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Abstract

:

Affected by global warming, methane gas released by permafrost degradation may increase the frequency of wildfires, and there are few studies on wildfires in permafrost regions and their correlation with climate and regional methane emissions. The northwestern section of the Xiaoxing’an Mountains in China was selected as the study area, and the spatial relationship between permafrost and spring wildfires was studied based on Landsat TM and Sentinel-2 data. Combined with monitoring data of air temperature, humidity, and methane concentration, the impact of methane emissions on spring wildfires was analyzed. The study shows that the spatial distribution of fire scars in spring is highly consistent with permafrost, and the change trend of fire scars is in line with the law of permafrost degradation. Wildfires occur intensively during the snow melting period in spring, and the temporal variation pattern is basically consistent with the methane concentration. The number of fire points was positively correlated with air temperature and methane concentration in March and April, and spring wildfires in permafrost regions are the result of a combination of rising seasonal temperatures, surface snow melting, and concentrated methane emissions. Larger areas of discontinuous permafrost are more prone to recurring wildfires.
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1. Introduction


Permafrost accounts for 24% of the land area of the Northern Hemisphere, is an important component of the forest and shrub ecosystems in the northern circumpolar region, and plays a critical role in the atmospheric carbon pool and source/sink budget [1,2,3]. The past three decades have seen a rapid increase in temperature at high latitudes (0.060 °C/a), twice the global average rate [4]. Climate warming has triggered widespread, sustained, and rapid permafrost thaw and wetland degradation [5]. On the Arctic, North Atlantic, and North Pacific continental shelves, methane is released from destabilizing hydrates, accompanied by climate warming and the warming of permafrost and oceans [6,7,8]. Permafrost regions may become a main source of major greenhouse gases (CO2, CH4, and N2O). The emissions of major greenhouse gases such as CH4 and CO2 inevitably interfere with the structure and function of terrestrial systems and exacerbate global warming [9,10]. In addition, the greenhouse effect caused by methane gas emissions and its own highly explosive and spontaneous combustion characteristics may greatly increase the risk of regional fire events.



Fire is one of the main factors driving changes in boreal forest structure and species composition, and exerts extremely important effects on energy exchange, biogeochemistry, hydrology, and carbon and nitrogen cycles in forests [3,11]. Currently, the main factors affecting fire occurrence include sustained high temperature and dry weather, thunderstorms, strong winds, and artificial arson. A recent study has shown that climate warming and drying will lead to an increase in the frequency of wildfires [12]. Wildfires destroy the surface organic mats and vegetation that provide thermal protection, accelerating the formation of thermokarst terrain and the degradation of ice-rich permafrost. In addition, wildfires have an extensive and long-lasting impact on the thermal conditions of permafrost soils [13]. After a wildfire, the interactions among burn severity, terrain, and vegetation control the distribution of near-surface permafrost and related drainage conditions [14]. In turn, the degradation of permafrost and the deepening of the active layer promote the release of carbon stored in the permafrost, which will aggravate the carbon loss in high-latitude permafrost regions, leading to further disruption of the carbon balance in boreal and Arctic ecosystems and facilitating the transformation of carbon sinks into carbon sources [14,15,16,17].



The rapid development of remote sensing technology provides new ideas and methods for studying the mutual feedback relationship between permafrost and wildfires at fine scales and in real time [13,18]. Remote sensing data can provide detailed distribution information for the two at global, regional, and local geographic scales to assist in monitoring and analyzing their dynamics and interrelationships [19,20]. Permafrost in Northeast China is mainly found in the Daxing’an, Xiaoxing’an, and Changbai Mountain Range, and this high-latitude and mountainous permafrost is highly sensitive to climate change. The discontinuous permafrost in this region has degraded by 38% in recent decades due to climate warming, and the southern boundary of permafrost exhibits a clear northward-moving trend [21]. The frequency of climate-induced fires in this region is increasing year-by-year, which will not only further aggravate climate warming and permafrost degradation, but also affect the management, protection, and sustainable development of local forest resources. To date, studies on the relationship between permafrost degradation and wildfire have focused on the effects of wildfire events on permafrost thaw and carbon balance [14,15,22,23]. However, the mutual feedback relationship between wildfire and permafrost degradation remains poorly understood at regional scales. Therefore, more refined data and new research tools are needed to analyze the spatial and temporal correlations between the two.



This study selected the K153-K183 section of the Bei’an-Heihe Expressway in the northwestern Xiaoxing’an Mountains as the study area. The characteristics of spring wildfire spatiotemporal distribution during the 2017–2021 period are described based on field surveys, remote sensing information, and GIS analysis. Combined with permafrost distribution, topographic data, meteorology, and methane concentration monitoring data, the relationship between wildfires and climate and local methane emissions in permafrost regions is discussed. This study provides a reference for studying the causal mechanisms underlying fire occurrence and ecosystem carbon dynamics in boreal and Arctic permafrost regions in the context of temperature changes.




2. Materials and Methods


2.1. Study Region


The study area is located at the margin of the Sunwu-Jiayin Basin in the low-mountain and hilly landform area of the Xiaoxing’an Mountains. It is an intermountain permafrost swamp (Figure 1) with an altitude of 110–755 m and a total area of approximately 1585 km2. The study area is characterized by a continental monsoon climate controlled by the Siberian-Mongolian high-pressure system in winter and influenced by the warm and humid Pacific airflow in summer, with an annual average air temperature of approximately −2 to 1 °C, an average annual precipitation of approximately 550 mm, and summer precipitation accounting for 65% of the total annual precipitation. The vegetation is dominated by cold-temperate coniferous forests and mixed coniferous/broad-leaved forests. The relatively low-lying area is a Sphagnum swamp with a widely distributed stable inversion layer, which has an important impact on the development and distributional characteristics of permafrost. This permafrost distribution with such special characteristics is referred to as Xing’an-Baikal permafrost [24,25,26]. Sentinel-2 satellite imagery has detected significant seasonal wildfires caused by greenhouse gas anomalies in this area in spring and autumn in recent years, and wildfires have occurred frequently in the study area, especially at the end of snow and ice melting in spring [27].



This area is a swamp with high surface soil moisture after the spring thaw. Wildfire events were dominated by incomplete combustion of the surfaces of Carex tato plants. The Carex roots above the surface water burned to a greater degree, while those at the edge of the surface water burned to a lower degree or even remained unburned, showing a patchy and scattered burn overall (Figure 2g,h). In addition, there were regions with many microvolcano-like features in the study area (Figure 2i), where Carex tato burned heavily (visible as grey colour), which was due to variation in the extent of burning caused by methane gas from under the frozen layer breaking through the weak soil layer at high pressure, leading to high concentrations of methane discharged from the pores.



Permafrost in the study area covers approximately 215.81 km2, accounting for 13.61% of the total study area. Seasonal permafrost and talik account for over 80%. The permafrost has a thickness of approximately 5–10 m, a mean annual ground temperature of 0.5–5.0 °C [27,29], and is mainly distributed in river valleys and on foothills and shady slopes; it is characterized by high temperature, small thickness, and extremely unstable hydrothermal state and is susceptible to disturbance by external environmental changes and human activities. The combined influence of regional geological conditions, climate change, and human activities results in drastic degradation of permafrost, which ranges in distribution with increasing elevation from local and discontinuous, to intermittent and island-like, and then sporadic [25,27].




2.2. Data Sources


Sentinel-2 data (https://apps.sentinel-hub.com/, accessed on 15 March 2021) were used to extract the fire scars in the study area from March to April of 2017–2021. This dataset contains 13 bands ranging from visible and near infrared to shortwave infrared, with image bands of different resolution that can satisfactorily meet the mapping requirements at different scales [30,31]. The pre-fire and post-fire cloud-free datasets for March of each year were selected separately, and the Sentinel-2 L1C data were radiometrically calibrated and atmospherically corrected using the Sentinel-2 Toolbox (Sentinel Application Platform, SNAP v2.4.0) to obtain L2A data. Table 1 shows the wildfire time period and Sentinel-2 image selection time.



The statistical data on the daily numbers of fires in the study area were derived from the Visible Infrared Imaging Radiometer Suite (VIIRS) thermal anomalies/active fire product. This data product (https://firms.modaps.eosdis.nasa.gov/, accessed on 15 March 2021) originated from the data captured by the VIIRS sensors onboard the joint National Aeronautics and Space Administration/National Oceanic and Atmospheric Administration (NOAA) Suomi National Polar-orbiting Partnership (Suomi NPP) and NOAA-20 satellites. The VIIRS Active Fire data have a spatial resolution of 375 m and a temporal resolution of ≤12 h. The data show good consistency with the Moderate Resolution Imaging Spectroradiometer (MODIS) data in hotspot detection, but the improved spatial resolution of VIIRS imagery provides greater response to fires in relatively small areas and enhanced nighttime performance, making it suitable for fire monitoring and management as well as other scientific applications requiring improved fire mapping fidelity.



A meteorological monitoring system (http://www.qixiangshuju.com, accessed on 20 March 2021) was used to monitor the site meteorological data in real time. The R-1 and R-2 meteorological stations (model GD24-YCXQ) are set up at altitudes of 278 m (127°18′21″ E, 49°30′52″ N) and 229 m (127°21′5″ E, 49°39′28″ N), respectively. Each station is mainly composed of a data acquisition host, a data analysis system, a data transmission system, Internet of Things sensors, a general packet radio service (GPRS) wireless transmission system, and a solar power supply system. The sensors mainly include surface meteorological element sensors such as surface methane concentration sensors (QT21-BX80-CH4) and air temperature sensors (GD51-KWSY). Each meteorological station is equipped with three methane concentration sensors (CH4-1, CH4-2, and CH4-3) that measure surface methane concentration in units of parts per million (ppm). The monitoring systems described above all use GPRS communication to transmit data to the central station periodically and generate messages automatically without human intervention, with high accuracy and reliability [27]. The monitoring stations and surrounding environment are shown in Figure 2.



The permafrost and surface temperature distribution data were obtained from a study by Wang et al. Landsat-7 ETM+ images from March (at the end of snow cover melt), May (when temperature was always above zero), and September (when the seasonal thaw depth was highest) of 2009 were selected. The surface temperature was obtained using the inverse function of the Planck formula. According to the criteria for determining permafrost islands, a map of permafrost distribution in the study area was further generated through methods such as threshold division and superposition analysis. The results obtained are highly accurate and consistent with the pattern of regional distribution of Xing’an-Baikal permafrost and with field permafrost drilling results [32].




2.3. Extraction of Fire Scars


Pre-fire and post-fire images are generally used to generate fire scar and fire severity indices such as the differenced normalized burn ratio (dNBR), relativized dNBR (RdNBR), relativized change in total fractional cover (RdFCT), change in bare fractional cover (dFCB), differenced normalized difference vegetation index (dNDVI), and differenced bare soil index (dBSI) [33]. Since wildfires in the study area occurred during the spring snow and ice melt, the dNBR and dNDVI-based methods for extracting fire scars are not effective in distinguishing fire scars from wet bare soils. Therefore, supervised classification was used to extract fire scars in this study. The shortwave infrared (SWIR) RGB composite band of the Sentinel-2 data was selected for use. SWIR is a composite of the B12, B8A, and B04 bands of the Sentinel-2 data and can accurately represent newly burned land. Therefore, it can be used to distinguish the fire scars within a short temporal range [34].



ENVI 5.3 software was used to divide the study area into six types of surface features (bare land, fire scars, vegetation, waterbodies, buildings, and farmland) by visual interpretation, and 100 training samples were selected for each type of surface feature (70% for classification and the remaining 30% for accuracy verification). The maximum likelihood method was used for supervised classification to extract fire scar information. Some waterbodies, vegetation, and bare land in the extraction results were misclassified as fire scars and removed using decision tree classification. Figure 3 shows the extraction process of spring wildfire burns in local areas in 2018, 2020, and 2021. The results were validated, with an overall accuracy of 82.71% and a kappa coefficient of 0.66, satisfying study requirements. The extraction results of fire scars based on Sentinel-2 data were used to analyze the spatial correlation between wildfires and permafrost.




2.4. Correlation Analysis


Correlation analysis was carried out to study the relationships of climatic factors and atmospheric methane concentration with wildfire occurrence frequency, with a focus on the correlations of air temperature, air humidity, and atmospheric methane concentration with the number of wildfires. The larger the absolute value of the correlation coefficient, the stronger the correlation of the number of wildfires with a climatic factor or methane concentration; conversely, the smaller the absolute value of the correlation coefficient, the lower the correlation between the two. The correlation coefficient is calculated as follows [35]:


  r =    ∑  i = 1  n   (   a i  −  a ¯   )   (   b i  −  b ¯   )       ∑  i = 1  n     (   a i  −  a ¯   )   2     (   b i  −  b ¯   )   2       



(1)




where n is the cumulative number of years in the monitoring period, a and b are the two variables included in the correlation analysis, and   a ¯   and   b ¯   are the mean values of the variables.




2.5. Overlay Analysis


Overlay analysis is a very important spatial analysis function in GIS, which refers to the process of generating new data through a series of collective operations on two data under the same spatial reference system. The goal of overlay analysis is to analyze the interrelationships between spatial features and exclusive attributes of spatial objects that are related in spatial locations [36]. In this study, we calculated the area of wildfires on permafrost and the location and area of repeated wildfires by superimposing and analyzing the vector data of wildfires and permafrost in ArcGIS software.





3. Results


3.1. Characteristics of Wildfire and Permafrost Spatial Distribution


The area of fire scars and the number of fires extracted based on the Sentinel-2 data were analyzed statistically, and the overlap between fire scars and permafrost was also extracted by the intersection method, as shown in Figure 4. The total area of fire scars in the study area in the spring from 2017 to 2021 ranged from 77.098 to 134.495 km2, accounting for 4.9% to 8.5% of the total study area. The total area of fire scars was greatest in 2017, then decreased rapidly in the following two years and increased slightly in 2020. The total number of fires ranged between 124 and 251, which was consistent with the changes in the area of fire scars, with both declining over time. The overlap between the distribution of fire scars and that of permafrost accounted for 19.636% to 25.560% of the permafrost area in the study area.



The spatial distribution of the fire scars is shown in Figure 5. In the spring, fires were widely distributed in the study area, and individual fires were small in size and patchily distributed. The spatial distribution of fire scars was highly consistent with that of permafrost, with most of them distributed on or around permafrost (island-like), and wildfires with large burning areas were mostly concentrated in low-lying areas such as valleys and river valley terraces at low altitudes in the central portion of the study area. The planar positions and altitudinal distribution of fires and permafrost indicate that the permafrost and wildfires were mostly distributed in the eastern and central parts of the study area, gradually increasing from west to east and from high to low altitudes. Because the terrain of the study area is high in the west and low in the east, the fire scars and permafrost in the west were mainly distributed in the altitude range of 250–400 m, while the altitudinal distribution of permafrost and fire scars in the eastern portion of the study area was significantly lower than that in the west and roughly between 200 and 300 m, with wildfires more densely distributed at lower altitudes.




3.2. Distributional Characteristics of Wildfires and Permafrost Topography


The permafrost in the study area was mostly distributed on north- and northwest-facing slopes, followed by northeast- and west-facing hillsides and valley bottoms (Figure 6a); low-lying swamps and shady gentle slopes at the bottoms of valleys are more conducive to protecting permafrost [37]. Wildfires and permafrost differed slightly in aspect distribution and mainly in 2017, when wildfires mainly occurred on the south-facing slopes (18.43%) and southeast-facing slopes (16.61%), followed by the north-facing slopes (15.02%) and northeast-facing slopes (13.31%). After 2017, the aspect distribution of wildfires tended to be consistent among years, with the greatest area on north-facing slopes, accounting for 16% to 19% of the total area of fire scars, followed by northeast-facing slopes, and the area of fire scars on south-facing slopes was slightly lower than that on north-facing slopes. It is generally believed that within the same valley, the south-facing slope receives the most solar radiation, followed by the southeast- and southwest-facing slopes, and the north-facing slope has the least solar radiation [25,37]. Therefore, the surface temperatures of the sunny slopes are higher than those of the shady slopes, which are slightly higher than those of the valley bottoms, leading to permafrost degradation first on the sunny slopes and then on the shady slopes and valleys, as was also the pattern of wildfire occurrence in this study area.



Terrain controls the Xing’an-Baikal permafrost more strongly than in Arctic and high-altitude permafrost. Terrain controls the redistribution of soil moisture in the horizontal and vertical directions and is an important factor controlling the distribution of permafrost as well as the vegetation and carbon storage of boreal forests and wetlands [38,39]. As shown in Figure 6b, permafrost was mainly found between 190 and 450 m, with peaks at 250, 280, 330, and 350 m. Moreover, above 250 m, the area of permafrost gradually decreased with increasing altitude. Wildfires and permafrost showed similar distribution patterns in terms of altitude and were mainly found between 180 and 420 m. The distribution of wildfires was similar among years but slightly different in the range of 240–270 m. The elevation with the highest fire scar area decreased from 265 m in 2018 to 240 m in 2021, gradually shifting to lower altitudes. This finding indicates a tendency for wildfires to spread from high to low altitudes over time, consistent with the pattern of the degradation of Xing’an-Baikal permafrost from mountains to valley bottoms [40]. The relatively high surface temperature on the upper part of a hillside due to effective drainage and greater sunlight exposure results in the degradation of permafrost at the top of the hillside before permafrost at the bottom degrades as well as drier soils, increasing the flammability of the fuel and making it more likely to burn. The distribution of wildfires and permafrost in terms of slope (Figure 6c) showed that the fire scars and permafrost in different years were mostly found at slopes of 0–6°; the areas of fire scars and permafrost gradually declined with increasing slope and the passage of time.




3.3. Seasonal Climate Change and Methane Emission Patterns


From 2017–2020, the average annual air temperature in the study area remained at approximately 1.8 °C (Figure 7b), with a steady increase at a rate of 6.3171 × 10−4 °C/a; the maximum and minimum values occurred in 2020 (2.3 °C) and 2018 (1.1 °C), respectively, and the temperature generally reached the maximum in July each year. The average annual air humidity was 51.163% (Figure 7a), with a rate of increase of 0.3912%/a. The air humidity in the year shows a fluctuating trend of first decreasing, then increasing and then decreasing. The air humidity in the study area significantly decreased in spring each year, reaching an annual minimum at the end of March and the beginning of April. In the following two months, the air humidity increased rapidly and reached its annual maximum in July. Humidity declined from August to October but remained higher than in the spring.



In permafrost regions, the large amount of meltwater generated at the beginning of snowmelt in spring causes the air humidity to rise rapidly in a short period of time. However, because the surface has not yet thawed and is blocked by the permafrost, the meltwater cannot fully replenish the soil moisture, and the gradually increasing temperature leads to abnormal loss and evaporation of meltwater not absorbed by the soil layer, resulting in a stronger response of soil moisture to temperature increase in permafrost regions than in nonpermafrost regions [23]. Therefore, there was a short period of decline in humidity in the study area in early April.



The methane concentration monitoring data from the R-1 meteorological station from 2017–2020 and the R-2 meteorological station from 2019–2020 (Figure 7d) show that the methane concentration changes within a year can be divided into three phases, namely, March–May, June–August, and September–November. The phase of short-term release of high concentrations of methane occurred in late March and early April of each year, during which methane concentration reached its highest level in the year (over 1000 ppm in 2017, 2018, and 2019). As the temperature rose in spring, the ground snow and ice cover gradually melted, and the relatively low pressure promoted the short-term release of a large amount of methane gas enclosed in the active layer of permafrost because of the frozen surface in winter. From June to August, due to the surface thaw and the effect of methanogens in swamps, methane gas was in the phase of sustained release at moderate concentrations, with methane concentrations at the R-1 meteorological station remaining at 200–400 ppm in 2017 and 2018. The period from September to November was the phase of short-term emission of high concentrations of methane in the study area. During this phase, the upper surface of the active layer gradually froze, the ground snow cover gradually increased, and the methane gas that had accumulated between the active layer and the upper limit of permafrost through production by methanogens was perhaps squeezed out by frost, resulting in a high concentration of methane on the surface in a short period of time [41].



The release of highly concentrated methane was detected at the R-2 meteorological station in January 2020, probably because the incomplete freezing of the upper surface or the continued thawing of the frozen layer led to an early release of the methane accumulated in high concentration in the soil. After January 2020, the surface methane concentrations at the R-1 and R-2 meteorological stations gradually tended towards low values, which was related to the special surface cover conditions near the monitoring points (Figure 2). According to a previous study by Guo et al. on the degradation of permafrost in the study area between September 2009 and October 2016, under the influence of climate change and engineering construction disturbance, the permafrost in the study area is degrading, and the degradation method is that the permafrost table and permafrost base changes synchronously, and the rising speed of the permafrost base exceeds the decline rate of the permafrost table. The thickness of permafrost gradually declined, and permafrost may further degrade to disappear completely in the coming years [27,42]. The annual degradation of permafrost lowered the water table, which led to reduced soil moisture and a zone of elevated CH4 oxidation, in turn resulting in decreasing methane emissions in some regions [43,44].




3.4. Analysis of the Relationships of Seasonal Climate Change and Methane Emissions with Wildfires


To investigate the relationship between methane concentration and wildfires, the number of daily fires in the study area from 2017 to 2020 was extracted using the VIIRS Active Fire product (Figure 7c). The pattern of changes in the number of fires was consistent with that for methane concentration throughout the year, the period with the larger number of fire points corresponds to the two short-term emission periods of high methane concentration from March to April and September to November. The number of daily fire points from late March 2017 to 2019 was between 70 and 120, and the number of fire points from March to April accounted for 57% (2020) to 92% (2018) of the total number of fire points in the year. In 2020, the number of fire spots in the study area declined significantly, which corresponded to a decrease in methane concentration. This consistency between changes in wildfires and changes in methane concentration demonstrates that methane emission is an important factor affecting wildfire occurrence in permafrost regions.



Analysis of correlations of the number of fires per month in the study area with the air temperature, air humidity, and methane concentrations monitored by the three methane sensors at the R-1 meteorological station was conducted (Figure 8). There is a positive correlation between the methane concentration and the number of fire points, and the correlation coefficient between the two reached the maximum value during the year in March and April—especially in March 2018 and April 2019, when the number of fire points and methane concentration showed a very significant positive correlation (R2 > 0.496, p < 0.01).The air temperature is positively correlated with the number of fire points, and there is a very significant positive correlation between March 2017, March 2018, and April 2019. Spring air temperature and surface methane concentration in the study area have a strong impact on the occurrence of wildfires, and the frequency of wildfires increases with the increase of the two during this time period. There is a low negative correlation between air humidity and the number of fire points, but the two were significantly negatively correlated in March 2017 and March 2019 (R2 = 0.409, p < 0.05; R2 = 0.375, p < 0.05). Greater air humidity is not conducive to wildfires.



The highest frequency of wildfires occurred in late March and early April (Figure 9). During this period, the air humidity decreased significantly at rates of 0.591%/d (2017), 0.622%/d (2018), 0.490%/d (2019), and 0.752%/d (2020). The air humidity fluctuated greatly, increasing rapidly with the rapid increase in methane concentration and the occurrence of fires for a short period of time at the beginning of ice and snow melting, and then decreasing significantly. After that, the air humidity gradually increased but did not recover to the value before the wildfire in a short time, because the continuous high temperature after the fire accelerated the evaporation of soil moisture. In addition, due to the lack of precipitation and water supplement after the snow melting period, the humidity in this period was low. The air temperature increased in March and April at rates of 0.248 °C/d, 0.354 °C/d, 0.184 °C/d, and 0.349 °C/d, respectively, in 2017, 2018, 2019, and 2020. When there was no fire, the air temperature increased modestly; during the fire the temperature increased sharply.



The peaks of methane concentration at R-1 monitoring points occurred at 15–25 March (2017), 24–27 March (2018), and 30 March–6 April (2019), with average daily methane concentrations up to 1000 ppmv. The fires occurred after or along with the emission of high-concentration methane; during these times, the air temperature attained the highest values during the observation period, even reaching approximately 20 °C on 29 March 2017. The trend of variation in air humidity during this period was consistent with that for methane concentration, and the “greenhouse effect” produced by high methane concentration accelerated evaporation from the ground, causing a brief increase in air humidity. It is worth noting that the dates of large fires in 2018 coincided exactly with those of high methane concentrations, both occurring on 24–26 March. The year 2020 saw low methane concentrations at the monitoring points and a significant decrease in the number of fires over the entire region. Except for 2018, there was some difference between the dates of large fires and those of high methane concentrations. The main reason for this difference is that the fire statistics were calculated for the entire study area, while the surface methane concentrations were measured at monitoring points, and there could be some temporal differences between the timing of high-concentration methane releases at the R-1 and R-2 meteorological stations and that for the study area as whole.



The daily mean changes in air temperature, air humidity, and surface methane concentration indicated that the date of maximum surface methane concentration often preceded the fire, and the maximum air temperature slightly lagged behind the peak methane concentration, occurring at the time of the fire and after the fire. Air humidity rises briefly at the onset of the fire and then drops sharply to smaller values. This hot and dry environment provides favorable conditions for the spread of wildfires. In addition, the timing of wildfire occurrence in the spring of each year largely coincided with the periods of peak methane concentration, which further demonstrates that the rapid warming caused by high concentrations of methane emissions during permafrost thawing may increase the risk of wildfires in the spring, and that the flammability of methane itself is another condition that promoted the occurrence and spread of wildfires.





4. Discussion


4.1. Influence of Seasonal Permafrost Thaw on Methane Emissions


Affected by factors such as climate change and human activities, the thickness of permafrost in the northern Xiaoxing’an Mountains is gradually decreasing [42], and the organic matter and methane hydrates stored in permafrost are gradually entering the atmosphere in the form of methane gas [27]. The highest concentrations of surface methane emissions occurred in each spring (March to May), during which the methane gas from the decomposition of organic carbon in the active layer and methane hydrates from the destabilisation of permafrost are the main sources of high-concentration methane gas entering the atmosphere [45,46,47]. The seasonal frozen layer over the permafrost in winter hinders gas exchange between the soil and the atmosphere, causing the methane oxidation in winter to be only 5–15% of that in summer; the continued methane production from permafrost begins to accumulate under the frozen layer and snow cover, and large amounts of high-concentration, high-pressure methane gas are stored under the seasonal frozen layer or in the melting interlayer before being released [48,49].



During the short period of spring thaw, the methane stored in the frozen layer is released in stages. Since nutrients for methane-oxidizing bacteria may be at low levels during the thawing period, most of the accumulated methane escapes microbial oxidation and directly enters the atmosphere. In a study conducted by Michmerhuizen et al. [50], only 7% of methane was lost due to oxidation, and over 85% was directly released within 48 h after ice melting. Song et al. studied methane in the Sanjiang Plain in Northeast China and concluded that the spring thaw effect causes large methane emissions from permafrost regions [51]; in addition, the peak methane emissions in the spring thaw period can exceed the methane emissions in the growing season by three orders of magnitude, which is consistent with the methane concentrations observed in this study.




4.2. Local Methane Emissions and Wildfire Occurrence Patterns


In previous studies on fires in permafrost regions, high temperature and drought have been considered the main factors triggering fires [23], and the increase in forest fires in permafrost regions is attributed to temperature increases, which lead to earlier melting of snow cover in spring, increased evaporation, earlier ground exposure, and dry ground, thereby promoting the spread of fires [52] However, the spring wildfires in the northern Xiaoxing’an Mountains mainly occurred in swamp wetlands, which accounted for 16.81% of the total area of the study area. Seasonal changes in topsoil moisture in these regions are mainly driven by freeze–thaw cycles of seasonally frozen soil, with surface moisture usually having higher values during snow thaw in spring [53]. In this climate, the concentration of wildfires is also related to other conditions such as burning materials. We found that wildfires in the field were characterized by incomplete combustion of Carex (Figure 2); the Carex roots above the water surface in swamps burned to a high degree, while the Carex at the edges of waterbodies burned to a low degree, thereby resulting in the patchy distribution of fire scars centered on Carex (Figure 2g,h). In early spring, the frozen layer and snow cover had not completely melted, and the pore channels in the root system of Carex caused methane gas to be first emitted from these regions into the atmosphere. Due to the spatial heterogeneity in the growth and distribution of Carex and the difference in the distribution of permafrost, the concentration of methane entering the atmosphere was not uniformly distributed, thus leading to a difference in the degree of burning. In some areas, the methane gas concentration was low and, hence, Carex was not fully burned and appeared black. In some areas with many microvolcano-like features (Figure 2i), the Carex burned heavily and was grey in color, which was due to the extent of burning caused by the methane gas under the frozen layer breaking through the weak soil layer at high pressure resulting in high concentrations of methane gas discharged out of the pores.



Factors such as weather and climate are considered top-down drivers, while bottom-up drivers are local variables that influence fuel sources [54,55]. Methane gas has a greater warming potential when combined with aerosols (e.g., dust, sea salt, sulfate, black carbon, and other atmospheric particles). Therefore, methane gas may increase the risk of forest fires in degraded permafrost regions, due to its spontaneous combustion, and increase the regional atmospheric temperature [46]. Because of the large amount of carbon and heat emissions due to the occurrence of wildfires, the greenhouse warming due to promotion by methane of wildfires may be much higher than its direct contribution to the greenhouse effect. Previous research has found that, in addition to high temperature and drought, the high carbon emission flux from boreal peatlands plays a large feedback role in forest fires [14]. The pattern and mechanisms of wildfire occurrence in the area investigated in this study are similar to those in southeastern Siberia, reaching local peaks in spring and autumn, with the peaks in spring approximately 3–4 times those in autumn [23]. Large-scale wildfires also occur annually in spring in the southwest (Zeya-Bureya Basin) and southeast of the Bureya Mountains, Russia, which are adjacent to the Heilongjiang River in this study area. This region is a sedimentary basin with conditions for methane hydrate formation and storage; in addition, this region is adjacent to the area investigated in this study, located at the southern margin of the Eurasian permafrost zone, and is in a degraded permafrost zone with relatively unstable permafrost [27]. In addition to climatic factors, local methane emissions in permafrost regions are closely related to wildfires, and are synchronized in time and space, but the interaction mechanism between the two and the quantification of the correlation between the two need to be more comprehensive and require extensive data support and experimental validation.




4.3. Repeated Wildfire


Because wildfires cause rapid consumption of high-concentration methane, depletion of combustibles, and destruction of the microbial environment within the soil, it is generally believed that there will be no more wildfires in a region in the short term after a burn. However, the results of overlap analysis (Figure 10a) showed that repeated wildfires occurred in many areas during the monitoring period, and there were even sequences of more than three repeated fires. On the one hand, repeated wildfires occurred because wildfires destroyed the recovery mechanism of permafrost, and fires significantly impacted soil temperature and permafrost thaw depth. Studies have shown that several years after a fire event, the soil temperature of a burned plot remained higher than that of a control plot and the permafrost thaw depth was also deeper than that of the control plot; the active layer thickness of permafrost continued increasing for 25–50 years after the fire event [22,56]. On the other hand, with the continuous warming of the climate, the recovery ability of the permafrost temperature field is diminishing, and fires can have a compounding effect that accelerates the existing rate of permafrost degradation [57]. When the upper limit of permafrost drops to a critical depth, the overlying peat layer will not completely refreeze in the following winter, leading to further development of the active layer and formation of the thawing interlayer [15,58]. The slow recovery mechanism of permafrost cannot keep up with the effects of warming and fires. Therefore, methane gas continues to be produced in some regions in the winter after wildfires, triggering wildfires after the snow cover melts in the spring. For regions with intermittent wildfires and those where fires occur only once, methane is still emitted in spring but does not reach the concentration that would allow spontaneous combustion. The statistical analysis of the altitudinal distribution of repeated wildfires (Figure 10d) shows that repeated wildfires were mainly found at altitudes of 200–280 m. Within this altitude range, the percentages of the areas of ranges with sequences of 2, 3, 4, and 5 wildfires were 86.56%, 67.09%, 77.97%, and 22.53%, respectively, indicating that repeated fires were more likely to occur in low-altitude regions and that the permafrost in these regions was extremely unstable and degraded year after year. In addition, the superposition and correlation analysis showed that the number of wildfire occurrences was positively correlated with the area of permafrost (R2 = 0.316). Multiple repeated wildfires occurred mainly in large areas of permafrost islands with high continuity at the landscape scale, consistent with a previous finding that regions with greater permafrost thickness and higher surface methane concentrations correspond to more severe burning [27]. For permafrost regions with discontinuous, sporadic, and patchy distributions, severe fires may cause years of damage and loss [59,60].




4.4. Uncertainty of the Investigation


First, due to the limitation of the spatial and temporal resolution of remote sensing data as well as the interference of weather, it is difficult to refine the inversion of permafrost distribution, and the inversion results are subject to human intervention. So far, only local areas of Xiaoxing’an Mountains have been selected for the study. This interaction between fire occurrence and permafrost degradation needs to be further verified across the entire boreal region. Second, there is a certain time lag between permafrost data and wildfire data. At the beginning of the study, we drew the permafrost distribution map of the study area in 2009 and 2017–2020 based on Landsat data, but according to the verification results of field drilling data and weather station data, the permafrost distribution data in 2009 is better than the other period’s data. Although permafrost may have changed in some areas, this data basically reflects the spatial distribution of permafrost in our study area, and its more accurate spatio-temporal correlation with wildfires is indeed worthy of further study. In the next plan, we will improve the simulation method of permafrost distribution, obtain updated permafrost data, study the occurrence law of wildfires in the permafrost degradation zone, and analyze the internal relationship between the two.



In addition, because the monitoring environment is in areas of permafrost, the instruments at the meteorological stations are greatly affected by environmental factors such as low temperature as well as snow and ice; therefore, the accuracy of the instruments must be calibrated regularly and there are problems of missing data. It is necessary to increase the number of meteorological stations to form a monitoring network in order to achieve a comprehensive monitoring of methane gas emissions and their impact on wildfires in permafrost regions. However, our current preliminary experiments can still reveal some important information about fires, permafrost degradation, and methane emissions in permafrost regions, and their correlations.





5. Conclusions


Wildfires in the study area mostly occurred in spring and autumn, and the number of fire points in spring accounted for more than 57% of the total number of fire points in the year. Spring fire scars and permafrost are highly consistent in spatial distribution, with the largest distribution in low-lying wetlands at an altitude of about 250 m, with a gradually increasing distribution from west to east and from high to low. From 2017 to 2021, the spatial change of the fire scars reflects the development law of wildfires shifting from the southern slope to the north slope and spreading from high altitude to low altitude, which is also in line with the degradation law of Xing’an Baikal permafrost.



The surface methane concentration has three stages during the year. The maximum methane concentration in spring (March–May) can reach 1000 ppmv, which is three times the methane concentration in the second (June–August) and third stage (September-November). The annual average temperature rises steadily at a rate of 6.3171 × 10−4 °C/a, and the air humidity in the year shows a fluctuating trend of first decreasing, then increasing and then decreasing. The frequency of wildfires and methane concentration changes during the year are consistent. The early snowmelt in spring is a high-incidence period of wildfires. During this period, the number of fire spots in the study area reached the annual maximum, and the air methane concentration also reached the annual maximum. With wildfires and high concentrations of methane, air temperatures reach large values for a short period of time. Before and after the fire, the air humidity changed significantly in stages.



The number of fire points is positively correlated with air temperature and surface methane concentration, and the correlation coefficient has the maximum value in the year from March to April. The number of fire points in spring was significantly negatively correlated with air humidity. In addition to climatic factors, local methane concentration is also one of the main driving factors for the occurrence of spring wildfires in permafrost regions. The spring thaw effect leads to the concentrated emission of high-concentration methane. Wildfires mostly occur during or shortly after the release of high concentrations of methane.



Repeated wildfires mostly occur on large and continuous permafrost islands (at the landscape scale), and the number of wildfires is positively correlated with the permafrost area. The distribution, thickness, and changes of the active layer of permafrost affect the frequency, extent, and scope of wildfires to a certain extent. Repetitive wildfires are more likely to occur in low-altitude permafrost regions that are unstable and continue to degrade. The methane emissions and wildfire occurrence patterns in the process of permafrost degradation require more comprehensive observations in the future, and the relationship and mechanism between the two deserve further exploration and in-depth research.
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Figure 1. Geographical location and permafrost distribution of the study area. (a) Geographical location and permafrost distribution in Northeast China; the permafrost data are derived from S. Gruber’s [28] global permafrost distribution results, there is no copyright issue, more details on “Copyright and Licensing” are available via the following link: https://www.geo.uzh.ch/microsite/cryodata/, accessed on 30 July 2022; (b) permafrost distribution and monitoring station locations in the study area. 
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Figure 2. Fire scars near the meteorological stations in the study area in April 2021, R-1 and R-2 meteorological stations, and the deployment environment. (a) The fire scar near the R-1 meteorological station in spring 2021. (b) The environmental conditions after the surface thaw at the R-1 meteorological station. (c) The R-1 meteorological station. (d) The fire scar near the R-1 meteorological station in spring 2021. (e) The scene of high-concentration methane release from a borehole in the swamp in the study area in spring. (f) The R-2 meteorological station. (g–i) Fire scars near the R-2 meteorological station in spring 2021. 
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Figure 3. The local area fire events in March 2018, 2020, and 2021, the Sentinel-2 satellite remote sensing images of the burned areas, and the extraction results of the fire scars. (a1,b1,c1) Satellite remote sensing images of the fires on 25 March 2018, 24 March 2020, and 19 March 2021. (a2,b2,c2) The satellite remote sensing images of the burned areas after the fires on 30 March 2018, 29 March 2020, and 24 March 2021, respectively, with a spatial resolution of 20 m. (a3,b3,c3) The burnt areas extracted from the three images (a2,b2,c2), respectively. The red part is the burnt area, and the blue base map part is the permafrost. 
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Figure 4. The sum of the area of fire scars, area of the overlap between wildfires and permafrost, and number of wildfires in the study area from March to April 2017 to 2021. The orange bars represent the areas of fire scars, the red bars represent the areas of the overlap between fire scars and permafrost, and the black bars represent the numbers of fires. 






Figure 4. The sum of the area of fire scars, area of the overlap between wildfires and permafrost, and number of wildfires in the study area from March to April 2017 to 2021. The orange bars represent the areas of fire scars, the red bars represent the areas of the overlap between fire scars and permafrost, and the black bars represent the numbers of fires.



[image: Sustainability 14 14947 g004]







[image: Sustainability 14 14947 g005 550] 





Figure 5. Spatial distribution of spring fire scars on permafrost from 2017 to 2021, and the elevation-longitude distribution, the elevation-latitude distribution. (a) Spatial distribution of fire scars on permafrost in 2017. (b) The elevation-longitude distributions of fire scars and permafrost in 2017. (c) The elevation-latitude distributions of fire scars and permafrost in 2017. (d–f) Spatial distribution in 2018. (g–i) Spatial distribution in 2019. (j–l) Spatial distribution in 2020. (m–o) Spatial distribution in 2021. 
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Figure 6. Distribution of spring fire scars and permafrost in terms of aspect, altitude, and slope. (a) The proportions of fire scars and permafrost on each aspect in 2017–2021. (b) The distribution of fire scars with altitude. (c) The distribution of fire scars with slope. 
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Figure 7. Curves of temporal variation in air humidity and surface air temperature at the R-1 meteorological station as well as surface methane concentrations at three monitoring points at each of the R-1 and R-2 meteorological stations in the study area. (a) The curve of average daily air humidity variation from January 2017 to April 2021. (b) The curve of average daily surface air temperature variation. (c) The number of daily fires in the study area. (d) The curves of variation in average daily methane concentrations at the R-1 and R-2 meteorological stations, with three methane concentration sensors installed at each station. The background shows the high-concentration methane emission phase (with a surface methane concentration of ≥200 ppm). 






Figure 7. Curves of temporal variation in air humidity and surface air temperature at the R-1 meteorological station as well as surface methane concentrations at three monitoring points at each of the R-1 and R-2 meteorological stations in the study area. (a) The curve of average daily air humidity variation from January 2017 to April 2021. (b) The curve of average daily surface air temperature variation. (c) The number of daily fires in the study area. (d) The curves of variation in average daily methane concentrations at the R-1 and R-2 meteorological stations, with three methane concentration sensors installed at each station. The background shows the high-concentration methane emission phase (with a surface methane concentration of ≥200 ppm).



[image: Sustainability 14 14947 g007]







[image: Sustainability 14 14947 g008 550] 





Figure 8. Correlation analysis of air temperature, air humidity, surface methane concentration, and the number of VIIRS fire points in the R-1 meteorological station. The red and blue colors indicate positive and negative correlations, respectively, between the influencing factors and number of fire points. The grey background shows the period of March to April of each year. (a) Correlation coefficient between air temperature and the number of VIIRS fire points. (b) Correlation coefficient between air humidity and the number of VIIRS fire points. (c–e) Correlation coefficient of methane concentration of CH4-1, CH4-2, and CH4-3 with the number of VIIRS fire points. 
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Figure 9. (a) In 2017, (b) 2018, (c) 2019, and (d) 2020, the change curve of air temperature, air humidity, and atmospheric methane concentration during the spring wildfire of the R-1 meteorological station, as well as the histogram of the number of daily fire points in the study area. The blue curve is the average daily air temperature, the black curve is the average daily air humidity, the red histogram shows the number of daily fires, and the curves of other colors are the methane concentration variation curves. 
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Figure 10. Spatial distribution of repeated wildfires in the study area from 2017 to 2021, obtained by superposition analysis of fire scars. (a) is the spatial distribution of repeated wildfires from 2017 to 2021 obtained from the overlay analysis, and the number of repeated wildfires is 2–5. (b,c) are typical areas with multiple wildfires. Wildfires mostly occur on large permafrost islands and their spatial distribution is basically the same as that of island permafrost. (d) is the altitude distribution of repetitive wildfires. Note: The altitudinal distribution of repetitive wildfires is counted pixel by pixel, which reflects the regionality of permafrost degradation. The degradation degree of permafrost at low altitudes (basins and lowland wetlands) is significantly higher than that in high-altitude areas (upper mountains, mostly thawed soils) or permafrost-stunted areas. 
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Table 1. Sentinel-2 data selection times (YYYY-M-DD).






Table 1. Sentinel-2 data selection times (YYYY-M-DD).





	Data Source
	Wildfire Occurrence Time
	Image Selection Time





	Sentinel-2
	20 March 2017–27 March 2017
	9 April 2017



	Sentinel-2
	25 March 2018–30 March 2018
	30 March 2018



	Sentinel-2
	22 March 2019–1 April 2019
	11 April 2019



	Sentinel-2
	19 March 2020–24 March 2020
	5 April 2020



	Sentinel-2
	19 March 2021–21 March 2021
	24 March 2021
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