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Abstract

:

Projecting the burn probability (BP) under future climate scenarios would provide a scientific basis for the implementation of forest fire adaptation technology. This study compared the changes in the climate, fire weather, and burn probability during the fire season in Daxing’anling, China. A burn probability model was established and used to simulate the daily fire occurrence and spread at baseline (1971–2000) and into the 2030s (2021–2050) based on the outputs from five global climate models (GCMs) (GFDL-ESM2M, Had GEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and Nor ESM1-M) under four climate scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5). The results showed that the average daily maximum temperature in the fire season will be increased by 2.1 °C (+16.6%) in the 2030s compared with the baseline and precipitation in the fire season will be increased by 7.1%. The average fire weather index (FWI) of the fire season in the 2030s will be increased by 4.2%, but this change is not significant. There will be 39 fires per year in the 2030s, representing an increase of 11.4%. The accuracy of simulated burned areas was 71.2% for the 1991–2010 period. The simulated and observed burned areas showed similar interannual fluctuations during period 1971–2010. The potential burned areas in the 2030s will increase by 18.8% over those in the baseline period and the BP will increase by 19.4%. The implementation of proactive fire management in areas with high predicted BP values will be key for an effective mitigation of future wildfire impacts.
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1. Introduction


The effects of climate warming on forest ecosystems are becoming increasingly visible across the globe [1,2]. Changing fire regimes due to climate are among the greatest threats to ecosystems and society [3]. It is widely accepted based on data from the last few decades and model simulations that anthropogenic climate change will cause increased fire activity [4]. Empirical statistical models and process-based simulations agree almost universally [5]. Climate strongly influences global wildfire activity and recent wildfire surges may signal fire weather-induced pyrogeographic shifts [6,7]. The total burned area in United States (US) was 622,000 ha in 2017 compared with a 2008–2016 average of approximately 228,000 ha [8]. The US also experienced an exceptional fire season in California in 2017 and 2018. Since 2000, 15 of the 20 largest fires in California history have occurred [9]. Wildfires in federally managed forests of the western US have increased substantially in recent decades, with large (>1000 acre) fires in the decade through 2012 over five times as frequent (450% increase) and burned areas over 10 times as great (930% increase) as in the 1970s and early 1980s [10].The projected continued growth in the 10-year average cost of fire suppression through 2025 is rising to nearly $1.8 billion [11]. Climate change is only one of the factors driving increased risk from wildfire, but it may already be facilitating fire in regions where it was previously rare and small in scale, such as northern Europe [12] and Greenland [13].



Although these factors may have contributed to fire regime changes at individual sites or specific times, charcoal data indicate an important role of climate, particularly rapid climate change, in determining broad-scale levels of fire activity [4]. Climate change generates higher temperatures and more frequent and intense drought [10]. Fire weather seasons have lengthened across 29.6 million km2 (25.3%) of the Earth’s vegetated surface, resulting in an 18.7% increase in the global mean fire weather season length and a 108.1% increase in the global burnable area from 1979–2013 [6]. There have been substantial documented increases in the frequency of large wildfires in the boreal forests of Canada, Alaska, and Siberia [14], as well as in forests of the western US, particularly in mid-elevation forests of the Northern Rocky Mountains [15]. Abatzoglou et al. estimated that human-caused climate change contributed to an additional 4.2 million ha of forest fire area during 1984–2015, nearly doubling the forest fire area expected in its absence [16].



Wildfire area is predicted to increase with global warming. Future potential wildfire will increase significantly in the United States, South America, central Asia, southern Europe, southern Africa, and Australia [17]. Climate change projections suggest an increase in the number of days conducive to extreme wildfire events by 20% to 50% in these fire-prone landscapes, with sharper increases in the subtropical Southern Hemisphere and European Mediterranean Basin [18]. Climate change is projected to dramatically increase the area burned by wildfires across most of the contiguous US, especially in the West [19]. The mean annual area burned will increase by 77% statewide (US) under a high (Representative Concentration Pathway (RCP) 8.5) global greenhouse emission scenario, while extreme wildfire events will increase in frequency, with fires greater than 10,000 hectares occurring nearly 50% more often by end of the century [20]. Mann et al. assessed the effects of human activity and climate change on fire activity in California and found that the burned area is expected to increase by 2.2% and 5.0% by 2050 under climatic bookend models (Parallel Climate Model (PCM) and Geophysical Fluid Dynamics Laboratory (GFDL) models, respectively) [21]. Parks et al. found that fire regime characteristics in North America are expected to change over the next several decades as a result of anthropogenic climate change [22]. Future fire probability is projected to both increase and decrease (range of −51% to +240%) across a study region encompassing Oklahoma, New Mexico, and Texas [3]. The annual wildfire area burned in coming decades is likely to be highly geographically heterogeneous, reflecting interacting regional and seasonal climate drivers of fire occurrence and spread [23]. Climate change is altering wildfire activity across Alaska, with an increase in the burned area projected for the future. The cumulative area burned predicted between 2006 and 2100 across Alaska averaged 46.7 M ha under five climate models for RCP8.5 and 42.1 M ha for RCP4.5, with estimated cumulative response costs of $1.2–2.1 B and $1.1–2.0 B, respectively (3% discount) [24]. Yue et al. found that for Alaska and western Canada, almost all models predict significant (p < 0.05) increases in the area burned at mid-century (2046–2065) under the A1B scenario, with median values ranging from 150% to 390% depending on the ecoregion [25]. For central and southern Canadian ecoregions, their models predicted increases in the area burned of 45%–90%. The projected changes (IPCC A1B emissions scenario) in fuel and moisture could result in a lengthening of the fire season in the period of 1981–2070 in Mediterranean areas [26]. The burned area in Mediterranean Europe will increase by 40%~100% [27].



The research conducted in Daxing’anling in recent years has mainly focused on the impacts of climate change on fire weather, burned areas, fire density, and human-caused fire occurrence. It is still necessary to better understand changes of fire regime in landscapes, such as fire occurrences, fire intensity, and burn probability. Daxing’anling is the largest natural forest area in China and is subject to many fires every year. The forests in the region are mainly boreal forests, which are sensitive to climate change. The climate of Daxing’anling has shown a tendency of warming and drying since 1988 [28]. The fire season was prolonged during 1961–2005, with more fires occurring in summer [29]. The burned areas in Daxing’anling are expected to increase during 2070–2099 under scenarios A2a and B2a, and the area burned will be doubled [30]. The area burned in the summer fire season will be increased by 1.5 times in the 2080s under A2a scenario compared to that in the baseline period [30]. The fire density in the frigid forests in northeastern China is predicted to increase by 30% (CGCM3 B1 scenario) –230% (HadCM3 A2 scenario) during the period of 2081–2100 [31]. The human-caused fire occurrence will increase by 72.2% under the RCP 2.6 scenario and by 166.7% under the RCP 8.5 scenario in 2050 [32].



Burn probability (BP) models are increasingly used for wildfire risk research under a variety of scenarios. Fire simulation at the landscape scale is an important method for evaluating the effect of fire management measures [33]. Perera et al. developed a spatial simulation model (BFOLDS) to explore large-scale fire regimes and succession in boreal forest landscapes [34]. Dillon et al. use the Fsim model to simulate the BP to depict the relative potential for wildfire that would be difficult to contain with the available suppression resources [35]. Burn-P3 was also used to study the fire regimes under different scenarios [36,37].



Existing BP models characterize the effects of fire suppression very simply if at all. An active forest fire management policy has long been applied in Daxing’anling. We used a BP model to evaluate the effects of climate change on burn probability in the region. The model considered the effects of fire suppression, which is suitable for such intensively managed areas. The previous research mainly focused on the impacts of climate change on fire weather and fire occurrences. They didn’t simulate fire occurrence and spread on daily for different scenarios. The paper will help us to better understand fire regime changes in landscapes. We predicted the annual fires in 2030s (2021-2050) and simulated daily fire occurrences, spread, and suppression based on the information of fuel type, terrain, weather, fire weather indices, fire behavior, and suppression ability in the integrated model. The results will provide a scientific basis for the implementation of forest fire adaptation technology.




2. Methods


2.1. Study Area


Our study area is located in Daxing’anling, China, with a geographical range of 121°18′–127°02′ E, 50°08′–53°56′ N (Figure 1). The total area of the region is approximately 8,360,887 ha. The topography is undulating, with an average elevation of 573 m above sea level. It has a cold temperate continental monsoon climate. The winter is cold and long; the summer is hot and short. The annual average temperature is −2.8 °C and the annual precipitation is 450–500 mm [38].



The main forest types are deciduous needle-leaved forest and coniferous and broad-leaved mixed forest, which account for 34.1% and 41.7% of the total area, respectively. Deciduous broad-leaved forest, evergreen coniferous forest and grassland account for 15.9%, 3.2%, and 4.3%, respectively. The remaining land cover consists of farmland and bare land (0.7%). The main tree species include Larix gmelinii, Betula platyphylla, Pinus sylvestris, Quercus mongolica, and Populus davidiana. The under-story shrubs consist of Corylus heterophylla, Rhododendron simsii, and Vaccinium vitisidaea. The grasses growing in valleys and marshes mainly include Carex tato, Deyeuxia langsdorffii, Filipendula palmate, and Sangui sorbaofficinalis.



There were 35 fires per year (ranging from 4 to 91 fires) and burn areas 148,935 ha during the baseline period (1971-2000) in the region because of its fire-prone forests. A complete forest fire management system was established in the study area after a conflagration in 1987. All fires are prohibited in the region and will be suppressed as soon as possible. Fire management has improved since 1988. There was an average of 29 fires annually in 1988–2015, which burned 43,866 ha on average (Figure 2). The fires occur mainly in the spring (March–June) and autumn (September–October). Fires occur during the summer only in years with severe drought. According to the fire statistics during the 1988–2015 period, the fires are mainly caused by lightning and human ignitions, which accounted for 67.5% and 27.3% of the fires, respectively. The remaining 5.2% of fires were of unknown cause. The maximum number of fires occurred in 2000 (91 fires), but the maximum burned area occurred in 1987 (324,006 ha). Surface fire is the main fire type, but crown fire behavior often occurs in larch forest.




2.2. Framework of the Burn Probability Model


The BP model can simulate daily fire occurrence, spread, and extinction processes over a period or a year. The model simulates the spread of each fire based on the fire growth model (Wildfire) [39]. It is an eight-point cellular fire growth model that uses the Fire Behavior Prediction (FBP) System. The inputs for Wildfire include spatial data (FBP System fuel type, elevation, fire density) and temporal data (annual fire numbers, daily fire occurrence probability, hourly weather, and fire danger indices based on the fire weather index (FWI) Within the same iteration process, the grid will not burn repeatedly. The BP is calculated according to the number of repeated burns in each grid in all simulations (Figure 3).



Fire ignitions in the model are based on the fire occurrence during the simulation period (lightning fires and human-caused fires) and the fire weather indices at the simulated time. The Poisson probability distribution was used to model daily fire occurrence. We assumed that the spatial distribution of fire ignitions in the 2030s would be similar to that at baseline. Fire occurrence generally depends on ignitions and the moisture conditions of the fine fuels on the surface of the forest floor at the simulation time. Lightning-caused fires and human-caused fires exhibit both seasonal and spatial variation. A specific ignition depends on fuel type, fire weather, and time of the day. System). The model is iteratively cycled through years and the number of iterations is determined according to the size of the study area, landscape composition, and fire dynamics.



For each fire, we sample the hour at which a fire occurred between 12:00 pm and 6:00 pm with a Gaussian distribution. The model calculates the probability of sustained flaming for each raster based on the fuel type and the FWIs (fine fuel moisture code (FFMC), duff moisture code (DMC), drought code (DC), initial spread index (ISI), and build-up index (BUI)) [39,40].



The response time and the threshold of fire intensity are indicators reflecting the suppression capability in the model. China applies a very aggressive fire suppression strategy—each fire is to be suppressed as soon as possible while it is still small and fire fighters must ensure that it is completely extinguished after it has been brought under control. The response time (RT) is the period from ignition to the time that fire crew gets to the fire site by ground transportation or air transportation from a fire base. The RT for ground forces includes the times for detection, truck travel, and hiking. The detection time for the whole area is approximately 20 min on average according to the statistics form the local fire agency. The RT for aircraft is based on the average flight time with an average speed of 200 km/h plus 20 min for fire detection time and 1 h for hiking. The integrated response time for the region was derived with the air bases distribution in 2010 (82 fire bridges and 3 airbases) (Figure 3). Based on the fire statistics from the local agency, the local fire brigades can directly put out fires under a height of 3.2 m flame, which amount to the fire intensity 3500 kw/m2. If the fire intensity was below this threshold, we assumed that the fire could be controlled. Otherwise, if the fire was larger than a specified size (one hectare) and the fire intensity was beyond the threshold, the fire would escape from initial attack (IA). The growth of fires that escape IA was simulated using Wildfire. If a fire escapes IA, its continuing spread time depends on the fire’s behavior, which is determined by weather, fuel type, topography, and certainly the level of the continued fire suppression effect. Escaped fires are assumed to burn until either they are slowed down due to a change in weather or their perimeters are contained by natural barriers or fire suppression. If the head fire intensity (HFI) is below the suppression threshold for one day, the fire will be controlled. Thus, we can decide the duration for which a fire burns. We arbitrarily determined that a controlled fire would stop growing before 12:00 pm if its HFI at 1:00 pm was below the head fire intensity threshold on that day.




2.3. Data Sources


Digital elevation data (60 m resolution) (DEM) were derived from Geospatial Cloud Data. The historical daily meteorological data (1971–2010) came from the China Meteorological Science Data Sharing Network, including four weather stations (Mohe, Tahe, Xinlin, and Huma). The daily data included the maximum temperature, average temperature, 24 h precipitation, minimum relative humidity, average wind speed, and wind direction. The statistics on forest fires in Daxing’anling from 1971 to 2015 were provided by the Forest and Grassland Fire Management Office of Heilongjiang Province, which included the fire occurrence date, location, burned area and fire cause.



The simulated climate data (1951–2050) included four climate scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) and five global climate models (GCMs) (GFDL-ESM2M (Gfd), Had GEM2-ES (Had), IPSL-CM5A-LR (Ips), MIROC-ESM-CHEM (Mir), and Nor ESM1-M (Nor)) provided by ISI-MIP (the Inter-Sectoral Impact Model Intercomparison Project) (https://www.isimip.org/); these data were extracted and converted to ASCII files by the Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences. The horizontal resolution of the data was 0.5° × 0.5°. The data were processed with preliminary interpolation (bilinear interpolation) and correction (based on statistical deviation correction of probability distribution). The daily climate data included the maximum temperature, minimum temperature, precipitation, average relative humidity, and near-surface average wind speed.




2.4. Climate Data Processing


The simulated temperature, precipitation, and wind speed from each model were corrected according to the ground observation data at baseline (1971–2000). The monthly mean difference (or difference ratio) correction method and nonlinear transformation equation method [41] were used to make further corrections to the data for climate scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5 in baseline period and 2030s. The revised parameters were determined via differential analysis of the monthly mean values of historical observation data from the meteorological stations and the simulation data for nearby grids.



The frequency of precipitation in the RCP data was adjusted according to the frequency of precipitation during the fire season (from March to October) of the observed precipitation in weather stations. First, all daily precipitation was subtracted from the threshold of the corresponding month and negative values were set to zero for adjusting rainfall frequency. Then the monthly mean difference was used to correct the simulated daily rainfall for the corresponding month.



The relative humidity at noon was calculated based on the daily maximum and minimum temperatures [42]. First, we assumed the minimum temperature as the dew point temperature and used the maximum temperature minus an average difference (2 °C) as the noon temperature. Then, we calculated the relative humidity at noon based on the dew point temperature. First, we calculate the water pressure (e) based on the dew point temperature (td).


e = 6.1078exp[a × td/(273 + td-b)]



(1)




where a = 17.2 and b = 35.86. Then, we used the temperature (t) to calculate the saturated water pressure (es):


es = 6.1078exp[a × t/(273 + t-b)]



(2)







Finally, we calculate the relative humidity (RH):


RH = e/es × 100%



(3)







The calculated monthly RH was also corrected by the monthly mean difference ratio correction method.



The climate scenario data did not include wind direction data. We used a random method to generate daily wind direction data based on historical observations of the daily wind direction database.




2.5. Fire Weather Indices and Predicted Fire Numbers for 2030s


The BP model requires daily weather (temperature, precipitation, relative humidity, wind speed, and wind direction) and fire weather data as inputs. Each of the daily FWI System codes and indices (FFMC, DMC, DC, ISI, BUI, and FWI) was computed based upon noon weather observations of temperature, relative humidity, wind speed, and 24-hour accumulated rainfall and the data calibrated with the climate models [42]. Weather data and FWI indices from the nearest weather station or grid (outputs from global climate models) were used to simulate the behavior (Wildfire growth model) of each fire [39]. The data from weather stations is used for present conditions and from grids for future weather conditions.



There was a significant correlation between annual fire numbers and the fire weather indices (DMC, ISI, and BUI) in the baseline period. The fire numbers for each year from 2030s are predicted based on the relationship.


Y = 0.4081DMC + 0.3279bui + 8.2268isi-36.88 (R2 = 0.4083)



(4)




where Y (annual fire numbers), DMC, ISI, and BUI are the average values of the corresponding fire season.



The lightning fire occurrence is related to DMC.


Y = 1.9773DMC − 37.05 (R = 0.5738)



(5)




where Y (annual lighting fire numbers) and DMC are the average values of the corresponding fire season.



There were differences in fire numbers calculated from the data of the five GCMs (Gfd, Had, Ips, Nor, and Mir). The average values from the five models in each year were input into the BP model for simulations for the 2030s.




2.6. Fuel Types


The vegetation map was derived from MODIS satellite remote sensing data MODIS-L1B in 2010 (http://www.gscloud.cn/). The vegetation was classified into five fuel types: evergreen pine forest, deciduous coniferous forest (larch forest), broad-leaved forest, mixed broad-leaf conifer, and grass, corresponding to the Canadian fuel types C-5, M-1a, D-1, M-1b, and O-1a (Figure 2) [43]. C5 fuel type is characterized by mature stands of pines. M-1a is used for mixed stands of 25% coniferous and 75% deciduous; M-1b is used for mixed stands of 75% coniferous and 25% deciduous boreal species in the leafless stage. D1 is characterized by pure, semimature trembling aspen stands before bud break in the spring or following leaf fall and curing of the lesser vegetation in the autumn. O-1a is characterized by continuous grass cover in the spring, with only occasional trees or shrub clumps that do not appreciably affect fire behavior [44].




2.7. Burn Probability Simulations


The BP model was used to simulate burn probability for the study area at baseline (simulation data from GCMs and historical observation data) and in the 2030s (simulated data from five GCMs under four climate scenarios). The inputs of the model included raster data and text files. The raster data included fuel types, DEM, lightning ignition density, human-caused ignition density, and response times. These spatial data were based on the baseline data (Figure 4). The indicated fire intensity threshold was used (3500 kW/m). The inputs text files included annual lightning fire numbers and annual human-caused fire numbers in the period, the daily lightning fire and human-caused probability, daily weather (temperature, precipitation, relative humidity, wind speed, and wind direction) and fire weather indices (FFMC, DMC, DC, ISI, and BUI).



The BP model produces both raster (ASCII-format) and text file outputs. The raster outputs included the BP for the period and the burn times in the simulation (in hours). The text file output included important characteristics of each fire for all iterations, such as the iteration identifier, fire causes, start location (X-Y), fire size (ha), start date (Julian date), fire intensity at escape (defining 1 ha as the size of an escaping fire), and fire weather at ignition.



All raster data were used with the same resolution of 100 m and consistent projection. The edge buffer in the study area, except along portions of the country boundary, is 10 km wide to offset the reduced probability of fire spreading at the edges. The simulated burn season was from March 1 to October 31. Each iteration was the simulation of an entire fire season. There were 10,000 iterations for each simulation. We analyzed the effects of iterations on the accuracy of BP simulation and found that 10,000 iterations are appropriate for the study (Appendix A for further details).





3. Results


3.1. Changes in Climate and Fire Weather in the 2030s


The average daily maximum temperature of the fire season at baseline was 12.6 °C and would be 14.7, 14.6, 14.5, and 15.1 °C in the 2030s under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively (Figure 5). The average maximum temperature would be 14.7 °C in the 2030s, which is 16.6% higher than that at baseline. The increase in temperature was significant (F-test, P = 0.00). The precipitation in the fire season during the baseline was 415 mm and would be 443, 441, 435, and 459 mm for the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios in the 2030s, respectively. The average precipitation in the fire season in the 2030s would be 444 mm, which is 7.1% higher than that at baseline. The difference in precipitation were not significant.



The average FWI of the fire season at baseline would be 10.4 and 10.9 in the 2030s, which is 4.2% higher than that at baseline. The change is not significant (P = 0.5699). The average FWIs of the fire season in the 2030s would be 10.9, 10.9, 10.7, and 11.0 for scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively (Figure 6).



The numbers of annual fires and lightning fires in the 2030s were calculated according to formulas (4) and (5), respectively. The number of fires at baseline was 4–91 per year, including 0–77 lightning fires and 2–61 human-caused fires. If the calculated number of fires was higher than the highest value at baseline, then the maximum number at baseline was used for the model input.




3.2. Burn Probability Simulation for Baseline and the 1991 to 2010 Period


The simulation for the baseline period was performed using fire numbers from historical fire statistics. There were 35 fires on average annual during the baseline period, including 23 lightning fires and 12 human-caused fires. In the 2030s, there would be 39 fires per year on average, including 25 lightning fires and 17 human-caused fires. The minimum number of fires (23) was predicted for 2023 and maximum fires (46) for 2027 (Figure 7).



The numbers of fires calculated from the data of the five GCMs were significantly different (F-test, P = 0.0001) (Figure 8). The predicted average fire numbers per year for the 2030s were 34, 41, 36, 37, and 45 based on the data of GCMs Gfd, Had, Ips, Nor, and Mir, respectively. The fire numbers calculated from the data of the Had and Mir models were relatively high.



The simulated average annual burned area was 30,209 ha at baseline and the average burned rate was 0.36% (Figure 9). Since there were a clearly change on fire management policy and fire suppression ability in the baseline period, we take fire simulation results in the period 1991–2010 to validate BP model for the region. The simulated burned areas for 1991–2010 showed similar inter-annual fluctuations to the actual burned areas (Figure 10). However, there were obvious differences in individual years such as 2000 and 2002. The occurrence of fire is affected by many factors, such as fire source management, weather, and suppression ability. The simulated ignition locations are random, but the fire source distribution and fire weather may actually vary greatly in each year. Therefore, the BP model can simulate the basic fire conditions in a period or a fire season but cannot exactly predict fire occurrence and burned locations.




3.3. Changes in Burn Probability in 2021–2050


The potential burned areas in the 2030s show an increase of 18.8% over the baseline period. The potential burned areas under the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios in the 2030s are 33,379, 39,902, 33,954, and 36,362 ha, respectively, which are 10.5%, 32.1%, 12.4%, and 20.4% higher than in the baseline period. The projected burned areas for each year (the averages of the four scenarios) show that the minimum burned area will occur in 2023 (13,870 ha) and the maximum in 2038 (54,389 ha), representing changes of −46.8% and 80.0% compared with the average for the baseline period (Figure 11).



The frequencies of fires with sizes of 1–100, 101–1000, 1001–10,000, and >10,000 ha in the baseline period were 80.2%, 14.5%, 2.3%, 1.7%, and 1.3%, respectively. During the 2030s, the frequencies of fires with sizes of 1–100, 101–1,000, 1001–10,000, and >10,000 ha are predicted to be 77.2%, 16.4%, 2.8%, 2.0%, and 1.6%, respectively, representing increases of −3.0%, 1.9%, 0.5%, 0.2%, and 0.3% over the baseline period (Figure 12). The frequency of fires with all sizes will increase except of the frequency of fires with sizes of 1–100 ha.



Burn probability will increase by 19.4% in the 2030s compared with the baseline period. The average BP values for the study area are 0.0040, 0.0048, 0.0041, and 0.0043 under the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios, respectively, which are 11.1%, 33.3%, 13.9%, and 19.4% higher than that at baseline.



The BP in the southern and eastern parts of the study area showed high values, while that in the north showed low values (Figure 13). The spatial distributions of the BP simulations were different among the results of different models and scenarios. The BP values were clearly high in the southwestern corner and eastern central areas in the results of RCP2.6-Ips (Figure 11-b3), RCP4.5-Had (Figure 11-c2), and RCP6.0-Had (Figure 11-d2).





4. Discussion


The simulated potential burned areas in the 2030s show an increase of 18.8% (range of 10.5% to 32.1%) over those in the baseline period, which is basically consistent with previous research results. The fire danger in the region would increase under the SEARS (special report on emissions scenarios) climate scenario in the future [45,46]. Liu et al. predicted the fire density in cold zone forests in northeastern China during the 2081–2100 period to increase by 30% under the CGCM3 B1 scenario and to decrease by 230% under the HadCM3 A2 scenario, which resulted from simulations of the Landis model [31]. Tian et al. projected that the potential burned areas in northeast China may be increased by 10%–18% in 2071–2100, but this prediction was based on fire weather indices and this methodology was very different from the methods described in this paper for simulating daily fire occurrence and spread in the studied period [45]. Miao and Tian used the Burn-P3 model to simulate BP changes during 2021–2050 under the four climate scenarios, but the study only used data from one GCM (HadGEM2-ES) [37]. The Burn-P3 model does not require the input of specific parameters related to fire suppression and the impact of suppression is mainly reflected in the frequency of fires of different sizes and the days of fire spreading. The Burn-P3 simulation indicated that the average BP during 2021–2050 would be increased by −6.21%, 7.71%, 7.80%, and 19.48% under scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively [37]. The BP simulation results presented in this paper are significantly higher estimates than the results from Burn-P3 simulations. However, the results for the RCP8.5 scenario are similar. The difference occurs for the following reasons:



(1) This study used the daily minimum and maximum temperatures of the GCM outputs to calculate the relative humidity of the day, whereas the earlier study calculated the minimum relative humidity from the average relative humidity. This resulted in the fire weather differences and further affected the fire simulation.



(2) Fire suppression was found to be a key factor affecting fire regime [47,48]. The BP model used in this study uses the parameters of the response time and fire intensity threshold of suppression as inputs to reflect response ability. This simulation process is closer to the actual situation in the study area. The effects of fire suppression are rarely considered in other fire modelling [49].



(3) This study conducted simulations with the data from five GCMs under four scenarios. Taking the averages of all simulations allows accounting for uncertainty of individual models and the results should be more reliable.



Interactions among disturbances, climate, and vegetation influence landscape patterns [45,50]. Predictions of future wildfire areas need to consider not only climate changes and potential changes in drought–fire dynamics but also vegetation changes [5]. The effect of changes in land use or fire management [51,52] and the spatial interaction between fire and vegetation dynamics can definitively affect fire regime [53], as well as possible feedbacks on climate change [54]. Luo et al. indicated that the aboveground biomass in Daxing’anling would increase under climate warming scenarios [55]. However, the simulations described in this paper do not consider the changes in fire sources and fuel types in the future 30 years and the model assumed that the ignition distribution and fuel type would be basically the same as in the baseline period. This is a limitation of this research. If the fire management and fuel types will not have fundamental changes in the next 30 years, a small change in these factors can be considered unlikely to affect the reliability of the conclusion overall. Future studies on fire dynamics should be combined with a vegetation dynamics model for comprehensive analysis. The areas with high BP values should be the key areas that fire management focused in the future. The fuel management measures should be taken in those key areas for adaptation on the climate change.




5. Conclusions


The average daily maximum temperature in the fire season will increase by 2.1 °C (+16.6%) during the 2030s compared with the baseline and precipitation in the fire season will increase by 7.1%. The FWI in the 2030s will increase by 4.2% over that at baseline, but this change is not significant.



The BP model can simulate the basic state of forest fires over a period on a landscape scale. It is estimated that the annual number of fires will increase by 11.4% in the 2030s and that the potential burned areas will increase by 18.8%. The minimum burned area is predicted to occur in 2023 and the maximum in 2038. The BP in the 2030s will be increased by 19.4% compared with that in the baseline period. The southwestern corner and the eastern central parts of the study area show high BP values and will be key areas for fire management in the future.
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Appendix A


The number of iterations has an impact on the accuracy of BP simulation. Figure 1 shows the results of simulations with 2000, 5000, 10,000, 15,000 and 20,000 iterations for a single scenario (RCP6.0 Had model). The average BP (0.64–0.66, range within 3.1%) for the region may reach a basically stable state when more than 2000 iterations are performed. However, the spatial distribution of BP showed little difference as the number of iterations increased, but the basic features were similar (Figure 1). The average BPs were 0.0022, 0.0024, 0.0024, and 0.0024 for 2000, 5000, 10,000, 15,000, and 20,000 iterations, and the corresponding standard deviations (SD) were 0.0033, 0.0038, 0.0042, and 0.0047, respectively. These averages were very close. However, the maximum values were 0.033, 0.040, 0.044, and 0.048, respectively, representing greater differences. The effect of the iterations on the spatial distribution of BP can be ignored when there are more than 10,000 iterations. The simulation period is also a factor in determining the number of iterations. If the model only simulates one year’s BP, it will obtain stable results with 300 iterations.
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Figure A1. Iterations and simulated BP maps. (a) BP map with 2000 iterations; (b) BP map with 5000 iterations; (c) BP map with 10,000 iterations; (d) BP map with 15,000 iterations; (e) BP map with 20,000 iterations. 
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Figure 1. Location of the study area and vegetation types. 
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Figure 2. Fire statistics of Daxing’anling during 1971–2015. 
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Figure 3. The framework burn probability model. 
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Figure 4. Spatial data inputs for the burn probability (BP) model. (a) Fuel types; (b) response times (hours); (c) lightning fire density (ignitions per km2); and (d) human-caused fire density (ignitions per km2). 
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Figure 5. Changes in average daily maximum temperature and precipitation during the fire season in the 2030s. (a) Average daily maximum temperature at baseline; (b) average daily maximum temperature in 2030s; (c) precipitation during the fire season at baseline; and (d) precipitation during the fire season in the 2030s. 
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Figure 6. Fire weather index (FWI) changes in the 2030s. (a) FWI at baseline and (b) FWI in the 2030s. 
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Figure 7. Fire numbers simulated for baseline (a) and the 2030s (b). 
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Figure 8. Average number of fires predicted for the 2030s based on data from five global climate models (GCMs). 
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Figure 9. Simulated burned areas for each year in the baseline period. 
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Figure 10. Comparison of simulated burned areas and historical statistics during 1991–2010. 
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Figure 11. Simulated potential burned areas during 2021–2050. 
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Figure 12. Frequency of fires with different sizes under the four climate scenarios in the 2030s. 
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Figure 13. BP simulation results based on five climate models under four climate scenarios for the 2030s. (a1-5) are simulated BP maps based on the Gfd, Had, Ips, Nor, and Mir model outputs in the baseline period, and (a6) is the average of the five models; (b1-5) are simulated BP maps based on the Gfd, Had, Ips, Nor, and Mir model outputs for the 2030s under the RCP2.6 scenario, and (b6) is the average of the five models; (c1-5) are simulated BP maps based on the Gfd, Had, Ipsnf, Nor, and Mir model outputs for the 2030s under the RCP4.5 scenario, and (c6) is the average of the five models; (d1-6) are simulated BP maps based on the Gfd, Had, Ips, Nor, and Mir model outputs for the 2030s under the RCP6.0 scenario; (d6) is the average of the five models; (e1-6) are simulated BP maps based on the Gfd, Had, Ips, Nor, and Mir model outputs for the 2030s under the RCP8.5 scenario; and (e6) is the average of the five models. 
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