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Abstract

:

The grasslands of Inner Mongolia are prone to wildfires, which can endanger the grassland ecosystem, as well as people’s lives and property. The amount of heat released by grassland fires must be determined for the quantitative evaluation of grassland fires. On the basis of a field survey of combustible load and an indoor heat release experiment, together with the acquisition of NDVI and fire area data, this study evaluated the amount of combustible load, plant heat release, potential heat release, and fire-caused heat release in Inner Mongolia grasslands. The following results were obtained: (1) The models for determining Inner Mongolia’s combustible load (Y) per unit area throughout the growing and nongrowing seasons were Yi = 412.74NDVIi1.5917 and Yj = −7.21tj + Y10 (i represents May–October of the growing season; j represents November–April of the following year). In the northern temperate zones, grasslands and meadows showed a decline in combustible load per unit area. The interannual combustible load variance increased between 2001 and 2016; (2) the per square meter average heat release of Stipa capillata, Cleistogenes squarrosa, Carex doniana, Leymus chinensis, and other plants was 0.51, 0.18, 0.17, 0.3, and 1.42 MJ/g, respectively. Unit weights were released at 2.13, 1.77, 2.06, 1.9, and 3.99 MJ/m2; (3) from 2001 to 2016, Inner Mongolia’s grassland fires predominantly occurred in northern temperate grasslands and meadows. Over the 16 year period, the total heat emission was 1.01 × 1012 MJ, with variable decreasing trends noted in spring and fall. The main practical objectives of this paper were to provide basic data for fire spread modeling and suggest more scientific and effective fire management methods for the future.
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1. Introduction


Human activities and climate change can have a significant impact on the grassland ecosystem, which supports human life. In the context of global warming, ecologically fragile grassland areas have become highly fire-prone areas. Although the area of burned grasslands has declined globally over the past two decades [1], grassland fires operate as catalysts in the context of ongoing climate warming, eventually leading to higher burned areas [2], decreased land productivity [3], and increasing carbon emissions [4]. Increasing temperatures [5], reductions in the moisture of flammable materials [6], and changing seasons all directly enhance the likelihood of grassland fires. Grassland fires occur in certain regions and during specific times of the year due to natural climate change and human activity [7]. Approximately one-sixth of the area in the northern Inner Mongolia Autonomous Region burns annually [8]. Grassland fires are common in Mongolia, and they frequently spread to the China–Mongolia border through wind. Consequently, accurate calculation of combustible load and heat release provides additional data in support for studying grassland fires, and these data are essential for preventing and managing the occurrence of grassland fires and creating acceptable and effective control plans.



The material basis for the occurrence of grassland fires is combustible materials [9,10]. Three approaches for evaluating flammable material loads are commonly used: the comparison survey method of sample location [11], mathematical simulation models [12,13], and remote sensing inversion of empirical models. Photosynthesis is a crucial process in the production of vegetation productivity, and a relational equation may be built between this ecological element influencing vegetation productivity and remote sensing data to predict the combustible load [14,15,16]. Non-photosynthetic vegetation plays a significant role in terrestrial surface ecosystems such as temperate grasslands, savannas, and forests, and it is a significant indicator of changes in surface ecology [17,18,19]. The addition of non-photosynthetic vegetation is a more realistic and reasonable inversion of surface vegetation growing conditions. The puff rising formula allows the estimation of the heat released from fire [20]. In the test environment, the heat flux measurement near the item is used to invert the heat-time discharge of the burning item [21]. The combustion characteristics of different types of combustible materials can be studied using cone calorimeters [22,23] and thermogravimetric analyzers [24], and the effects of the water content of different types of combustible materials on plant combustibility and fire occurrence risk are also different [25]. These experimental results can provide fundamental data support for grassland fire studies.



Research primarily focuses on the effects of grassland fire burning on surface temperature [26] and aboveground production [27]. Grassland fires play an important role in controlling biodiversity and preserving ecological stability. Satellite data can effectively monitor grassland fires that have a significant impact on the natural environment and human society [28,29], including aspects such as grassland fire information extraction [30], description of the spatial and temporal distribution of burning areas [31,32,33,34], monitoring and early warning [35,36], and fire burning indices [37,38].



There are many research findings on combustible load, combustion properties, and the spatial and temporal distribution of grassland fires across the literature, but there are few publications on their thorough analyses. On the basis of field plant and combustible load surveys, as well as various plant combustion heat release experiments, combined with NDVI and fire data, we investigated the combustible load, potential heat release, and fire-induced heat release in this paper. We are unable to stop climate anomalies such as global warming and extreme weather, but we can identify and foresee the risks associated with grassland fires in the context of climate change, allowing us to stop grassland fires in Inner Mongolia before they start and shift the management of grassland fires from crisis management to risk management.




2. Materials and Methods


The grasslands of Inner Mongolia have a temperate continental monsoon climate with distinct seasonal characteristics. The average temperature ranges from −30 to −10 °C in January and 19 to 24 °C in July. The average annual precipitation is 50 to 450 mm, and the soils in the region are characterized as black soil, dark brown soil, black calcium soil, chestnut soil, brown loam, gray calcium soil, sandy soil, and gray-brown desert soil from southeast to northwest. In Inner Mongolia, there are mainly coniferous forests, deciduous broad-leaved forests, grasslands, and desert vegetation, among which grassland vegetation is the main vegetation type. The study area is divided into meadow grasslands, typical grasslands, and desert grasslands from east to west [39]. According to statistical data, 1177 grassland fires occurred in the Inner Mongolia Autonomous Region during 1981–2015 over an area of 8.14 million hectares with an average of 33.6 fires and 233,000 hectares per year [40].



Sample of a surface combustible load: Field samples in fire-prone areas with little human effect and surveys of combustible load were undertaken during the growing and nongrowing seasons while taking into consideration grassland information and growing circumstances. There were 56 survey sites in the nongrowing season, which was surveyed from November to April 2014, and 79 survey sites during the growing season, which were studied from June to August in 2013, 2014, and 2016 (Figure 1). In a 1 m × 1 m sample centered on each survey site, plant species, vegetation cover, mean height, and precise measurements of biomass were examined. Three concurrent sets of experiments were performed for each survey site to reduce the chance of mistakes. To determine the measured combustible load within the sample square, all vegetation samples taken in the field were dried at a constant temperature (70 °C) in an oven before being weighed.



Surface combustible load of grasslands in Inner Mongolia: Growing season and nongrowing season are two components of the surface combustible load; the former is calculated using the aboveground biomass estimating model and field survey data, and the latter is calculated using field survey data and months at various times. The inversion of MODIS remote sensing images is the foundation for the NDVI.



Heat release per unit mass of different plants: This paper divided the plant types of 79 growing season collection sites into 28 vegetation type subclasses based on the 1:1 million atlantes of the Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences, and used a cone calorimeter to measure the heat release of various plants in different subcategories. This categorization was performed in consideration of the differences in heat release per unit mass of different vegetation types. Before the heat release test, every plant sample was dried and crushed (passed through a 100 mesh sieve). Then, 2 g of the crushed samples were placed on the conical calorimeter experimental bench, and the heat release was measured at a radiation distance of 25 cm, a heat radiation flux of 25 kW/m2, a temperature of 488.9 °C, and an exhaust flow rate of 0.024 ± 0.002 m3/s.



Potential heat release from grasslands in Inner Mongolia: On the basis of the field sample survey, the collected samples were separated into 28 vegetation type subclasses to determine the proportion of plant samples, and the plants in the sample were categorized as follows: Leymus chinensis, Stipa capillata, Cleistogenes squarrosa, Carex doniana, and the mean value of other grasses. Using the weighted average method, the heat release of Leymus chinensis, Stipa capillata, Cleistogenes squarrosa, Carex doniana, and the mean value of other grasses at the sample scale was calculated. This information was used to generate a plant type map that indicated the potential heat emission into space.



Heat release after the fire in Inner Mongolia grasslands: On the basis of the spatial distribution of combustible load and fire area, combined with the proportion (%) of different vegetation type subclasses in the 1 m × 1 m sample square and the heat release per unit mass of different vegetation type subclasses (MJ/m2/g), the heat release was calculated using the heat release formula   K = B × C ×  ∑  j = 1  5     Μ j  ×  Ν j     . Lastly, the spatial and temporal distribution of heat release (MJ) in the Inner Mongolia grasslands area from 2001 to 2016 was obtained. Here, K is the heat release from combustible material burning (MJ), B is the combustible material loading (g/m2), C is the fire area (m2), Μ represents the weight share (%) of five plant covers, such as j1, 2, 3, 4, and 5 representing Leymus chinensis, Stipa capillata, Cleistogenes squarrosa, Carex doniana, and the mean value of others grass, respectively, and Ν represents the heat release per unit weight (g) of five plant covers (JM/m2). The calculation process is shown in Figure 1.



Statistical methods: Regression analysis is a computational method and theory that studies the specific dependence of one variable (explanatory variable) on another (explanatory variable) [41]. This method was applied to the biomass and NDVI data of this paper to obtain the biomass in the growing season in the grasslands area of Inner Mongolia. The MK test is a nonparametric trend test, which is not disturbed by certain probability distributions and outliers, and which can effectively overcome the problem of analyzing sequences with outliers and nonidentical distributions. In this study, the MK algorithm was used to test the overall trend of the time series data in the growing/nongrowing seasons of Inner Mongolia grasslands, and the trend was divided into no significant trend (stable), upward trend, and downward trend [42].




3. Results and Discussion


3.1. Spatial and Temporal Distribution of Combustible Load in Inner Mongolia Grasslands


3.1.1. A Model for Estimating Combustible Load Based on Field Surveys


The combustible load (Y) of Inner Mongolian grasslands rose with rising NDVI throughout the growing season, which is consistent with earlier research [43,44,45]. Using field measurements of combustible load in Inner Mongolia grasslands throughout the growing season and NDVI data during the same period, we determined that the two satisfy the power function relationship of Yi = 412.74NDVIi1.5917 (R2 = 0.79) where i = 5, 6, …, 10 (Figure 2a). During the growing season in Inner Mongolia, both the current models and the model presented here exhibit a power function increase in combustible load with increasing NDVI, although the coefficients in the model presented here increase more strongly. The field observation scales of the two models are different, and the field sample locations in this study primarily focuses on typical grasslands areas in the northern temperate zone with high combustible loads, which also results in substantial discrepancies in model coefficients. The NDVI approach cannot be used to assess the combustible load in the nongrowing season of Inner Mongolian grasslands because there is virtually no photosynthetic plant [46]. The nongrowing season is also a high-fire season in Inner Mongolian grasslands; hence, estimating the combustible load of Inner Mongolian grasslands during the nongrowing season is of major practical value. Considering that the nongrowing season combustible load is not regenerative and is influenced by plant metabolism, natural plant decomposition, human activities, and wind action, a gradual decrease of the nongrowing season combustible load (Y) is noted with time (t) (Figure 2b), and its change trend satisfies Yj = −7.21tj + Y10 (R2 = 0.93), where j = 1, 2, …, 6, representing November to April, respectively; Y10 is the aboveground combustible load in October.




3.1.2. Spatial and Temporal Distribution of Combustible Load during the Growing Season


In the growing season, the combustible load of Inner Mongolian grasslands gradually decreased from the northeast to the southwest between 2001 and 2016, exhibiting clear regional features. Northern temperate meadow grasslands exhibited the highest combustible material load per unit area, followed by southern temperate meadow grasslands, northern temperate typical grasslands, southern temperate desert grasslands, and temperate shrub and desert grasslands (Figure 3). The combustible load per unit area of the northern temperate meadow grasslands mainly ranged from 150 to 318 g/m2, with an average area share of 80.7% in the region from 2001 to 2016, and the minimum and maximum values occurred in 2007 and 2013, corresponding to 47.1% and 92.1%, respectively. The combustible load per unit area of typical grasslands in the northern temperate zone mainly ranged from 50 to 200 g/m2, with an average area share of 83.6% in this zone from 2001 to 2016, and the minimum and maximum values occurred in 2012 and 2006, corresponding to 34.9% and 93.1%, respectively. Among them, the area of grasslands with combustible load between 50 and 85, and between 85 and 150 g/m2 had an average share of 66.7% in the region for 16 years. The interannual fluctuations were minimal. In contrast, the area between 150 and 200 g/m2 varied greatly from year to year, and a 30% difference in the share was noted between years. The combustible load per unit area of southern temperate meadow grasslands mainly ranged from 50 to 200 g/m2, and the average percentage of area in this region was 90% from 2001 to 2016. Among them, the area of grasslands with combustible material load between 85 and 150 g/m2 had an average share of 49.9% in this region in 16 years, and the minimum and maximum values occurred in 2009 and 2003, corresponding to values of 37.8% and 61.2%, respectively. The typical grasslands in the southern temperate zone had a combustible load per unit area mainly ranging from 35 to 150 g/m2, with an average area share of 96.2% in the region from 2001 to 2016. Among them, the area of grasslands with the minimum and maximum values occurred in 2001 and 2010, corresponding to 38.4% and 69%, respectively. The combustible load per unit area of southern temperate desert grasslands mainly ranged from 35 to 85 g/m2, with an average share of 86.6% of the area in the region from 2001 to 2016, and the minimum and maximum values occurred in 2012 and 2013, corresponding to 63% and 94.3%, respectively. The combustible load per unit area of temperate shrubs and grassy deserts mainly ranged from 35 to 85 g/m2, with an average area share of 94.3% in this zone from 2001 to 2016. Among them, the average percentage of grasslands area with combustible load between 27 and 50 g/m2 was 68% over 16 years, and the minimum and maximum values occurred in 2012 and 2005, corresponding to 16.2% and 89%, respectively.



The area share of various classes of combustible load per unit area in northern temperate meadow grasslands, southern temperate desert grasslands, and temperate shrub desert grasslands formed a sharp contrast, with the peak area shares of northern temperate meadow grasslands ranging from 200 to 318 g/m2. The peak areas of typical grasslands in the northern temperate zone varied from 85 to 150 g/m2, those in the southern temperate zone varied from 50 to 85 g/m2, and those in the southern temperate zone for desert grasslands and temperate shrub desert grasslands varied from 35 to 50 g/m2 (Figure 4).



The growing season combustible load (dry weight of plants) in Inner Mongolia from 2001 to 2016 was 7.7 × 1011 kg, and the six grassland vegetation type subcategories in descending order were: typical northern temperate grasslands > northern temperate meadow grasslands > southern temperate meadow grasslands > typical southern temperate grasslands > temperate shrub desert grasslands > southern temperate desert grasslands (Figure 5a). A total of 70.4% of the Inner Mongolia grasslands area showed an increasing trend of combustible load from 2001 to 2016 (Figure 5b), of which the non-significantly increasing area accounted for 52.3% of the whole grassland area, the significantly increasing area accounted for 7.4% of the whole grassland area, and the very significantly increasing area accounted for 10.7% of the whole grassland area. Inner Mongolia’s grasslands are located in the southeast and southwest. The area with a declining trend in combustible material load represented 29.6% of the overall grasslands area, and 28.6% of the area exhibited a very substantial decline, especially in parts of the typical grasslands and meadow grasslands in the northern temperate zone. The average annual combustible load of northern temperate meadow grasslands was 1.15 × 1010 kg (Figure 5a), fluctuating between 8.98 × 109 and 1.27 × 1010 kg in 16 years, with a considerable reduction in 2007 and an increase in 2012. Among these, 61.2% exhibited a growing trend, 54.5% exhibited a nonsignificant increase, and 37.9% exhibited a nonsignificant decrease. The average annual combustible load of northern temperate grasslands was 2.47 × 1010 kg, fluctuating between 1.99 × 1010 and 3.14 × 1010 kg over 16 years with a minor upward trend. Among these, 61.2% exhibited a growing trend, 54.5% exhibited a nonsignificant increase, and 37.9% exhibited a nonsignificant decrease. The areas of typical southern temperate grasslands, southern temperate desert grasslands, and temperate shrub desert grasslands increased somewhat over 16 years, with 51% of typical southern temperate grasslands showing a significant growing tendency.




3.1.3. Spatial and Temporal Distribution of Combustible Loads during the Nongrowing Season


The combustible load in Inner Mongolian grasslands during the dormant season gradually decreased spatially from northeast to southwest between 2001 and 2016, exhibiting clear regional characteristics. Southern temperate desert grasslands had the highest combustible load per unit area, followed by northern temperate meadow grasslands, northern temperate typical grasslands, southern temperate desert grasslands, and temperate shrub desert grasslands (Figure 6). In the nongrowing season, the southern temperate desert grasslands and the temperate shrub and graminoid desert had the highest area share of combustible material load per unit area, whereas the northern temperate typical grasslands, the southern temperate meadow grasslands, and the southern temperate desert grasslands had the highest area share of combustible material load per unit area during the growing season (Figure 4). The combustible load per unit area of the northern temperate meadow grasslands primarily ranged between 15 and 248 g/m2 (Figure 6), accounting for an average of 97.4% of the region’s area from 2001 to 2016, with the minimum and maximum values occurring in 2003 and 2001, corresponding to 93.6% and 99%, respectively. The average share of grasslands with combustible loads between 40 and 248 g/m2 in the region over the past 16 years was 34.4%. The area of southern temperate meadow grasslands with combustible material load per unit area ranged mostly between 7 and 40 g/m2, and the average percentage of area in this region from 2001 to 2016 was 84.9%. The area of grasslands with combustible loads between 15 and 28 g/m2 comprised an average of 47.4% of this zone throughout a 16 year period, with the lowest and highest values occurring in 2015 and 2005, with values of 30.2% and 58.8%, respectively. The typical grasslands in the northern temperate zone had a combustible load per unit area ranging from 7 to 40 g/m2, accounting for an average of 86.8%, with minimum and maximum values of 79.4% and 93.4%, occurring in 2015 and 2009, respectively.



The area with a combustible load between 7 and 28 g/m2 comprised an average of 37.6% of this zone throughout a 16 year period. From 2001 to 2016, the combustible load per unit area of typical grasses in the southern temperate zone fluctuated predominantly between 0 and 28 g/m2, with an average area share of 92.1% in the region. The area with combustible loads between 7 and 15 g/m2 had an average share of 33.9% in this region throughout a 16 year period, with the lowest and highest values occurring in 2015 and 2003, corresponding to values of 27.4% and 40%, respectively. From 2001 to 2016, the combustible load per unit area of southern temperate desert grasslands varied mostly between 0 and 28 g/m2, with an average area share of 99.9% in the region. The combustible load per unit area of temperate shrub and grasslands deserts generally ranged from 0 to 15 g/m2. From 2001 to 2016, grasslands comprised 98.5% of the area in Inner Mongolia. The area with combustible loads between 0 and 7 g/m2 had a 16 year average share of 76.6% in the region, with minimum and maximum values in 2014 and 2006, equal to 58.5% and 95.4%, respectively.



The average annual combustible load (dry weight of plants) during the nongrowing season in Inner Mongolia from 2001 to 2016 was 1.4 × 1011 kg. The combustible load during the nongrowing season for six grassland vegetation types exhibited the following trend: typical northern temperate grasslands > northern temperate meadow grasslands > southern temperate meadow grasslands > typical southern temperate grasslands > temperate shrub desert grasslands > southern temperate desert grasslands (Figure 7a).



In 2016, the nongrowing season trend of combustible load increased overall (Figure 7b), with 80.1% of the Inner Mongolia grassland region exhibiting an increasing trend of combustible load. The non-significantly increasing areas comprised 69.4% of the total grassland area, whereas the extremely considerably increasing areas comprised 2.9% of the total grassland area, primarily on the southwest side of the Inner Mongolia grasslands area. The area with a decreasing trend of combustible load accounted for 19.9% of the total grassland area, and the area with a decreasing trend that was not statistically significant accounted for 19.6% of the total grassland area, primarily distributed in the south side area of the northern temperate meadow grasslands. The average annual combustible load of typical northern temperate grasslands was 4.49 × 109 kg (Figure 7a), which fluctuated within the range of 3.36 × 109–6.17 × 109 kg over the course of 16 years, and the combustible load increased dramatically during the nongrowing season since 2010. A total of 82.8% of the area showed an increasing trend, of which 77.8% was non-significantly increasing and 17.2% was non-significantly decreasing. Over a period of 16 years, the average annual combustible load of northern temperate meadows increased slightly from 1.83 × 109 to 2.65 × 109 kg. Specifically, 62.5% of the area had an increasing trend, with 59% increasing non-significantly and 37% declining non-significantly. Over the course of 16 years, the combustible load of typical southern temperate grasslands, southern temperate meadow grasslands, southern temperate desert grasslands, and temperate shrub desert grasslands grew in the range of 6 × 107 to 1.6 × 109 kg and exhibited an upward trend.





3.2. Spatial and Temporal Distribution of Total Surface Heat Release from Grassland Fires in Inner Mongolia


3.2.1. Heat Release Per Unit Area


The heat release per unit weight of 28 vegetation type subclasses of Leymus chinensis, Stipa capillata, Cleistogenes squarrosa, and Carex doniana was evaluated. The results were consistent with a normal distribution, with the majority of the data falling within the 95% confidence interval. Except for Cryptomeria, the top and lower quartiles, as well as the mean and median values, were all quite close. Stipa capillata, Cleistogenes squarrosa, Carex doniana, and Leymus chinensis had mean heat release values per unit weight of 2.13, 1.77, 2.06, and 1.9 MJ/m2, respectively, whereas the values for the other plants (including 50 plants) ranged from 0.03 to 6.23 MJ/m2 with a mean value of 3.99 MJ/m2 (Figure 8a). There were 28 vegetation type subclasses of Stipa capillata, Cleistogenes squarrosa, Carex doniana, Leymus chinensis, and other plants. The median plant sample weight share was 28%, 14%, 9%, 21%, and 29% for Stipa capillata, Cleistogenes squarrosa, Carex doniana, Leymus chinensis, and other plants, respectively; however, the mean of Leymus chinensis was greater than that of the top quartile (Figure 8b). The mean heat release of sample-scale Stipa capillata, Cleistogenes squarrosa, Carex doniana, Leymus chinensis, and other plants was calculated using the weighted average approach with values of 0.51, 0.18, 0.17, 0.3, and 1.42 MJ/g, respectively.



The sampling sites in this study were concentrated in the typical northern temperate grassland area and covered more plant types, and the sample-scale potential heat release was more spatially distinct in the region (Figure 8c) with 3–3.5 MJ/g values dominating at the northern side of the typical northern temperate grasslands and the junction of the typical northern temperate grasslands with temperate shrubs and grassy deserts. The area not covered by sample sites was substituted by the average value of 28 plant type subclasses (2.58 MJ/g), accounting for 67% of the total area. The potential heat release at the Inner Mongolia grasslands sample scale represented 6.1%, 78.9%, and 13.6%, whereas the potential heat release at the northern temperate meadow grasslands sample scale corresponded to 14.9%, 79%, and 6.1%, respectively. At the sample scale of southern temperate meadow grasslands, the potential heat release ranged from 2 to 2.5, 2.5 to 3, and 3 to 3.5 MJ/g, representing 3.7%, 86.8%, and 9.3%, respectively, of the total area. At the scale of typical grasslands in the northern temperate zone, the potential heat release ranged from 2 to 2.5, 2.5 to 3, and 3 to 3.5 MJ/g, accounting for 6.1%, 73.3%, and 17.3%, respectively, of the total area. The plants in the sample were mostly needlegrass, Cryptomeria, iceberg grass, grasslands, thread-leaved daisy, Artemisia, and other plants. The potential heat release at the scale of the typical southern temperate grasslands sample ranged from 2.5 to 3 and 3 to 3.5 MJ/g with values of 99.1% and 0.9%, respectively. The potential heat release at the scale of the southern temperate desert grassland sample was 2.5 to 3 and 3 to 3.5 MJ/g with values of 99.8% and 0.2%. At the desert sample scale of shrub grasslands, the potential heat release varied from 2.5 to 3 and from 3 to 3.5 MJ/g, with 74.9% and 25.1%, respectively. Coneflower, Cryptomeria, and Artemisia were the main species, accounting for 60% of the area in each grassland zone. This is the source of the region’s high potential heat release. The heat release per unit mass of grass, Artemisia, and iceberg grass was 4.23, 4.47, and 4.41 MJ/m2, respectively. All of the plants exhibited greater heat release than the dominating species and accounted for a greater proportion, resulting in a higher potential spatial heat release.




3.2.2. Amount of Heat Release Due to Fire


From 2001 to 2016, the total area of grassland fires in Inner Mongolia was 7447 km2. According to statistics by vegetation type subcategory (Table 1), the fire areas of typical grasslands in the northern temperate zone and meadow grasslands in the northern temperate zone were 3278.8 km2 and 3683 km2, respectively, accounting for 93% of the total fire area in the Inner Mongolia grasslands; the fire area of meadow grasslands in the southern temperate zone was 3.7 km2, the area of desert grasslands was 0.96 km2, and the area of temperate shrub desert grassland was 10.1 km2, accounting for 1% of the grassland area in Inner Mongolia. Places with three fires accounted for 8% of the overall fire area, while areas with four, five, and six fires accounted for 1.6%, 0.8%, and 0.1% of the total fire area, respectively. The areas of typical grasslands and desert grasslands in the southern temperate zone were 3.7 km2 and 0.96 km2, respectively, while the area for desert grasslands in the temperate zone was 10.1 km2, accounting for 1% of the grassland area in Inner Mongolia.



From 2001 to 2016, the areas of Inner Mongolia grasslands that were most responsible for the emission of heat were primarily in the typical grassland area of the northern temperate zone and the meadow grassland area of the northern temperate zone (Figure 9a). The heat release that occurred between 0.75 and 100 MJ accounted for 29% of the total heat release that occurred over the course of 16 years at the sample scale, the heat release that occurred between 100 and 300 MJ accounted for 59%, the heat release that occurred between 300 and 500 MJ accounted for 10%, and the heat release that occurred between 500–1770 MJ accounted for 2%.



From 2001 to 2016, the grassland region of Inner Mongolia had a total heat release of 1.01 × 1012 MJ (Figure 9b), with an overall fluctuating downward trend in the interannual variance of total heat release. The years 2001, 2003, 2005, 2006, 2013, and 2014 were the years with the highest heat release, with 1 × 1011 MJ, 1.63 × 1011 MJ, 1.77 × 1011 MJ, 1.2 × 1011 MJ, 1.05 × 1011 MJ, and 9.9 × 1010 MJ, respectively. The discharge of heat from grasslands throughout the year in Inner Mongolia was primarily concentrated during the months of spring and fall. Grassland fires in Mongolia and Russia can be easily influenced by the prevailing northern west winds and, thus, spread to the area. This results in high frequency, long duration, and large coverage area of grassland fires in the border area, showing a spatial and temporal concentration of heat release. The low rainfall in spring and autumn in the grassland area of Inner Mongolia is also a contributing factor. The amount of heat that was released in the area of the northern temperate meadow grasslands from the year 2001 to 2016 was 4.75 × 1011 MJ (Figure 9c), and the amount of heat that was released changed relatively little from year to year with the exception of 2003 and 2005. In 2003 and 2005, there was a greater release of heat (1.39 × 1011 MJ and 9.17 × 1010 MJ, respectively); however, in 2015 and 2016, there was no emission at all. The majority of the heat that was released in the region between the years 2001 and 2016 was concentrated during the months of summer and autumn, with the heat that was released during the summer of 2003 accounting for 70.8% of the entire year. The total amount of heat that was released in the typical northern temperate grasslands zone during the years 2001 to 2016 was 3.82 × 1011 MJ, and the interannual variation of heat release essentially displayed a U-shaped pattern. This data can be found in Figure 9d. The heat release was greater in the years 2001, 2005, 2013, and 2014, with 6.97 × 1010 MJ, 4.61 × 1010 MJ, 7.89 × 1010 MJ, and 4.17 × 1010 MJ, respectively, in contrast to the value of zero in 2015. Between 2001 and 2016, intra-annual heat release was primarily concentrated in the spring, summer, and autumn seasons, with the heat release in 2005 and 2013 accounting for 97% and 96% of the annual heat release in autumn, in summer of 2001 and 2003 accounting for 77.6% and 44.1%, and in spring of 2001, 2012, and 2014, accounting for 35%, 70%, and 39.3%, respectively.






4. Discussion


4.1. Estimation of Combustible Load


Due to the different sources of the calculated parameters, there may be some doubt about how accurate the calculations are. The grassland combustible load is used to calculate the heat release; thus, estimating the grassland combustible load requires choosing a good model for the grassland combustible quantity. The differences in the results of different studies may be related to the source and quality of the ground sample data used, the spatial and temporal resolution of the remote sensing data and the spatial and temporal match with the ground data, the classification criteria of grassland types, the estimation methods, the spatial and temporal magnitude of the study, etc. Other scholars obtained the aboveground biomass results for different regions using different survey and estimation methods. The results of the growing season combustible load estimation in this paper were roughly the same as those of the above scholars, as shown in Table 2. The conclusions drawn by Ma [47] and Wang [48] were all actual measurements from field sampling; the results of Piao [44] were calculated using national grassland census data combined with remote sensing images; the results of Jhon [49] were estimated using field sampling in Mongolia, China, and Inner Mongolia Autonomous Region in June, July, and August 2006–2016, combined with remote sensing images from the same period; the results of Le [50] were estimated by constructing a random forest model based on remote sensing measurements of above-round biomass of different grassland types in Inner Mongolia.



The hydrothermal conditions during the nongrowing season are no longer conducive to plant growing, and the existing combustible load is decreasingly influenced by biotic (animals, microbes, and plants), abiotic (precipitation, temperature, and wind), and management factors (grazing and mowing) [51]. Other researchers achieved the results of aboveground biomass and plant cover in various places during the nongrowing season by utilizing various survey and estimating techniques. Cui [52] used field survey data to estimate the preservation rate of Inner Mongolia grasslands in the nongrowing season relative to the last month of the growing season (October). Ren [53] used ground hyperspectral observations of Inner Mongolia desert grasslands in the growing season from 2009 to 2010 and the corresponding nongrowing season to estimate the preservation rate of Inner Mongolia desert grasslands in the nongrowing season. Sunit Zuoqi’s non-green biomass was estimated to range between 3.4 and 123.4 g/m2. Yu [54] conducted field sampling of the nongrowing season of Inner Mongolia grasslands, combined with remote sensing data to establish a model for estimating the amount of combustible material in the dry season, resulting in the amount of combustible material in the nongrowing season of meadow grasslands, typical grasslands, and desert grasslands as 0–10 g/m2. Using the NDVID image element trimodal method, Wang [55] estimated the photosynthetic and non-photosynthetic vegetation cover of a typical grasslands experimental area in Inner Mongolia for the entire year of 2017. The non-photosynthetic vegetation cover ranged from 18.4% to 50.4%, with the lowest value occurring on day 225 and the highest value occurring on day 305. After day 225, photosynthetic and non-photosynthetic vegetation cover exhibited radically different tendencies, with non-photosynthetic vegetation cover increasing and photosynthetic vegetation cover decreasing until day 305.



The estimated fuel loads in the current study during the growing and nongrowing seasons were similar to those obtained by the researchers for six different vegetation types. Despite the fact that the biomass collection sites in this study were primarily concentrated in the typical grassland area, the vegetation combination model in Inner Mongolia’s grasslands area was relatively simple and primarily composed of herbaceous plants, thus corresponding to previous studies. Due to the diversity of grassland vegetation types, it was challenging to sample all vegetation type subclasses for the computation of growing season combustible load in this study. In the field experiment sample locations, 28 vegetation type subclasses were included, and these 28 vegetation types were utilized to classify the growing season combustible load estimation for the entire Inner Mongolia grassland area. Because the sampling locations for nongrowing season dead leaves only represented 21 vegetation type subclasses, the nongrowing season dead leaves were less representative than those used in the computation of growing season flammable load. Future studies can make up for this limitation by extending the number of sampling locations to encompass a wider variety of vegetation types.




4.2. Analysis of the Causes of Fire Heat-Time Release


The steppe region of Inner Mongolia has a typical temperate continental monsoon climate, with northwesterly winds dominating in spring and autumn, and extreme temperature changes between summer and winter. Rainfall in the region is erratic, with the majority of the annual precipitation falling during the summer months. Forest grassland fires in Mongolia and Russia can easily spread to the region, resulting in grassland fires in border areas that are usually frequent and long-lasting, while covering a large area. Fires in grasslands, which are among the most important ecosystems on the planet, can impact local ecology and socioeconomics. Grassland fires are common in the Inner Mongolia northeastern grassland region. The occurrence of grassland fires is a complex problem that involves multiple factors, including natural factors, human activities, and land use [8,56]. As a result, we chose the typical grassland area of Hulunbuir, a grassland area with a high fire occurrence, for further investigation. Because the percentage of fire area in spring and autumn is relatively high throughout the year [57], the statistics were based on the number of overfire areas, soil moisture, precipitation, surface temperature, and biomass in the nongrowing season (Figure 10). During the high-fire season, both rainfall and soil moisture content were relatively low, ranging between 0.003 and 1.04 mm, and between 0.001 and 0.15 cm3, respectively, and these values did not vary significantly between March and April of each year. These two variables also did not affect grassland fires. On the other hand, Hanes discovered that the water content of the combustible load had a very strong influence on spring fire occurrence [6], and that drought was a key factor influencing spring fire occurrence.





5. Conclusions


The combustible load, potential heat release, and fire-induced heat release in Inner Mongolian grasslands during the growing and nongrowing seasons were examined, and the following conclusions could be drawn on the basis of field combustible load surveys and plant combustion heat release experiments together with NDVI and fire data:



(1) Here, Yi = 412.74NDVIi1.5917 and Yj = −7.21tj + Y10 (i = 5, 6, …, 10; j indicates November–April) represent the prediction models of combustible load per unit area in the growing and nongrowing seasons of Inner Mongolia grasslands (Y). The combustible load per unit area in the growing season and nongrowing season in Inner Mongolia grasslands varied from 27 to 318 g/m2 and from 0 to 248 g/m2, respectively, from 2001 to 2016. The values decreased spatially from northeast to southwest, clearly displaying regional characteristics. Of the six subclasses of grassland vegetation, the combustible load per unit area in the growing and nongrowing seasons exhibited the following trend in descending order: northern temperate meadow grasslands > southern temperate meadow grasslands > typical. In the growing and nongrowing seasons, the average annual combustible load of Inner Mongolian grasslands was 7.7 × 1011 and 1.4 × 1011 kg, respectively, from 2001 to 2016, and the interannual fluctuation of combustible load revealed a changing increasing trend. The six varieties of grasslands vegetation exhibited the following trend in average annual combustible loads (presented in decreasing order): typical northern temperate grasslands, northern temperate meadow grasslands, typical southern temperate grasslands, temperate shrub desert grasslands, and southern temperate desert grasslands.



(2) The release of typical species in the plains of Inner Mongolia clearly differed from other releases. According to the research, the average heat release per unit weight of Stipa capillata, Cleistogenes squarrosa, Carex doniana, Leymus chinensis, and other plants was 2.13, 1.77, 2.06, 1.9, and 3.99 MJ/m2, respectively, and the average sample weights were 28%, 14%, 9%, 21%, and 29%, respectively. At the sample scale of Inner Mongolian grasslands, the potential heat release generally varied between 2 and 2.5, between 2.5 and 3, and between 3 and 3.5 MJ/g, with area shares of 6.1%, 78.9%, and 13.6%, respectively. On the northern side of the typical northern temperate grasslands and the intersection of the typical northern temperate grasslands and temperate shrub and grassy desert, a higher potential heat release at the sample scale of 3–3.5 MJ/g was observed. The heat release per unit mass of the sample scale was 4.34, 4.23, 4.47, and 4.41 MJ/m2 for the more dominant three-leaved daisy, grass, Artemisia, and ice grass, respectively.



(3) From 2001 to 2016, the cumulative heat output from grassland fires in Inner Mongolia was 1.01 × 1012 MJ with a decreasing trend that was primarily concentrated in the spring and fall. The northern temperate zone’s typical grassland and meadow grassland regions accounted for the majority of the heat release with heat release amounts of 3.82 × 1011 and 4.75 × 1011 MJ, respectively. The typical grassland region’s heat release was primarily concentrated in the summer, whereas the meadow grassland region’s heat release was primarily concentrated in the summer and autumn.
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Figure 1. Field sampling sites and technical roadmap (Note: ① northern temperate meadow grasslands; ② southern temperate meadow grasslands; ③ northern temperate typical grasslands; ④ southern temperate typical grasslands; ⑤ southern temperate desert grasslands; ⑥ temperate shrub desert grasslands). 
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Figure 2. Simulated and measured aboveground biomass in the growing season model at the sample scale (a), and monthly decreasing trend of dead leaves in the nongrowing season at the sample scale (b) (j represents November–April of the following year). 
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Figure 3. Spatial distribution of combustible load in the grasslands area of Inner Mongolia during the growing season from 2001 to 2016 (Note: ①–⑥ see Figure 1). 
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Figure 4. Percentage of combustible load classes for different vegetation types from 2001 to 2016 (Note: ①–⑥ see Figure 1). 
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Figure 5. Combustible load statistics of different vegetation subclasses from 2001 to 2016 growing seasons (a) and MK test (b) (Note: ①–⑥ see Figure 1). 
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Figure 6. Annual average spatial distribution of combustible load in the grasslands area of Inner Mongolia during the nongrowing season from 2001 to 2016 (Note: ①–⑥ see Figure 1). 
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Figure 7. Statistical plots (a) and MK test (b) of combustible production of different vegetation subclasses in the nongrowing season from 2001 to 2016 (Note: ①–⑥ see Figure 1). 
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Figure 8. Statistical maps of experimental heat release (a), plant share (b), and spatial distribution of potential heat release (c) (Note: ①–⑥ see Figure 1). 
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Figure 9. Spatial distribution of total heat release from 2001 to 2016 (a); statistical maps of heat release from Inner Mongolia grasslands, northern temperate meadow grasslands, and typical grasslands (b–d) (Note: ①–③ shown in Figure 1). 
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Figure 10. Statistical chart of factors influencing the occurrence of grassland fires during the nongrowing season. 
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Table 1. Statistics of total fire area and number of fires from 2001 to 2016.
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	Vegetation Type
	Percentage (%)
	Fire Area (km2)
	Number of Fires
	Percentage (%)





	Northern temperate meadow grassland
	14.05
	3683
	1
	55.6



	Southern temperate meadow grasslands
	9.73
	470.7
	2
	33.9



	Northern temperate typical grasslands
	48.94
	3278.8
	3
	8



	Southern temperate typical grasslands
	9.73
	3.7
	4
	1.6



	Southern temperate desert grasslands
	4.59
	0.96
	5
	0.8



	Temperate shrub desert grasslands
	12.95
	10.1
	6
	0.1
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Table 2. Estimated biomass in growing season of grasslands in Inner Mongolia.
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	Temperate Desert Grassland Combustible Loads (g/m2)
	Temperate Meadow Grassland Combustible Loads (g/m2)
	Temperate Meadow Grassland Combustible Loads (g/m2)
	Ref.





	56.6
	133.4
	196.7
	[47]



	83.5
	149.6
	256.1
	[48]



	43.6 ± 25.9
	91.5 ± 43.1
	144.9 ± 59.5
	[44]



	64.0 ± 37.4
	173.0 ± 71.0
	270.4 ± 79.7
	[49]



	22.85 ± 6.91
	103.34 ± 23.89
	170.40 ± 24.87
	[50]



	65 ± 29
	117.5 ± 82.5
	184 ± 134
	This paper
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