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Abstract

:

Peat fires differ from other wildfires in their duration, carbon losses, emissions of greenhouse gases and highly hazardous products of combustion and other environmental impacts. Moreover, it is difficult to identify peat fires using ground-based methods and to distinguish peat fires from forest fires and other wildfires by remote sensing. Using the example of catastrophic fires in July–August 2010 in the Moscow region (the center of European Russia), in the present study, we consider the results of peat-fire detection using Terra/Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) hotspots, peat maps, and analysis of land cover pre- and post-fire according to Landsat-5 TM data. A comparison of specific (for detecting fires) and non-specific vegetation indices showed the difference index ΔNDMI (pre- and post-fire normalized difference moisture Index) to be the most effective for detecting burns in peatlands according to Landsat-5 TM data. In combination with classification (both unsupervised and supervised), this index offered 95% accuracy (by ground verification) in identifying burnt areas in peatlands. At the same time, most peatland fires were not detected by Terra/Aqua MODIS data. A comparison of peatland and other wildfires showed the clearest differences between them in terms of duration and the maximum value of the fire radiation power index. The present results may help in identifying peat (underground) fires and their burnt areas, as well as accounting for carbon losses and greenhouse gas emissions.
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1. Introduction


Wildfires are catastrophic hazards and are now occurring with increased frequency and magnitude due to climate change and human influence [1]. Among wildfires, peat fires stand out for their impact on land and climate, as these fires affect the most carbon-rich terrestrial ecosystems. Globally, the amount of carbon stored in peats exceeds that stored in vegetation [2]. Peat fires are characterized by smoldering combustion. Peat can burn for long periods, even under prolonged rainfall and snow cover [3,4,5,6]. Peat fires produce greenhouse gases (GHG) [7] and release large amounts of ancient carbon, equivalent to approximately 15% of human-induced emissions [8,9]. Moreover, smoke compounds are very dangerous to human health [5,10]. This factor was especially evident during the catastrophic forest-peat fires in the center of European Russia in July–August 2010 [11,12], during which a combination of anomalous hot weather [13] and extreme smog [14] dramatically increased mortality [15].



Most peat fires are associated with Southeast Asia [16], where they may have planetary consequences [17,18]. However, peat fires occur in all regions of the world where peatlands exist [5]. In Russia, such fires occur from the tundra to the steppe but most often in the boreal zone [19]. More than 21% of the country is covered by peat, comprising 139 million ha of peatland with ≥ 30 cm of peat and 230 million ha of paludified lands with <30 cm of peat [20]; in only the European part of Russia, the proportion is 17% [21]. In total, 38% of peatlands and 47% of paludified lands in Russia are covered with forest or sparsely treed vegetation [22]. In these areas, forest fires penetrate into the peat soil, become ground (peat) fires, damage the tree roots, and lead to death of the forest stand [23] (Figure 1). Lower groundwater levels produce deeper fires, more damage to trees, and larger soil-carbon losses [24], exacerbating the effects of climate change [4]. In dry years, natural mires can also burn, but the probability of fires is greatly increased in the case of drained peatlands [25]. In Russia, as in other countries, peatlands drained for milling peat extraction and for agriculture are most fire prone if they are abandoned and not controlled by the user [26].



Although peat fires are notable for their ecological consequences, separating peat fires from other wildfires (forest, grass, etc.) is difficult, especially when we consider not one specific fire but several fires covering large areas. This factor also applies to solving the problems of estimating related to peat-fire carbon losses and greenhouse gas emissions. The IPCC Guidelines for Greenhouse Gas Inventories [27,28,29] propose methodologies to account for emissions from wildfires from biomass burning only. The IPCC 2013 Supplement on Wetlands [7], which provides default methodologies and emission factors for CO2, CH4 and CO emissions from fires on organic soils, notes the difficulty of determining areas burnt by peat fires and the need to develop country-specific, high-level (Tier 2 and 3) methodologies for determining burnt areas in countries with frequent peat fires. This need primarily concerns Southeast Asia, Canada, the USA (especially Alaska), and Russia and highlights the relevance of developing and testing a methodology for mapping burnt areas from peat and forest-peat fires, which can only be done on the basis of remote data when studying extensive and difficult-to-access territories. Recently, unmanned aerial vehicles (UAVs) have been increasingly used to detect peat fires [30], but their use is local; UAVs can complement, but cannot replace, satellite data.



Satellite remote sensing data are widely used for identifying burnt areas. The identification of burnt areas on a global scale is based predominantly on low-spatial- resolution data The Advanced Very High Resolution Radiometer (AVHRR) and the Moderate Resolution Imaging Spectroradiometer (MODIS) [31]. For regional assessments, much attention has been given, including in Russia, to developing products based on Landsat data [32,33,34,35]. However, the approaches successfully used for MODIS, VEGETATION, etc. do not work properly with Landsat sensors due to its limited temporal resolution. Land-surface reflectance analysis is further complicated by cloud cover and rapid post-fire vegetation changes [36], especially in burnt peatlands [12,37,38]. Current experience relates to the identification of areas with burnt vegetation cover and has not been tested directly to identify peat fires.



The aim of the present work was to test the possibility of employing remote sensing data to map burnt areas from peat fires by using information on the distribution of peatlands based on the consequences of the catastrophic wildfires fires in July–August 2010 in central European Russia, specifically in the Moscow region. We sought to solve the following problems: – to identify peat fires by superimposing data on wildfires derived from Terra/Aqua MODIS hotspots onto a map of the peatlands; – to examine the applicability of known specific (i.e., detecting burnt areas) and non-specific spectral indices in mapping burnt areas, with verification of the results through ground data; – to carry out regional mapping and estimate the area burnt by peat fires; – and to compare the identified peat fires with other wildfires in terms of duration, burning temperature, and fire radiative power (FRP) to achieve detection of the fires in the absence of data on the distribution of peatlands.




2. Materials and Methods


2.1. Study Area


This study was based on areas burnt after the 2010 wildfires in the Moscow region (Figure 2), which were some of the most extensive peat fires in the boreal zone in recent decades [11,12,26]. With a total area of 44,329 km² (together with Moscow City 46,890 km²), the eastern part of the region is dominated by peatlands, with peat bogs and drained peatlands covering over 2500 km² or almost 6% of the territory [39]. Historically, this region leads the rest of Russia, and possibly the entire boreal zone of Europe and North America, in its areas of abandoned milled-peat extraction fields, which, together with unused drained agricultural land, are the most problematic areas in terms of peat fires. Depending on the weather and climatic conditions, peat fires appear regularly, with the most extensive peat fires having occurred in 2002 and 2010 [26]. To prevent future peat fires, 77 drained peatlands with a total area of 73,049 ha were rewetted in the Moscow region in between 2010 and 2013. This was the largest rewetting of peatland in the Northern Hemisphere, and subsequent monitoring by satellite data with ground verification unequivocally confirmed the effectiveness of this measure [12].




2.2. Source Data


The geographic information system (GIS) data for peatlands in the Moscow region were used to determine the position of fires in relation to the peatlands [39]. Bogs and drained peatlands have a wide range of vegetation (including varying degrees of afforestation) whose spectral characteristics can coincide with those of the surrounding land on mineral soils. Available sectorial and scientific data, including peat deposit inventories, soil, topographic, geobotanical map, and forest inventory data, were used to create the GIS, while other data served as further sources of primary information. This area was geo-referenced using specially obtained up-to-date multispectral imagery from the Spot-5 satellite, whose pixel size (10 m) enables the delineation of objects with a minimum area of up to 0.5 ha.



The total area of the recorded peatlands was 254,000 ha at this stage, the overwhelming majority of which had an area of less than 100 ha, with almost half from 1 to 10 ha. However, the key contribution to peat-covered lands was made by large peatlands, six of which had an area greater than 10,000 ha (accounting for 48%), and with an area of more than 1000 ha (in total, 35) for more than 75% of peatlands in the region [39]. This methodology was tested and used for other regions of Russia and is part of the GIS “Peatlands of Russia” [22,40].



To detect peat fires based on crossing wildfires with peatland boundaries [39], we used Collection 6 Terra/Aqua MODIS low-spatial-resolution 1 km hotspot satellite data (see Supplementary Material Table S1) on thermal anomalies provided by the Center for Collective Use "IKI-Monitoring" of the Space Research Institute of the Russian Academy of Sciences (http://ckp.geosmis.ru/) [41]. In addition to the raw hotspots, information on fires was obtained by combining several burning polygons for different dates when they overlapped or were less than 1 km apart with a time difference no more than five days. Burning polygons for each Terra/Aqua MODIS image were formed from several hotspots if they overlapped or if the distance between them did not exceed 0.3 km [42]. Additionally, for all fires from the Terra/Aqua MODIS hotspots of all wildfires in the Moscow region, the following values were obtained: average and maximum fire radiative power (FRP) [43] (see Supplementary Material S1), MOD14/MYD14 product temperature, and fire duration [44]. FRP values stored in the Collection 6 Terra/Aqua MODIS fire product suite were calculated using the equation originally formulated by Kaufman et al. [45] and amended by Giglio [46].



A total of 598 points on 151 peatland areas were randomly selected for ground verification of the accuracy of burnt-area detection. The total area of the regions with check points was 243 km² (Figure 3). A ground survey was carried out in 2017. The total length of the road routes was about 2000 km, and that of the foot routes was about 25 km. The sites were excavated to identify traces of peat fires, and photographs were taken. Shallow soil pits were made at these points to identify traces of peat fires, and photographs were taken of the area.



Landsat-5 TM data (https://earthexplorer.usgs.gov/ accessed on 1 February 2020 see Supplementary Material Table S1) were used to map peatland burns by comparing the spectral characteristics of the land cover before the fire with the spectral characteristics the year after the fire. For the pre-fire period, two pre-fire satellite swaths were used: two scenes for 1 July 2010, with 67% coverage of the study area, and three scenes for 15 July 2010, with 33% coverage (Figure 3). For the post-fire period, three satellite swaths were used, which included two scenes from 02 June 2011 (67% of area), 1 scene from 7 June 2011 (7%), and three scenes from 28 August 2011 (26%). When overlapping of 2011 data occurred, priority was given to images from 2 June 2011 and 7 June 2011. Radiometrically calibrated and atmospherically corrected images were used for thematic processing.




2.3. Methodology


The research methodology of this study involved several successive steps (see Supplementary Material Figure S1). First, peat fires were identified by overlaying wildfire data from Terra/Aqua MODIS hotspots onto the existing peatland map. The applicability of known specific (for detecting fires) and non-specific spectral indices for mapping burns from peatland fires was then examined using Landsat-5 TM data, and the results were verified against available ground data. The best performing index was then used to map burnt areas in 2010 in the peatlands of the Moscow region. We then compared data on peatland fires derived from Terra/Aqua MODIS hotspots and burnt areas from changes in vegetation cover as a result of fire according to Landsat-5 TM data. Finally, the identified peatland fires were compared with other wildfires based on their duration, temperature, and fire radiative power (FRP).



For the task of mapping burns from peat fires, we tested the most commonly used vegetation indices, including both general ones (NDVI, NDMI) and those specific for detecting burns (NBR, NBR2, MIRBI, BAI) (Table 1). The application of indices was considered for both the next post-fire vegetation season (2011; Index2011) and the difference between pre-fire and post-fire (the year following the fire) land cover status (ΔIndex).



The selection of the most appropriate index included the following steps: (1) clarifying the presence or absence of burnt peatlands within ground contours by comparing satellite data before and after the fire, including the exclusion of water bodies and unburnt vegetation; (2) calculating vegetation indices (Table 1) from satellite data before (2010) and after (2011) the fire (Index2010 and Index2011); (3) calculating the index difference ΔIndex = Index2010 − Index2011; (4) determining the Index2011 and ΔIndex values to identify burnt peatlands by choosing the values that best cover the refined ground burnt areas and avoiding the inclusion of foreign sites as much as possible; (5) merging the contours of identified burnt peatlands for all indices and producing a random set of points on these contours for ground truthing; and (6) choosing the best index by estimating the accuracy of Index2011 and ΔIndex for peatland burnt areas from ground data.



For each index, both the Index2011 post-fire period values and the differences between the pre-fire and post-fire period ΔIndex = Index2010 − Index2011 were analyzed. For each post-fire index and difference, thresholds for identifying burnt peatlands were determined. To begin selecting appropriate thresholds for each post-fire index or difference, the literature values for burnt areas from different natural fires were used as references: NBR [52,53,54], ΔNBR [49,55], ΔNBR2 [56], BAI [52,53], MIRBI [52,53], ΔMIRBI [56], NDVI [52,57], ΔNDVI [55], NDMI [58], and ΔNDMI [55]. The range of reference values was then expanded, narrowed, or shifted at small fractional intervals. If the haze coverage was satisfactory, the selected range was fixed.



The accuracy of the burnt areas determined for each index for both the post-fire and pre-fire–post-fire thresholds was assessed based on ground data. For this purpose, an area of 66,529 ha was generated, including all index-set havens. Where this area intersected with the ground data (56,053 ha), which amounted to 24,185 ha, a set of random points was generated for each of the 152 sites based on each site’s area. The number of points was calculated by dividing the area in ha by 50 with the addition of 1, and the points themselves were placed no closer than 100 m from each other. In this way, a set of 598 points was obtained.



The accuracy of the burnt areas for each Index2011 and ΔIndex was assessed from these points using ground verification. The ground verification plots were further investigated using satellite data, through which unburnt areas and water bodies were identified. In this way, both the burnt and unburnt areas were identified within the ground contours. To assess the accuracy of all Index2011 and ΔIndex indices within the peatland fire areas, each of the 598 points was checked to see if it fell within one of the Index2011 and ΔIndex indices and whether it was a burnt or unburnt area, as verified by the ground data.



For areas with optimal index threshold values established in the previous step for post-fire satellite data, an unsupervised classification was carried out with division into 50 classes. A larger number of classes enabled the subdivision of differentiated land cover and increased the accuracy in identifying categories of interest. Classification excluded classes with water bodies with noted detection errors when evaluating the applicability of all six indices and their temporal differences. Waterbody classes were visually determined from the ground data.



A number of extraneous areas, predominantly agricultural fields and river floodplains, were identified when detecting burnt areas in one of the three satellite swaths. To improve the quality of the detection, samples of burnt areas were added based on available ground data. A further four classes obtained by interactive supervised techniques were added to the previously obtained unsupervised classification, for a total of 54 classes. The assignment of fire/non-fire values to these classes was carried out by visual expert analysis using the available ground data.



Peat fires identified using Terra/Aqua MODIS hotspots were compared with burnt areas identified by changes in spectral characteristics before (2010) and after the fire (2011) using Landsat-5 TM data, from which we obtained a new set of Terra/Aqua MODIS peatland fire areas, confirmed by the peatland burnt areas identified by Landsat-5 TM data. A comparison of the number and area of peatland fires and all natural fires in general was made both for the whole warm period of 2010 (March–October) and for the period July-September, when catastrophic fires occurred.



Peatland fires and other wildfires were compared in terms of their burning duration (days), average and maximum temperature (K), and average and maximum fire radiation power (Megawatt, MW). Fire characteristics were compared for both March-October and for the period starting from July.



Multispectral data were analyzed using Erdas Imagine software (Erdas Inc., Norcross, GA, USA) and ScanEx Image Processor software (R&D Center ScanEx, Moscow, Russia), GIS analysis was performed using the software package MapInfo (Precisely, Pearl River, NY, USA) and ArcGis (ESRI, Redlands, CA, USA), and data processing and visualization were carried out in Excel and Statistica (TIBCO Software Inc., Palo Alto, CA, USA).





3. Results


3.1. Identification of Peat Fires from Terra/Aqua MODIS Data and Peatland Map


According to the Terra/Aqua MODIS hotspots, 999 wildfires were identified in the Moscow region in 2010. By overlaying the wildfire data on the peatland map, we determined that 241 fires affected peatlands. The quantity of wildfires (and those touching peatlands) was distributed by month as follows: March—1 (0), April—777 (150), May—50 (14), June—11 (4), July—105 (44), August—50 (28), September—3 (1), and October—2 (0). The temporal dynamics reflected a characteristic peak in spring when wildfires occur due to grass fires. In peatlands, such fires can occur on abandoned drained land, where there is usually a great deal of dried past-year grass, which becomes very fire prone in dry and windy spring weather. However, in spring, the peat is usually very wet as a result of snowmelt. Therefore, spring fires rarely penetrate into the soil and do not turn into underground fires, instead limiting their spread to dry vegetation.



According to the Terra/Aqua MODIS hotspot, out of the 241 fires that affected peatlands, 165 fires had an area of up to 100 ha, 64 fires had an area of 100–1000 ha, 11 fires had an area of 1000–10,000 ha, and one fire had an area greater than 100,000 ha. In total, the fires, affected by the hotspots of Terra/Aqua MODIS peatlands, amounted to an area of more than 180 thousand ha—more than 70% of the area of all wildfires in 2010 in the Moscow region (more than 250 thousand ha). When considering the period following July, the total area of fires detected by Terra/Aqua MODIS hotspots and affecting peatlands amounted to more than 155 thousand ha. After spatially intersecting with the peatland boundaries, the total area of peatland fires amounted to 40,557 ha.




3.2. Applicability of Different Indices for Mapping Burnt Peatlands from Landsat-5 TM Data


Table 2 outlines the results of testing the various indices, both for the post-fire period and with respect to the difference between the pre-fire period and the year following the fire for 2 Landsat-5 TM swaths (1 July 2010 and 2 June 2011). The thresholds established in this work are given together with the accuracy of identifying burnt areas from peatland fires, as assessed by ground-truthing.



The NDMI index showed the best results in identifying burnt peatlands by comparing the vegetation cover before the fire with that during the year after the fire (ΔIndex). The satellite data used in the NIR (0.75–0.90 μm) and SWIR1 (1.55–1.75 μm) bands was optimal.



Somewhat less accurate over the post-fire period and close to NDMI in difference was the NBR fire index using a pair of spectral bands NIR (0.75–0.90 μm) and SWIR2 (2.08–2.35 μm). Less accurate was the fire index NBR2, using the spectral band pair SWIR1 (1.55–1.75 μm) and SWIR2 (2.08–2.35 μm).



The NDVI index performed even worse—not using SWIR bands, but only when using RED (0.63–0.69 μm) and NIR (0.75–0.90 μm). These spectral bands are widely used for mapping burnt areas, assessing vegetation cover damage, and monitoring vegetation recovery. The MIRBI and BAI were the lowest performing indices. These indices were developed to detect fresh burnt areas immediately after a past fire and provided less accurate detection results one year after the fire.




3.3. Mapping of Peatland Burnt Areas by Changes in Spectral Characteristics before and after Fires


The NDMI index difference (ΔNDMI), which showed the highest accuracy (93%) in detecting burnt areas (Table 2), was used to map the 2010 burnt areas of the Moscow Region. The difference ΔNDMI = NDMI2010–NDMI2011 was calculated for each of the three swaths of 2011. The applicability of the previously found ΔNDMI > 0.23 threshold for haze detection was then analyzed for all swaths based on the ground-truth and satellite-refined haze contours.



A very large number of noise areas were observed when burnt land was detected, the area of which did not exceed 8 Landsat-5 TM pixels (0.72 ha). Thus, the minimum reliably detectable size of burnt areas was determined to be at least 9 Landsat-5 TM pixels (0.81 ha).



The accuracy of the identified burnt areas in the peatlands of the Moscow region was estimated from 598 ground points (Table 3). An error matrix [59] with cross-tabulation was used to establish correspondences between values of the same classes obtained from remotely sensed data and data on the ground (Table 3). The main diagonal of the matrix, where the classes coincide (correct classification), is marked in grey, while those outside the diagonal reflect classification errors [60]. The sum of the values of the diagonal elements (grey) shows the total number of correctly classified sites, and the ratio of this number to the total number of sites is considered to be the overall classification accuracy, expressed in percentages. The producer’s accuracy (earth observation data reliability) is the conditional probability of a classification match, assuming ground truth data, obtained by dividing the diagonal matrix element by the total number of class elements identified from the ground data. The user accuracy (ground data reliability) is a similar probability calculated under the assumption of EO (earth observation) data reliability.



A check showed that in 328 cases out of 354 (92.7% accuracy), burnt sites identified by Landsat-5 TM data were confirmed by ground data. The accuracy was even higher (98.4%) for "unburnt" sites, with 240 points out of 244. In general, the accuracy of detecting burnt areas in Moscow region peatlands, according to the ground control, was almost 95%. This value indicates in how many points out of 598 the location or absence of burnt areas identified by remote sensing data was confirmed by ground verification.




3.4. Estimated Burnt Area in Peatlands in the Moscow Region According to Landsat-5 TM Data


According to the Landsat-5 TM data, the total area burnt by fires in 2010 in the peatlands of the Moscow Region amounted to 19.8 thousand ha. Most of the detected burnt areas were in the eastern and, to a lesser extent, northern sectors of the region (Figure 4). The percentage of burnt areas smaller than 1 ha was 21%; 1–9 ha, 66%; 10–99 ha, 11%; and 100–999 ha, 2%; 0.1% consisted of two burnt areas of 1.6 and 4.6 thousand ha (Figure 5a). Fires of less than 1 ha represented 2%, 1–9 ha represented 14%, 10–99 ha represented 23%, and 100–999 ha represented 30% of the total area; two fires of 1.6 ha and 4.6 thousand ha represented 31% of the total area (Figure 5b).



In the peatlands that were rewetted under the Moscow Region Peat Fire Prevention Program in 2010–2013 [12], 460 burnt areas with a total area of 9261 ha were identified, which is 31% of the total number (1438) and 47% of the total area (19.8 thousand ha) of peatlands burnt by the catastrophic fires during the second half of summer 2010 in the central region of European Russia.




3.5. Characteristics of Peat and Other Wildfires


Characteristics of peat and other wildfires were obtained as follows: duration (days), average and maximum temperature (K), and average and maximum value of fire radiation power (Megawatt, MW). The results were represented by two data sets: fires for the whole fire-hazardous period of 2010 (March–October) detected by Terra/Aqua MODIS hotspots; fires for the period starting from July and related to burnt areas in peatlands detected by Landsat-5 TM data. Comparison of the average and maximum values of temperature and fire radiation power showed a large differentiation of fires based on the maximum values of these characteristics (Figure 6), which were then to further compare peat and other wildfires.



The distribution patterns of duration, maximum temperature (MaxT), and maximum fire radiation power (MaxFPR) for peat and other wildfires is shown in Figure 7, and their statistical values are summarized in Table 4. Figure 7a,b, as well as the rows of Table 4 without gray, show the data obtained for all fires in 2010. Figure 7c and the rows of Table 4, highlighted in grey, show data obtained for fires from July 2010, corresponding to burns identified using Landsat-5 TM data.



Despite the difference in the two data sets used, the pattern of distribution of characteristics (Figure 7) and statistical values (Table 4) were generally observed to be consistent. Compared to other wildfires, peatland fires are characterized by a longer duration, higher temperatures, and greater fire radiation power. For arithmetic averages and median values, these differences are not always obvious. However, for the maximum values of duration, temperature, and FRP, the differences between peatland fires and other wildfires were apparent.



The maximum duration of peat fires (33.67 days) was significantly higher than that of other wildfires (14.01 days). The average duration values of 1.83 and 0.51 days, respectively, were also higher. This was observed for all fires in 2010 identified by Terra/Aqua MODIS data. For fires since July 2010, identified from Landsat-5 TM data, the maximum duration values were almost the same (33.7 days), and the average values were higher (3.6 days).



Notable differences between peat fires and other wildfires also showed maximum FRP values, with maximum (854.5 and 511.5 MW), average (38.5 and 19.75 MW), and median (17.5 and 11.3 MW) values. The values of this characteristic for the fires identified using Landsat-5 TM data confirmed these conclusions, and the mean maximum FRP values were almost three times higher than those all the fires in 2010.



In contrast to the fire duration and the fire radiation power, the maximum temperature values showed no clear differences between peat fires and other wildfires, although at a small level, peat fires still presented higher values for this characteristic.




3.6. Comparison of Peatland Fire Detection Results from Different Data


The use of the NDMI pre-fire–post-fire difference index (ΔNDMI) featuring combined unsupervised and supervised classification made it possible to identify burnt areas in 2010 in the peatlands of the Moscow region with an accuracy of almost 95%. At the same time, out of 1438 burnt areas, 899 (63%) did not coincide with hotspots provided by CCU “IKI-Monitoring” [41] and obtained from Terra/Aqua MODIS data at a spatial resolution of 1 km [32]. The results showed that small fires were undercounted. The additional 899 burnt areas identified by Landsat-5 TM data amounted to a total of 3400 ha or 17% of the total area of peatland fires.



Notably, the burnt areas identified on peatlands corresponded to the threshold values of duration (>14.1 days) and FRP (>512 MW), which can separate peat fires from other wildfires. Out of the 1438 burnt areas in peatlands detected using Landsat-5 TM data, 222 burnt areas with a total area of 12.15 thousand ha featured a duration over 14.1 days and an FRP over 512 MW, encompassing 62% of all burnt areas. A duration over 14.1 days either FRP over 512 MW observed for 380 burnt areas with an area of 14.17 thousand ha, encompassing 72% of all burnt areas in peatlands.





4. Discussion and Conclusions


The results of this study show that the analysis of thermal anomalies from Terra/Aqua MODIS hotspot data is not sufficiently informative to detect peat fires. The omissions were mainly small fires, which formed smaller burnt areas. The small areas were established by analyzing the land cover before and after the fire using Landsat-5 TM data. Despite additional spatial refinement procedures [42], Terra/Aqua MODIS data with an initial spatial resolution of 1 km did not account for the spread of small fires. This result agrees with similar comparisons in a previous study, according to which about half of the fires were not reflected in thermal anomalies [35]. At the same time, for larger fires, estimates of the integral area (e.g., forest fires) based on active fire detection can achieve relative errors of less than 10% [61].



By their nature [3,4,5,6], peat fires are characterized by a longer duration, as confirmed by our analysis of this parameter. By combining individual hotspots of time into a single fire hotspot [42] the probability of fire fixation should, in principle, increase. However, small fires were not particularly long-lasting. Moreover, ground fires may not always burrow into the peat, thereby transforming a ground fire into an underground (peat) fire and, accordingly, increasing its duration with reference to space.



Due to the better spatial resolution of Landsat sensors, analyzing land-cover changes according to Landsat-5 TM data before and after a fire allows one to detect larger (judging by ground-based data verification) parts of fires in peatlands. In our work, Landsat-5 TM data were used. However, to solve this task, it is also possible to use images from sensors with similar bands (e.g., Landsat sensors with subsequent modifications (Landsat-7 ETM+, Landsat-8 OLI), starting from 2015 Sentinel-2 MSI and commercial satellites with higher resolution, if available). The use of imagery from other types of aircraft, including UAVs, could be considered if such aircraft provide data with the necessary spectral characteristics of land cover before and after a fire.



The applicability of six vegetation indices, both general ones (NDVI and NDMI) and those specific to detecting burnt areas (NBR, NBR2, MIRBI, and BAI), was tested to identify burnt areas based on changes in land cover before and after a fire. The best accuracy (93 and 92%) was shown by the Normalized Difference Moisture Index (NDMI) [48] and Normalized Burn Ratio (NBR) [49]. This confirmed the earlier conclusion that these indices are best performers for the detection of burn scars [62]. The Normalized Burn Ratio 2 (NBR2) [49] and Normalized Difference Vegetation Index (NDVI) [47] showed slightly worse accuracy with 87 and 86% respectively. However, only one index, the commonly used NDVI, did not require SWIR bands, which extended the hardware capabilities of acquiring this index. As indicated by the analysis of fire-prone peatlands [12,37,38,63,64], the availability of SWIR bands is critical for solving these problems.



The results show that using the difference between the index values before a fire and the following year after a fire can provide better accuracy than using the index value only for the post-fire period. This was the case for all indices considered in this paper, including the most effective ones (NDMI, NBR). Over the course of this work, the threshold values for all indices tested were adjusted and defined for burns in peatlands. In particular, ranges of values for the post-fire period (−0.25–0.03 and −0.3–0.3) and the threshold for pre-fire and post-fire differences (>0.23 and >0.3) were proposed for the best performing NDMI and NBR indices. The values of these indices differed markedly from the values obtained for NDMI [58] and ΔNDMI [55], as well as for NBR [52,53,54] and ΔNBR [49,55] for burnt areas in other land types.



The normalized difference moisture index (NDMI), which showed the highest accuracy, was tested for mapping burnt areas in 2010 in the peatlands of the Moscow region. By applying the before fire–after fire difference (ΔNDMI) with combined classification, both unsupervised and supervised, burnt areas were identified with 95% accuracy according to the ground data. The results obtained show that it was possible to use this approach to map peatland burnt areas if the satellite data with required parameters are available before a fire and in the year following a fire. The latter observation is important. Identifying freshly burnt areas immediately after a fire is likely easier with remote sensing data, but satellite data immediately after a fire are difficult to obtain. The fire season often ends in autumn, coinciding with heavy rainfall and cloud cover, which can affect the quality of the imagery. At the same time, satellite data are more likely to be available for the next vegetation season. As a result, these data can characterize land cover in a phenological state close to the survey period used to characterize the pre-fire period. The accuracy of the NDMI and NBR index differences for the pre-fire and post-fire periods differed by only 1%. Thus, an additional study should be conducted to analyze the accuracy of these two indices in detecting burnt areas in peatlands.



Ground verification and ground mapping provide more reliable information on the contours of burnt peatland areas. However, ground access to burnt areas, especially in the first years after fires, is extremely difficult and unsafe. Difficulties also apply to remote and inaccessible regions. Taking into account shallow peatlands, peat covers more than 1/5 of the territory in Russia [20], and in the boreal zone, bogging can be even higher [22]. Peat soils are also widespread in many remote regions of the northern United States and Canada [65]. To assess the spread of peatland fires and their particular environmental effects, it is often necessary to do so in advance, without the ability to conduct ground-based surveys. In these circumstances, the use of predominantly or exclusively remotely sensed data may be the only option.



The identification of fire burns in peatlands does not mean that such burns definitely originated from peat fires. Not all fires that occur in peatlands are buried in peat soil (i.e., underground peat fires). The depth of burial depends on the groundwater level (GWL) [24] and initial moisture content of the peat. There may be situations where the presence of dry combustible plant material is not indicative of low peat soil moisture. For example, in spring, when the GWL and moisture content of peat is high, a large amount of the previous year’s vegetation remains on the surface; this vegetation quickly reaches high flammability during the dry and windy spring period. A similar situation can also occur in autumn and during the vegetation season, when there is rapid, intense drought.



Fire parameters (duration, temperature, and fire radiative power) can provide additional information on the presence of subsurface (peat) fires. The present analysis showed that the most informative data in this respect are not the average or median values of these parameters but the maximum values, especially the maximum values of fire duration and FRP. The correlation of these indices with fires, as detected for peatlands, showed that a fire duration of more than 14.1 days and a fire radiative power greater than 512 MW indicate fires on peatlands (i.e., underground fires) (Figure 8). This result does not mean that the whole area of a fire, or the resulting burnt area, is necessarily characterized by peat burning, as there may be some areas where peat was not burnt. However, the indicated fire duration and FRP values can serve as indicators for the presence of peat (underground) fires and can be used for wildfires involving underground fires with foci of peat.



The quantitative thresholds of duration and fire radiation power that we found allow (underground) peat fires in the territory in question to be identified at least on a preliminary level by using Terra/Aqua MODIS hotspot data. This information indicates a special type of wildfires, characterized by the emission of hazardous substances for human health. In addition, there are major consequences for vegetation cover, especially tree cover, and carbon losses and greenhouse gas emissions into the atmosphere are associated not only with the burning of biomass, but also with peat soil.
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Figure 1. An example of the 2010 forest-peat fire and the resulting burnt area, Moscow Region. (a) Active fire location, QuickBird image, 25 July 2010, © 2021 DigitalGlobe, Inc.; (b) burned area with fallen trees on Ikonos image, 12 June 2011, © 2021 GeoEye, Inc., (c) Photo 23.07.2013 r. Peat burn (the mean (median) depth across the burned area of 8 ha was 15 ± 8 (14) cm, varying from 13 ± 5 (11) to 20 ± 9 (19) [26]) resulted in damage to tree roots and the complete death of the tree stand. A peatland forest unaffected by can be seen in the distance (with aspen, pine and birch on the left and predominantly birch on the right). 
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Figure 2. Wildfires in March–June (orange) and July–October (red) 2010 in the Moscow region. 
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Figure 3. Landsat-5 TM swaths used in the study: pre-fire (2010) (a); post-fire (2011) (b). Peatlands [39] are shown in brown, ground surveyed areas in yellow. The green and red lines refer to the edges of Landsat-5 TM image scenes with missing data in some channels. 






Figure 3. Landsat-5 TM swaths used in the study: pre-fire (2010) (a); post-fire (2011) (b). Peatlands [39] are shown in brown, ground surveyed areas in yellow. The green and red lines refer to the edges of Landsat-5 TM image scenes with missing data in some channels.



[image: Remotesensing 14 00194 g003]







[image: Remotesensing 14 00194 g004 550] 





Figure 4. Areas burnt after fires in 2010 in peatlands of the Moscow region. 
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Figure 5. Distribution of 2010 fires in peatlands of the Moscow region by area gradation (a) and cumulative total (b). 
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Figure 6. Characteristics of peat (brown) and non-peat (green) fires as determined by Terra/Aqua MODIS hotspots. On the left, the mean values of temperature (MeanT) and fire radiative power (MeanFRP) in relation to fire duration; on the right, the maximum values of temperature (MaxT) and fire radiative power (MaxFRP) in relation to fire duration. 
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Figure 7. Frequency of duration, maximum temperature (MaxT) and Fire Radiative Power (FRP) for: (a) peat Terra/Aqua MODIS; (b) non-peat Terra/Aqua MODIS; (c) fires defined using Terra/Aqua MODIS data and Landsat-5 TM peat fires. 
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Figure 8. Differences between peat fires and other wildfires in terms of duration (days) (a) and maximum Fire Radioactive Power (MW)(b). 
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Table 1. Vegetation indices used in the study.
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	Index
	Calculatuion Formula 1
	Reference





	Normalized Difference Vegetation Index
	   N D V I =   N I R − R E D   N I R + R E D     
	[47]



	Normalized Difference Moisture Index
	   N D M I =   N I R − S W I R 1   N I R + S W I R 1     
	[48]



	Normalized Burn Ratio
	   N B R =   N I R − S W I R 2   N I R + S W I R 2     
	[49]



	Normalized Burn Ratio 2
	   N B R 2 =   S W I R 1 − S W I R 2   S W I R 1 + S W I R 2     
	[49]



	Mid Infrared Burn Index
	   M I R B I = 10 × S W I R 2 − 9 , 8 × S W I R 1 + 2   
	[50]



	Burn Area Index
	   B A I =  1    ( N I R − 0 , 06 )  2  +   ( R E D − 0 , 1 )  2      
	[51]







1 Landsat-5 TM spectral bands: RED—0.63–0.69 μm; NIR—0.76–0.90 μm; SWIR1—1.55–1.75 μm; SWIR2—2.08–2.35 μm.
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Table 2. Vegetation index values and accuracy in detecting burnt areas.
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Index

	
Index2011

	
ΔIndex 1




	
Value 2

	
Accuracy 3, %

	
Value

	
Accuracy, %






	
NDMI

	
−0.25–0.03

	
81

	
>0.23

	
93




	
NBR

	
−0.3–0.3

	
78

	
>0.3

	
92




	
NBR2

	
0–0.25

	
76

	
>0.1

	
87




	
NDVI

	
0.2–0.55

	
68

	
>0.2

	
86




	
BAI

	
40–120

	
65

	
<−30

	
72




	
MIRBI

	
1.4–1.7

	
58

	
<−0.2

	
59








Note: 1 ΔIndex = Index2010 − Index2011; 2 identified thresholds for detected burnt areas; 3 accuracy of fire detection when using an index with an appropriate threshold.
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Table 3. The accuracy of the identified burnt areas in the peatlands of the Moscow region.
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Ground Truth Data




	
EO Data 1

	
Burnt

	
Unburnt

	
Σ

	
User’s Accuracy, %






	
Burnt

	
328

	
4

	
332

	
98.8%




	
Unburnt

	
26

	
240

	
266

	
90.2%




	
Σ

	
354

	
244

	
598

	




	
Producer’s accuracy, %

	
92.7%

	
98.4%

	

	
94.98% 2








Note: 1 earth observation data; 2 overall classification accuracy.
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Table 4. Descriptive statistics of the main characteristics of peat and other wildfires: duration (days), maximum temperature (K), and maximum fire radiation power (MW).
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	Fires
	Number *
	Mean
	Median
	Min
	Max





	Duration_peat **
	241
	1.83
	0
	0
	33.67



	Duration_peat ***
	92
	3.6
	0.20
	0
	33.7



	Duration_nopeat **
	758
	0.51
	0
	0
	14.01



	MaxFRP_peat **
	241
	38.02
	17.5
	4
	854.5



	MaxFRP_peat ***
	92
	111.9
	16.2
	4.5
	784



	MaxFRP_nopeat **
	758
	19.75
	11.3
	3.2
	511.5



	MaxT_peat **
	241
	319.02
	314.3
	300
	444.1



	MaxT_peat ***
	92
	325.7
	318.6
	300.5
	444.1



	MaxT_nopeat **
	758
	311.97
	308.2
	300
	430.7







*—number of objects; **—wildfires defined using Terra/Aqua MODIS data (March–October 2010); ***—peat fires defined using Terra/Aqua MODIS and Landsat-5 TM data (July–September 2010).
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