tangible changes with a minimum area of 5 ha and a width of at least 100 m visible on satellite images.
− Data in the form of current orthophotos was obtained from the Central Office of Geodesy and Cartography resources.
− Data showing the boundaries of heaps and settlements after coal mining in the study area was obtained from the National Geological Institute (Mine Heaps Database, 2023).
In the first step, the thermal activity maps were overlaid with land cover data downloaded from the European CORINE Land Cover (CLC) database belonging to the pan-European land monitoring service component of the Copernicus program, part of the European Copernicus program coordinated by the EEA, which provides environmental information from a combination of airborne and space-based observation and in situ monitoring data (Copernicus, 2023). The data are updated periodically, allowing observation of changes occurring at the turn of the year. The first CLC inventory took place in 1990. The first update was made in 2000, and subsequent updates were made in 2006, 2012, and 2018. The data, details, and themes were adapted to the European Union’s and the EEA’s needs, which coordinates CLC projects in Europe. Data from 2000, 2006, 2012, and 2018 were downloaded for the study (Supplementary Appendix SB). Using GIS tools (ArcGIS Pro), they were compared with available orthophoto maps, and the areas other than industrial, mineral extraction, and dump sites were excluded from further analysis. This way, we eliminated Urban Heat Islands (UHI), which were large hot spots on the maps. Next, the hot spots outside excluded areas were analyzed and indicated as potential PMHI. To verify if mining activities caused all the spots, we used data from the PGI-NRI (Mine Heaps Database, 2023). In all 18 cases, our preliminary observation of the hot spots overlapped with the borders of the objects inventoried in the PGI-NRI database. Thus, for further study, 11 heaps and seven tailings ponds were selected, where the process of spontaneous combustion may have occurred during the 23 years since the end of coal mining in the LSCB. The visibility of the sites was analyzed against the spatial resolution of satellite imagery and those with an area of min. 30,000 m2 were selected. Two study sub-areas were delineated: area one, Walbrzych, including eight heaps and four tailings ponds showing temperature changes, and area two, Nowa Ruda, where three heaps and three tailings ponds are located. Figure 4 shows the study areas with the boundaries of the numbered heaps and tailings ponds, and Supplementary Appendix SC collects basic information about the studied objects.
[image: Figure 4]FIGURE 4 | Location of heaps and tailings ponds selected for study in the LSCB compiled from the Mine Heaps Database, (2023) and Open Street Map (2023)
2.5 PMHIs thermal activity analysis
In the next step, based on the created maps of thermal activity, the values of the lowest (pixel min) and highest temperature (pixel max) within the boundaries of the verified objects in the given years were obtained. Due to cloud mask usage, minimum and maximum temperature values were derived from non-clouded pixels. Based on the count of pixels and the number of no-data pixels, the cloud cover percentage of each object in the given years was estimated (Supplementary Appendix SB). Objects with 70% or more cloud coverage were classified as entirely clouded.
Based on the modified methodology from Nádudvari et al. (2020), in the following step, the self-heating intensity index (SHII) was calculated for each object with cloud cover equal to or less than 50% and each year according to the Equation 2:
[image: image]
where: pixel max–the highest LST [oC] within the object,
pixel min–the lowest LST [oC] within the object
The modification was related to the use of Landsat Collection 2 Surface Temperature that is already corrected to atmospheric profiles of geopotential height, specific humidity, and air temperature extracted from Goddard Earth Observing System (GEOS) Model Version 5 Forward Processing Instrument Teams (FP-IT) (United States Geological Survey, 2023d). It makes the whole procedure easier, less time-consuming, and available for less advanced satellite data users. It also allows the use of daylight acquisitions.
To track the thermal activity and classify observed objects, we used five SHII ranges proposed by Nádudvari et al. (2020): extreme thermal activity (>7), advanced (3–7), moderate (3–1.5), initial (1.5–1), no activity (<1). Supplementary Appendix SD and Figure 9 show the SHII index calculated for the studied heaps and settling ponds from the LSCB area.
Moreover, we developed an air temperature thermal indicator (ATTI) characterized by differences between maximal object temperature and maximal air temperature, measured on the same day, according to the Equation 3:
[image: image]
where: TO max–the maximal object temperature [oC]
TA max–the maximal air temperature [oC]
ATTI indicates the potential of the object to generate heat and greenhouse gas (GHG) emissions, which is in the scope of our future research. It was already proved that the highest temperature difference is the convective heat transfer coefficient (CHTC) increases, and an almost linear relationship is established (Hagishima and Tanimoto, 2003). A similar situation concerns GHG emission, where an approximately linear trend of increasing emission flux with increasing surface temperature was observed (Carras et al., 2009; Engle et al., 2011).
We assumed the higher ATTI, the higher the heat and GHG emission potential. Thus, we introduced five classes: extreme generator (>15.0), advanced generator (15.0–10.0), moderate generator (10.0–5.0), low generator (0.0–5.0), and inactive (<0.0). The results are presented in Supplementary Appendix SD; Figure 11.
The last step was a spatio-temporal analysis of the LST and calculated indicators to check if tracking the thermal activity changes in time with the implementation of our methodology is feasible and what the constraints and pros and cons of the approach are. It was conducted based on the visual analysis of the thermal maps (Supplementary Appendix SB) and temperature graphs (Supplementary Appendix SC) and a detailed SHII and ATTI frequency and distribution graphs analysis for each object (Figures 10–12) and each year.
3 RESULTS AND DISCUSSION
The first results of our research were maps of thermal activity for the research areas and each year of observation (Supplementary Appendix SB). We observed temporal variability and the possibility of hotspot identification in these maps. However, to classify the hotspots as the results of mining activity, we needed the tool to extract the areas of increased land surface temperature caused by factors other than self-ignition. Thus, we decided to use GIS tools to analyze landscaping. It was possible by implementing filters created based on CORINE Land Cover data (Figure 5) and compared with an orthophoto map (Figures 6, 7). When we excluded urban heat islands and other hotspots caused by human activity (industrial, transportation, etc.), we verified the remaining hot areas with mining heaps and tailings ponds database to prove the accuracy of the chosen method. What was challenging was the resolution of satellite data, which excluded the identification of small objects with a surface of less than one pixel equal to 900 m2. However, all the 18 hotspots we identified were verified as post-mining objects. It proves our approach is accurate and gives a good base for fast and cheap pre-identification of objects like coal mining waste heaps and tailings ponds, which are or were thermal active.
[image: Figure 5]FIGURE 5 | Thermal activity map dated 20.06.2002 (A), 16.04.2019 (B) and orthophoto map of study area No. 2 Nowa Ruda with CORINE Land Cover filter.
[image: Figure 6]FIGURE 6 | Thermal activity map dated 20.06.2002 (A), and orthophoto map (B) of study area No. 1 Walbrzych.
[image: Figure 7]FIGURE 7 | Thermal activity map dated 20.06.2002 (A), and orthophoto map (B) of study area No 2 Nowa Ruda.
Figure 6A shows a map of study area No. 1 Walbrzych dated 20.06.2002, where elevated temperatures can be seen at sites 1, 3, 6, 12, 14, and 15. The map was compared with an orthophoto (Figure 6B to verify land cover forms. Objects No. 1, 3, 4, 6, 8, 12, 13, and 14 are covered entirely or partially with green areas in the form of vegetation. Site No. 2 and 7 are covered with green spaces and industrial buildings. Built-up areas and industrial areas exhibit more thermal activity. Therefore, it can be concluded that sites No. 1, 3, 6, 12, 14, and 15 show thermal activity, and they can be identified as heat islands caused by former mining performance. Sites 2, 4, 5, and 7 are adjacent to built-up and industrial areas, which show higher thermal activity than these sites. It indicates that when analyzing thermal maps of the land surface after identifying heat islands, it is vital to recognize what forms of land cover there are, in this case, done with a CORINE Land Cover filter.
A similar analysis was performed for study area No. 2 Nowa Ruda (Figure 7). Sites 9 and 16 are fully covered with vegetation, and sites 10, 11, 17, and 18 are covered partially. In the vicinity of sites No 10 and 16 are green and agricultural areas with lower thermal activity. In contrast, in the setting of sites 11, 17, and 10 are built-up and industrial areas with higher thermal activity. Based on the map, thermal activity on 20.06.2002 was identified in objects No. 10, 11, 16, 17, and 18.
Having confirmed and chosen research objects, we could conduct a detailed analysis of particular sites. We started with minimal and maximal temperatures within objects (Supplementary Appendix SD) and their temporal analysis. For that, the graphs of the lowest (pixel min) and highest (pixel max) temperatures within the object were prepared (Supplementary Appendix SC).
The temperatures vary between years and objects, ranging from 53.95 (object 11 in 2002) to 8.82°C (object 8 in 1999) in the case of maximal and from 44.5 (object 17 in 2002) to 7.34°C (object 1 in 2011) in case of maximal temperature. It was somewhat surprising that all sites’ highest maxima and minima occurred simultaneously in 2002, regardless of their history. It led to analyzing the simultaneous temporal air temperatures at the nearest meteorological station.
We have concluded that the pattern of the temperature path of the objects follows the temperature curve of the air, which, in principle, is a natural and proven phenomenon (Good et al., 2017). However, we can observe several sudden changes and drops or ups of the surface temperatures not directly related to the air (e.g., objects 3–5, 17 and 18 between 2010–2011, object 13 between 2005–2006) (Supplementary Appendix SC), which could be probably caused by human activity on the waste heaps and ponds. As we recognized during the social interview, there were periods of different actions taken by the waste heaps owners, like covering with soil mass to distinguish fires or digging to extract coal-based material. Thus, to interpret the time series of thermal activity and self-heating phenomena of a particular object, it is crucial to recognize the history of human activity within its borders.
Nevertheless, the relation of surface temperature to air temperature is evident in most cases. For example, Figure 8 shows the temperature for objects 1 and 11, with temperature increases on 20.06.2002, 22.04.2007, 20.04.2009, and 15.06.2021. The maximal temperatures of the sites occur at the same time as the maximal air temperatures measured at the Szczawno-Zdrój meteorological station (Figure 4).
[image: Figure 8]FIGURE 8 | Graph of temperature changes for objects 1(A) and 11(B).
The year 2002, however, is unique in that all the highest temperatures, both minimum and maximum, at all objects fall within it. This temperature peak may indicate a systematic error made by the authors of the LST source maps used in the study. However, the air temperature at this time was relatively high (33°C), and the image was taken during summertime (June) after several days of hot and sunny weather, which could also influence the surface temperatures naturally.
Putting this aside and looking at the rest of the dataset, it can be assumed that for historical data, when it is impossible to refer to the air temperature directly from above the object, observations from the nearest meteorological station available at the time are equally valuable, but morphological factors play a role (Mutiibwa et al., 2015), so it is necessary to check the morphology carefully. Moreover, thermal activity is affected by other climatic conditions (atmospheric pressure, wind speed and direction, insolation, and precipitation) (Onifade and Genc, 2018) and human factors (Querol et al., 2011). Still, air temperature is one of the most frequently measured and readily available meteorological parameters. Hence, it can be used for indicator analyses.
Further research was run to track the thermal activity, and the self-heating intensity index (SHII) was calculated (Nádudvari et al., 2020) (Supplementary Appendix SD). Based on the SHII classification, we observed that both research areas, Wałbrzych and Nowa Ruda, are still thermally active despite more than 20 years when waste deposition stopped.
What can be observed is that the thermal activity of the majority of the investigated objects was higher in the years 2002–2010 (Figure 9) when even seven objects in 2002 and 2004 were classified as extremely thermal active (SHII >7). In the next 10 years, thermal activity in both areas lowered to advanced and moderate. However, the vast majority of the objects were still visibly active. There were also several sites where SHII mostly oscillated between inactive and initial classes (e.g., objects 8 and 18).
[image: Figure 9]FIGURE 9 | The SHII index calculated for heaps and tailings ponds.
Among the most thermally active sites, there are classified waste heaps 1 and 2 located in the Wałbrzych area, waste heaps 10 and 11 situated in the Nowa Ruda area, and tailings ponds from Wałbrzych no 12 and 13 (Figure 10). The highest thermal activity sustained on the level of extreme and advanced we noticed in the waste heap no 10 - Piast in Nowa Ruda. The waste heap Ceglana in Wałbrzych - object 8 was inactive or initially active during the observation period. However, it was identified as a hot spot on the map in 2000, 2014, and 2018.
[image: Figure 10]FIGURE 10 | SHII frequency for heaps and tailings ponds.
Object surface temperature difference characterizes SHII; thus, even if its temperature is relatively low (e.g., 8 and 23), SHII will be high - in this case, 7.5, which relates to the extreme level of thermal activity. However, its environmental impacts, like heat and GHG emissions, would be much smaller than in case of the same difference but with higher temperatures.
To somehow estimate the potential of particular objects to generate harmful emissions, we defined and calculated the air temperature thermal indicator. ATTI values can be negative numbers when the air temperature is higher than the object’s surface temperature and heat transfer to the atmosphere is blocked.
Comparing the results (Supplementary Appendix SD, Figure 11) we can state that ATTI is less diverse than SHII; still, the activity of the research areas shows two more active phases, 2002–2010 and 2015–2020, when most of the sites manifested a higher capacity to generate emissions - advanced or extreme. We observed that over 23 years, each research object showed activity related to heat generation and possible GHG emissions (Górka et al., 2022). The most active facilities are heaps 10 and 11 in the Nowa Ruda area, tailings ponds 16 and 17 in the Nowa Ruda area, and settling pond 12 in the Walbrzych area (Figure 11). Even site no 8, which was classified as no active or initial active according to SHII, showed ATTI on the moderate generator level for 14 times (Figure 12).
[image: Figure 11]FIGURE 11 | ATTI index calculated for heaps and tailings ponds.
[image: Figure 12]FIGURE 12 | ATTI frequency for heaps and tailings ponds.
Based on the procedure carried out, we could identify PMHIs and analyze their thermal activity over time. We have indicated the most active sites that should be monitored permanently and in detail, using satellite imagery supported by drone thermal monitoring and in-situ equipment as well, due to the potential of heat and GHG emissions, which can harm the environment and people living nearby. This knowledge also gave us information on which sites should be covered by detailed investigations on the performance of measurements of pollutant emissions from heaps and tailings ponds, along with chemical analysis of their composition. Such studies are planned for the most active facility.
3.1 Limitations of the study
We demonstrated the advantages of the proposed methodology for identifying and tracking historical changes within the PMHI. Based only on publicly available archival satellite imagery, free air temperature data in the study area, and archival land use maps, we can track thermal changes at post-mining sites and determine those still active and hazardous. However, to apply our approach to real-time analysis and obtain more accurate values for indicators, especially ATTI, it is necessary to pay attention to some limitations of this study.
The first issue is the air temperature inaccuracy related to the limited availability of meteorological stations in the research area. Due to the investigation of many objects over a large area, no precise in-situ meteorological data from each object could be obtained. Basing on just one air temperature measuring point several kilometers away from the investigated sites was the only option for historical analysis. However, to avoid in future research the influence of distance, morphology, atmospheric conditions, etc. (Querol et al., 2011; Mutiibwa et al., 2015; Hammerle et al., 2017; Onifade and Genc, 2018), in-situ measurements of air temperature, wind direction and speed, precipitation, insolation and humidity at each object should be run. Such a plan exists to implement in-situ observation and then develop the temperature correction coefficient for more accurate ATTI calculations in selected areas with the most visible PMHI effect.
Another limitation related to the use of historical data is that the authors could not read the air temperature precisely at the same time when the satellite passed over the research area. Therefore, the study is subject to some systematic error. However, the identified thermal activity of the PMHI is noticeable in the study area in different years, and ATTI reflects this. As the preliminary method, the research allowed us to observe the thermal activity of post-mining sites and select objects. For further, long-term, detailed research, it is planned to synchronize the readings of meteo-data with satellite images.
One of the most critical issues for the presented research is calibrating the satellite imagery with ground temperature in situ measurements as well. The authors did not have the opportunity to perform in-situ calibrating measurements for historical data, and no such data exists from that time. However, conducting in-situ ground temperature measurements for satellite LST data calibration is also considered necessary for regular real-time monitoring. For that reason, a pilot series of measurements was already done. Applying the proposed method, we have chosen the case-study site where, in May 2023, a thermal imaging survey using low-altitude photogrammetry was carried out with a Matrice 300 platform with a FLIR XT2 camera. It was site No. 11 Nowa Ruda Slupiec heap. A calibration method for LST will be developed based on the forthcoming series. However, this limitation did not affect the goal of the manuscript, which was to introduce the method that will enable PMHI identification in the areas where we do not have any other information on the ground temperature except the satellite one and to perform backward analysis of historical data, which we fully achieved.
Another limitation we identified is the spatial resolution and availability of satellite imagery from open-source archival collections. However, every year, satellite Earth observations become more accurate and frequent due to the sensors’ development and the increasing number of satellites. Despite its limitations, the advantage of our method is the possibility of backward analysis and tracking the historical changes, which would be impossible without remote sensing archival open data.
The last important factor for further research that needs to be mentioned here is GHG emission and its quantitative relation to ATTI. In the study, we did not investigate GHG’s origin and emissivity. Still, based on the analysis of other researchers (Carras et al., 2009; Engle et al., 2011; Górka et al., 2022), we can assume that thermal activity in coal-waste facilities always generates GHG emissions. For further research, verifying greenhouse gas emissions based on satellite data with high spatial resolution and in situ calibration of the results is essential. For that, field studies are planned at the Nowa Ruda Slupiec heap to identify emissions of pollutants from the heap to water, soil, and atmospheric air in the context of covering the heap with a comprehensive monitoring system. Moreover, it is planned to develop remote methods and use data of better resolution unavailable in the open repositories.
4 CONCLUSION
As we proved in the article, the methodology developed within our research can be successfully applied as a preliminary method for remote identification of post-mining objects demonstrating thermal activity in larger areas. For the first time on such a large scale, we tested this method for the Lower Silesian Coal Basin, where mining activities ceased in the late 1990s, leaving behind tailings ponds and waste heaps that are still thermal active due to self-ignition and spontaneous combustion of coal wastes phenomena that have run with varying intensity over the years.
We confirmed that using Landsat system Level 2 data for surface temperature estimation makes the research process faster and easier. It simplifies the process of hotspot identification and makes it possible for less advanced satellite data users to do so. In compilation with GIS-based analysis of CORINE Land Cover data and visual analysis of orthophoto maps, it was possible to separate areas of increased land surface temperature unrelated to mining activity and indicate sites that resulted in PMHI, which is a novelty in the existing approach. The accuracy of the proposed process of PMHI extraction was proved by verification with an existing database of postmining objects, also showing the issues related to the size of the objects and resolution of satellite imagery. However, the developed method gave accurate and reliable results for sites of size of at least one pixel equal to 900 m2.
Proposed indicators, SHII (Nádudvari et al., 2020) and ATTI, developed by us, made it possible to classify PMHIs and run long-term thermal activity analyses. Both classifications, SHII and ATTI, may help monitor ongoing self-combustion processes in abandoned coal waste heaps and tailings ponds, and they can be applied worldwide. Moreover, ATTI allows site evaluation regarding environmental hazards, thus indicating objects for further, detailed research and the permanent monitoring of GHG and heat emission.
Our studies have also proven that remote sensing, especially satellite data, gives a unique opportunity to run a backward analysis and reach for historical data that are unavailable in traditional ways.
In summary, the developed methodology proves successful in remotely identifying and analyzing thermal activity in post-mining areas. The findings contribute valuable insights for environmental monitoring, hazard assessment, and future detailed research on these objects’ heat and greenhouse gas emissions. The study emphasizes the potential of remote sensing data for large-scale environmental analyses and highlights the need for continuous monitoring of PMHIs to mitigate environmental risks. That is why we continue the research and development of our methodology. One of the most critical issues for our ongoing study is calibrating the satellite imagery with in situ measurements (meteorological parameters and thermal imaging surveys using low-altitude photogrammetry) to work on calibration factors. Moreover, we aim to develop backward analysis based on historical human activity records in selected areas where the activity is well documented–together with analysis of LST with higher frequency (e.g., monthly), we will be able to implement statistical methods for the characterization of PMHI phenomena in particular sites and identify the causes of outliers/peaks, what is impossible without knowledge about the reclamation works done within the observed objects. Further development of thermal activity and GHG emissions indicators will also be run, together with emitted GHG identification and regular monitoring.
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