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Abstract

:

Various particulate matters (PM) and associated carbonaceous aerosols released from open biomass burning (including open straw burning, grass and forest fires) are major sources of atmospheric pollutants. Northeast China is a central region with high forest and grass coverage, as well as an intensive agricultural area. In this study, the FINN (Fire INventory from Ncar) emission data was used to analyze the spatiotemporal variations of PM and associated carbonaceous aerosol component (PM2.5, PM10, OC and BC) emissions from open biomass burning in Northeast China from 2002 to 2016. The results show that the total amount of annual PM2.5, PM10, OC and BC emissions was estimated to be 59.0, 70.6, 31.5, and 4.3 kilotons, respectively, from open biomass burning over Northeast China, averaged from 2002 to 2016, with significant inter-annual variations in amplitudes from 28.0 to 122.3, 33.7 to 144.1, 15.0 to 65.0, and 2.1 to 8.6 kilotons. The regional PM2.5, PM10, OC and BC emissions showed significant seasonal variations with highest emissions in spring (with a seasonal peak in April), followed by autumn (with a seasonal peak in October), summer, and winter in Northeast China; high emissions were concentrated in the forests and grasslands with natural fires, as well as over agricultural areas with crop straw burning from human activities. The PM2.5, PM10, OC and BC emissions over forest areas presented decreasing trends, while the emissions over farmlands showed increasing trends in Northeast China during 2002–2016; this reflects on the dominance of biomass burning that shifted from forestland with natural fires to farmlands with increasing human activities. Three key meteorological drivers—strong near-surface wind speed, high air temperature and low relative humidity—were identified as having significant positive impacts on the inter-annual variations of PM2.5, PM10, OC and BC emissions from open biomass burning in Northeast China.
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1. Introduction


Open biomass burning is a major source of gaseous pollutants and particulate matters [1,2]. Most of the emitted particulates are fine particles [3]; globally 26–73% of fine particles come from open biomass burning [4]. PM2.5 emissions from biomass burning account for 74% of the total particulate matter emissions [5]. They are comprised primarily of carbonaceous particulates, which make up approximately 73% of the total particulate matter [6]. Carbonaceous particulates are generally composed of organic carbon (OC) and black carbon (BC). Both OC and BC are major scattering and absorbing aerosols that affect global and regional radiation balance, reduce visibility [7], and impair human health [8,9]. Therefore, particulate matters from biomass burning play an important role in climate and environment change [10,11,12].



Open biomass burning is a wide-ranging and difficult-to-control source, which can produce a large number of pollutant emissions [13]. The emissions from fires vary with types of ecosystems, prevailing weather patterns, fuel characteristics, etc., and have significant inter-annual and seasonal variations [14]. On a global scale, the underlying surface types of biomass burning are mainly forests and grasslands. The large inter-annual variation of forest fire areas is one of the main causes for the high inter-annual variation of global biomass burning emissions [15]. Bossioli et al. [16] showed that biomass burning in the eastern Mediterranean increased the concentrations of PM2.5 in the Aegean Sea by about 24%. According to Streets et al. [17], about 730 Tg of biomass was burned in Asia each year; among the total, forest burning comprised 45%, crop residue burning 34% and grassland fires owned the rest. China contributed 25% to the total biomass burning. Sahu et al. [18] studied the seasonal and long-term trends of biomass burning sources in south and southeast Asia, and found that the intensity of biomass fires had been modulated by the large-scale climatic phenomena. Crop straw burning is the main form of biomass burning in China [17,19]. Li et al. [20] estimated the quantity of open straw burning in China and provided a straw burning emission inventory. Wu et al. [21] estimated the open biomass burning emissions in central and eastern China from 2003 to 2015 based on satellite observation, providing credible evidence to assess the influence of policies on burning activities. The study of Li et al. [22] showed that, from 1990 to 2013, the area with high biomass burning emissions extended significantly in Northeast China. Biomass burning contributes up to 30–60% of atmospheric OC in Beijing, the capital of China [23,24]. A large number of crop straw burnings during the harvest seasons is a main source of atmospheric particulate matter in Sichuan Basin, Southwest China [25,26]. Zhao et al. [27] reviewed the current situation of crop residue burning in China, and offered recommendations on reducing the threat of open biomass burning on air quality by prescribed open burning.



As an urgent sustainability problem, air quality in China has deteriorated by changing air pollutant emissions. There is a large gap in understanding the spatiotemporal variations of air pollutant emissions in China due to the complication of natural and anthropogenic sources, which is becoming a major challenge for air pollution control. The harm from haze and poor air quality in China has attracted worldwide attention. However, a number of studies on air pollution and air pollutant emissions, especially from biomass burning in China, were mainly focused on North China Plain, Yangtze River Delta, Sichuan Basin and Pearl River Delta regions of China [28,29]. In recent years, haze pollution in Northeast China (which is at a high latitude), has become frequent and intense; the issue, however, is poorly understood in China [27,30].



Northeast China is rich in forest resources with total forest area of approximately 37 million hectares, accounting for 37% of the country’s total forest area. Its forest coverage rate is approximately 37.9%, which is three times the national average. Northeast China is also the main grain-producing region in the country. Seasonally, a large number of crop straws are burned on farmland in this region. Therefore, forest fires and crop straw burning are main emission sources of particulate matters and associated carbonaceous aerosols in Northeast China [31,32]. There is a lack of understanding of the spatiotemporal distribution of biomass burning emissions in Northeast China, where forestland and cropland are dominant.



Open fire from farmlands is closely related to anthropogenic factors (crop straw burning, crop types, laws and regulations, etc.), while forest and grassland fires are mostly determined by natural factors (lightning, precipitation, winds, temperature, etc.). Both anthropogenic and natural factors with large uncertainties may severely limit study on the spatial and temporal distribution in air pollutant emissions from biomass burning over a largescale region. Therefore, satellite monitoring becomes practicable in studies on open biomass burning [14,32]. Open biomass burning with a large amount of aerosol emissions in a short time could result in regional haze pollution in China [33,34,35,36]. Zhao et al. [37] made an emission inventory of gaseous pollutants in Sanjiang Plain, northeast China, and the results indicated that owing to the change of land use, the main source of air pollutants changed from wetland to crop residue burning. It is of scientific significance to deeply understand the spatial and temporal characteristics of biomass burning emissions in Northeast China. In this study, we selected Northeast China as the study region to analyze the spatiotemporal variations in emissions of particulate matters and associated carbonaceous aerosols over the past 15 years (2002–2016) and provide a scientific basis for air pollution mitigation policies and sustainable development in China.




2. Observation Data and Analysis Methods


An inventory of biomass burning emission sources from survey data is only applicable to a specific year, because the actual quantity of biomass burning in the survey year is closely related to weather conditions (drought, rain, etc.). In China, the site survey mainly focuses on crop straw burning, and has limitations in determining the spatial and temporal characteristics of fires. To compensate for the site survey, the “top-down” satellite observation is used for determining actual sizes of biomass burning and fire locations for a quantitative study on continuous biomass burning (such as forest fires and grassland fires over large areas); it provides a more accurate inventory of biomass burning emissions for air quality and climate simulation [38].



FINN (Fire INventory from NCAR) emission data were used (https://www2.acom.ucar.edu/) in this study. FINN uses the location and time of active fires, and land cover type data obtained by remote sensing from MODIS sensors mounted on NASA Terra satellites and Aqua polar orbiting satellites. Together with emission factors and estimated fuel loadings, FINN provides daily, highly-resolved open burning emission inventory for regional and global atmospheric chemical transport models. The inventory framework produces daily emission data at a horizontal resolution of about 1 km2. The vegetation type of each fire pixel is determined by the MODIS Collection 5-Land Cover Type product [39]. In addition, MODIS VCF (Vegetation Continuous Field) products were used to identify the density of vegetation at each fire point. Different from other inventories of emission sources, FINN data offers global coverage, high temporal and spatial resolution, and contain emissions with a large number of chemical species, including CO2, CO, NOx, NH3, CH4 volatile and semi-volatile organic compounds (VOC and SVOC) and particulate matters (PM). FINN has been widely used in studies on atmospheric chemical transport models and air quality change from local to global scales.



Wiedinmyer et al. [40] presented a detailed description of the FINN datasets and compared the FINN dataset with other biomass burning inventories; the results showed that the FINN emissions agree well with other emission inventories, and the different evaluations for chemical species were consistent within the uncertainties of the frameworks. They then analyzed the global total emissions from open biomass burning during 2005–2010. The major emissions from cropland fires occured in the Northern Hemisphere, and equatorial Asia had the most variability in area and biomass burned. Val Martin et al. [41] used FINN data to analyze the effect of forest fires on atmosphere aerosol content and air quality during 2000–2012 in Colorado. Jiang et al. [42] used FINN data to explore the role of aerosol emissions from fires in O3 photochemical reaction. Reddington et al. [43] used three satellite derived fire emission inventories (GFED, GFAS and FINN) to explore the uncertainties in emissions. The smallest bias between the model and PM2.5 and AOD observations was found using FINN emissions; the small fires was better captured by the FINN dataset. Although the FINN dataset has uncertainties due to satellite overpass timing and cloud cover influencing the detection of fires as well as emission factors, etc., it has been widely used in studies on atmospheric, environment and air pollutant emissions. The meteorological data used in this study are provided by the Meteorological Data Sharing Network (http://data.cma.cn/) of the China Meteorological Administration (CMA). In this study, the ground meteorological data of 101 stations in Northeast China were selected for the analysis of regional climate and environment changes.



The study area is shown in Figure 1; it is actually the Northeast China within 120–135° E and 38–54° N. The area includes three provinces of Northeast China (Liaoning—LN, Jilin—JL, Heilongjiang—HLJ) and the east part of Inner Mongolia Autonomous Region (IM). For convenience, the study area has been abbreviated as the “NE region” in this study. Figure 1 also shows the land cover types over the NE region. These land-use data are from the Resource and Environment Science Data Center (http://www.resdc.cn) of Chinese Academy of Sciences.



Boreal seasonal division in this study refers to certain months of March, April and May as spring; June, July and August as summer; September, October and November as autumn; as well as December and following January and February as winter.



In this study, the following Equations (1) and (2) are used to calculate the trend b in inter-annual change of emissions from open biomass burning:


  b =    S  x y      S  x x      



(1)






   S  x y   =   ∑   i = 1  n  (  x i  −  x ¯  )  (   y i  −  y ¯   )  ,  S  x x   =   ∑   i = 1  n     (   x i  −  x ¯   )   2   



(2)




where    x i   ,   x ¯   are 2002–2016 year ordinal numbers and their average,    y i   ,   y ¯   are the annual emissions from open biomass burning and their averages over 2002–2016.




3. Results and Discussion


3.1. Temporal Variation of Emissions Averaged over NE Region


3.1.1. Monthly Variations of Emissions


The monthly variations of PM2.5, PM10, OC and BC emissions from open biomass burning for 2002–2016 averaged in the NE region are shown in Figure 2. The regional emissions varied monthly with two peaks in April and October for particulate matters and associated carbonaceous aerosols. Seasonally, the largest PM emissions occurred in spring, the second in autumn and the smallest in summer and winter. In spring, forest and grassland fires occurred frequently in the NE region due to drought climate. In addition, as the main grain-producing area in China, the NE region with vast farmlands accounts for about 30% of the total area of the region. Intensive agricultural activities, including spring plowing, burning, and remaining crop burning, make up man-made burning. Natural fires and man-made burning could make spring the largest biomass burning emission season in the NE region. In autumn, open straw burning is the most convenient and inexpensive way to dispose of residual crops. Farmers generally use this method to process large amounts of crop residues in a short time to prepare the land for crop planting in the next season, which could lead to autumn being the second-largest emission season. Summer is a rainy and growing season in the NE region; therefore, summer emissions are significantly lower than those in spring and autumn. In winter, open fire emissions are the lowest because the land is mostly covered by snow in this high latitude region.




3.1.2. Inter-Annual Variations of Emissions


Capturing the inter-annual variability of open biomass burning emissions by using long-term sequence of FINN fire data is important to understanding environment change to [44], where PM10 and PM2.5 are particulate matters, respectively, with 10 micrometers or less and 2.5 micrometers or less in diameter. Figure 3 shows the inter-annual variations of PM2.5, PM10, OC, and BC emissions from fires in the NE region from 2002 to 2016. The PM2.5, PM10, OC, and BC emissions all exhibited significant inter-annual oscillations in amplitudes from 28.0 to 122.3, from 33.7 to 144.1, from 15.0 to 65.0, and from 2.1 to 8.6 kilotons, respectively. The strength of inter-annual variability could be defined by the ratio of the standard deviation of annual emissions to their average emissions for 15 years. The inter-annual variability strengths of emissions for PM2.5, PM10, OC, and BC were estimated as 40.4%, 39.8%, 40.0%, and 39.9%, respectively, with annual average emissions of 59.0, 70.6, 31.5, and 4.3 kilotons, respectively. From 2002 to 2012, the annual emissions of all PM presented a decreasing trend with fluctuations. The largest annual emissions happened in 2003 when the annual emissions of PM2.5, PM10, OC, and BC were 122.0, 144.0, 65.0 and 7.1 kilotons, respectively. From 2012, PM emissions increased continuously and significantly, reaching the next peak value of 15 years in 2016, when the annual emissions of PM2.5, PM10, OC, and BC were 89.2, 109.0, 48.5 and 8.6 kilotons, respectively. Since 2012, the NE region has experienced heavy pollution over five consecutive years. Open biomass burning emissions are a major cause of severe regional haze pollution in the autumn season [35]. Controlling biomass burning is crucial to improving the air quality in the NE region.



Land use changes are an important issue in ecological and environmental protection for sustainable development. During the processes of economic development and urbanization in the NE region from 2000 to 2015, the areas of land-use types with forestland and cropland in the NE region were estimated as about   4.9 ×   10  5    km2 and   3.6 ×   10  6    km2, accounting for 45% and 33% of the total area in Northeast China, and the area of cropland increased by about   2.9 ×   10  3    km2 accounting for 0.3% of the NE-total cropland. Areas of forest and grassland decreased slightly—about   1.5 ×   10  3    km2 and   1.3 ×   10  3    km2, respectively—in Northeast China, accounting for −0.14% and −0.12% of the forest and grasslands, respectively (Table 1). These negligible percentages of area change rates in cropland, forestland and grassland with potential open fires in the NE-region over the past years indicate that land use changes could have less impact on the inter-annual variations in emissions of PM and associated carbonaceous aerosols from open biomass burning over the NE region.





3.2. Spatial Variations of Emissions in the NE Region


3.2.1. 15-Year Averages of Emissions


The NE region has abundant forest resources, where the forestland in Da Hinggan Ling and Xiao Hinggan Ling are the largest ecological forest and grassland areas in China. Cultivated lands are mostly located in Songnen Plain, Liaohe Plain, and Sanjiang Plain. Figure 4 shows the spatial distribution of annual PM2.5, PM10, OC, and BC emissions from open biomass burning in the NE region from 2002 to 2016. It can be seen that the high value areas of PM emissions were mainly located over Da Hinggan Ling in the northeast of IM, Xiao Hinggan Ling in the north of HLJ, and the Sanjiang Plain in the northeast of HLJ. The high emissions were mainly from natural fires, including forest fires and grassland fires. The Sanjiang Plain in the northeast of HLJ is the largest farmland area in China. The high PM emissions could be caused by both forest fires and agricultural burning. Another high PM emission area is in an arable agricultural area of the Manchurian Plain, a belt from northeast to southwest, including the southwestern part of HLJ, the Songnen Plain of west-central JL and the Liaohe Plain of south-central LN, where high PM emissions from open fires could be mainly related to human activities, such as crop straw burning.



Figure 5 presents the spatial distribution of seasonal PM2.5 emissions over the NE region, averaged over 2002–2016. The seasonal variations in open biomass burning emissions from forest and farmland exhibited high values in spring and autumn as well as low values in winter and summer. The obvious differences in high emissions between spring and autumn were located in western HLJ and Da Hinggan Ling in northeastern IM with emission centers being located over forestland in dry spring and over farmland in harvest autumn over the NE region. The largest forest fire in China in history occurred in the northern part of Da Hinggan Ling in the spring of 1987, with more than 133 hectares of forest burned during this fire [45].




3.2.2. Differences of High PM Emissions between 2003 and 2016


Year 2003, which had the largest PM emissions from biomass burning, and year 2016, the second largest year, are selected for a comparison. Taking the PM2.5 emissions as an example, the differences of spatial distribution for the two high emission years are analyzed. Figure 6 shows the spatial distribution and monthly variations of PM2.5 emissions in 2003 and 2016. There are significant differences between the two years. Emissions from fires in the NE region are not only from straw burning, but also from forest and grassland fires, which can be distinguished by geographical locations of forestland and farmland. Obviously, the high value areas for PM emissions in 2003 were mainly located in the forestland of NE, centering in Da Hinggan Ling, Xiao Hinggan Ling and the Sanjiang Plain (Figure 6a) with a significant peak of regional emissions concentrated in spring (Figure 6c). There were much more forest fires over NE region in 2003, and heavy and severe fires occurred frequently, which accounted for 21.5% and 100% of the country’s total in 2003. The area of burnt forests in 2003 was 15.4 times that in 2002 (http://www. forestry.gov.cn/main/72/content-386085.html). However, in 2016, there was a shift in the area of high PM emissions to farmlands in the NE region. Unlike the area of high PM emissions over forestlands in 2003, PM emissions in 2016 are mainly released in the farmlands covering the southwest of HLJ, the Songnen Plain of the central west JL and the Liaohe Plain of the south-central LN (Figure 6b). In addition to spring, the PM emissions in the autumn of 2016 were much larger than that of 2003 (Figure 6c,d). In the autumn of 2003, the PM2.5 emissions from open biomass burning accounted for 4% of the annual emissions, while it was 27% in the autumn of 2016.




3.2.3. Changes of OC/BC Emission Ratio


Open biomass burning emissions are a major source of organic carbon (OC) and black carbon (BC) in the atmosphere [46,47]. The OC/BC ratios reflect different biomass burning processes [48]. As shown in Figure 7a, the OC/BC emission ratio is significantly different in forestlands and farmlands (Figure 1). On combining Figure 1 and Figure 7a, it was found that the OC/BC ratios were over 10 for natural emissions over forest areas and from 4 to 6 for anthropogenic emissions from agricultural activities over farmlands in the NE region. The right panel of Figure 7 shows the inter-annual change of OC/BC emission ratio in the NE region from 2002 to 2016. Regionally over NE, the OC/BC emission ratio experienced a decreasing trend during 2002–2016, and the OC/BC emission ratios decreased from 9.8 in 2002 to 5.5 in 2016 (Figure 7b), which indicates that the dominant emissions of particulate matters with open biomass burning in NE region shifted from natural sources over forestlands to anthropogenic sources over farmlands during 2002–2016. Emissions from crop straw burning has continuously increased over 15 years, which could be due to a decrease in farmers’ requirements for crop residue as cooking fuel and animal feed (primarily as a result of modernization and improvement in lifestyles) as well as owing to the fact that almost all crop residues were simply burned in farmlands [21]. It is thus suggested that policy makers implement effective legislations and take scientific measures to ban straw burning in a bid to cut down on anthropogenic emissions for the sustainable development of Northeast China.




3.2.4. Spatial Distribution of Inter-Annual Emission Variations


By using Equations (1) and (2), we calculated the trends in inter-annual changes of PM and associated carbonaceous aerosol emissions from open biomass burning in the NE region from 2002 to 2016. Figure 8 shows the spatial distribution of inter-annual change trends in PM2.5, PM10, OC and BC emissions over NE. As illustrated in Figure 8, the declining trends in inter-annual variations of PM2.5, PM10, OC, and BC emissions were centered over the forestlands in Da Hinggan Ling, Xiao Hinggan Ling and the Sanjiang Plain in the northern NE region from 2002 to 2016. The PM2.5, PM10, OC, and BC emissions in Xiao Hinggan Ling and the surrounding area over the central-northern NE region decreased, respectively, at rates of about −3, −3, −1 tons per year and approximately 50 kilograms per year over the past 15 years. In sharp contrast to forest areas, the PM2.5, PM10, OC, and BC emissions from farmland fires mostly show increasing trends from 2002 to 2016. The PM2.5 and PM10 emissions generally increased at the rate of about 1 ton per year in the Northeast Plain with the strongest increase rates exceeding 3 tons per year in southwest HLJ. BC emissions in this area of farmlands was also enhanced, reaching up to 100 kg per year over 2002–2016.





3.3. Key Meteorological Drivers in Emission Changes


The occurrence of open biomass burning events is closely related to meteorological factors, especially natural disasters such as forest fires and grassland fires, mostly occurring under adverse meteorological conditions like heavy lightning, prolonged drought, and strong winds [5,11,18]. We calculated the linear correlation coefficients of inter-annual variations between the FINN (PM2.5, PM10, OC, and BC) emissions and observed meteorological conditions (near-surface air pressure, temperature, relative humidity, precipitation, wind direction and speed) averaged over the NE region for 2002–2016 to understand the role of meteorological drivers in PM emissions from open biomass burning in the NE region. The changes in emissions from fires were influenced by both meteorological conditions and anthropogenic factors. These correlation coefficients between emissions and meteorological drivers could reflect the role of natural factors in variations of open fire emissions under changing regional climates. In our study, relative humidity, wind speed and air temperature were identified as key meteorological drivers affecting PM emission changes in NE with the high correlation coefficients passing significant tests. Figure 9 shows the correlation coefficients of inter-annual variations in NE, regional PM2.5, PM10, OC and BC emissions with near-surface relative humidity, wind speed and air temperature over 2002–2016. The correlation coefficients of PM2.5, PM10, OC, and BC emissions with relative humidity were respectively −0.41, −0.41, −0.4, and −0.22, with near-surface wind speed were 0.61, 0.63, 0.63, and 0.5, and with air temperature were 0.53, 0.52, 0.52, and 0.31 (Figure 9). In general, strong winds, low relative humidity, and high air temperature could drive the increase of emissions from open fires. With higher wind speeds, the fires could further spread, and the combustion range could be expanded with rapid increase in fire intensity. As a result, wind speed has a significant positive correlation to PM emissions from open fires. When ambient air relative humidity was relatively high, the probability of occurrence of open fires is low. Therefore, relative humidity has a significant negative correlation to PM emissions from fires. The significant positive correlations between air temperature and PM emissions could reflect the PM emissions enhanced by prolonged drought and heavy lightning in association with high air temperature. Moreover, as regional variations of meteorological factors are closely associated with climate change, NE regional changes in emissions of PM and associated carbonaceous aerosols could be influenced by global and regional climate changes.





4. Conclusions


Although the FINN emission dataset has uncertainties due to satellite overpass timing and cloud cover influencing the detection of fires as well as emission factors etc., it has been widely used in studies on atmospheric, environment, and air pollutant emissions. In this study based on the FINN dataset of emissions, the spatiotemporal variations of PM2.5, PM10, OC and BC emissions from open biomass burning in Northeast China from 2002 to 2016 were characterized. Meteorological data were used to explore the impacts of meteorological conditions on emissions of particulate matters and associated carbonaceous aerosols.



The 15-year averages of annual PM2.5, PM10, OC and BC emissions were estimated as 59.0, 70.6, 31.5, and 4.3 kilotons, respectively, from open biomass burning over Northeast China, where high emissions were concentrated in the forest and grasslands with natural fires, as well as over agricultural areas with crop straw burning from human activities. Particulate matter (PM2.5, PM10, OC and BC) emissions varied seasonally with the strongest emissions in spring, followed by autumn, summer and winter in Northeast China. Distinct inter-annual variations in PM2.5, PM10, OC and BC emissions oscillated in Northeast China during 2002–2016.



The emissions over forest areas presented decreasing trends, while the emissions over farmlands exhibited increasing trends in Northeast China during 2002–2016 with a declining trend in the inter-annual variation in ratio of regional OC/BC emissions, reflecting on the fact that the dominance of aerosol emissions of open fires shifted from forestland with natural fires to farmland with increasing biomass burning from anthropogenic activities.



Three key meteorological drivers—near surface wind, relative humidity and air temperatures—were identified as causes for changes of PM emissions over Northeast China, where strong near-surface wind speed, high air temperature and low relative humidity had significant positive impacts on the inter-annual variations of PM2.5, PM10, OC and BC emissions from open biomass burning. Because the regional variations of meteorological factors are closely associated with climate change, changes in emissions of PM and associated carbonaceous aerosols could also be influenced by it.



Research on how weather patterns contribute to haze pollution will be an interesting contribution to the topic, especially with regard to air pollutant concentrations in ambient air. Our present study is focused on the correlation of inter-annual variations between open fire emissions and meteorological drivers. The understanding of weather patterns on a synoptic scale could prompt future study on air pollutant emission changes. The influences of land use and climate changes on sustainability could also be further studied taking into consideration long-term data of meteorological and environmental observations.
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Figure 1. Study region of Northeast China with its underlying land cover types in 2015. 
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Figure 2. Monthly variations of average emissions from open fires for 2002–2016 in the NE region (unit: kilotons). 
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Figure 3. Inter-annual changes in emissions of open biomass burning in the NE region from 2002 to 2016 (unit: kilotons). 
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Figure 4. Spatial distribution of annual (a) PM2.5, (b) PM10, (c) OC, and (d) BC emissions from open biomass burning in the NE region, averaged from 2002 to 2016. 
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Figure 5. Spatial distribution of PM2.5 emissions (unit: tons) in (a) spring, (b) summer, (c) autumn, and (d) winter in the NE region, averaged from 2002 to 2016. 
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Figure 6. Spatial distribution of annual PM2.5 emissions (tons) from open biomass burning in the NE region in 2003 (a) and 2016 (b) as well as the monthly changes of NE regional PM2.5 emissions (kilotons) in 2003 (c) and 2016 (d). 
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Figure 7. Spatial distribution of OC/BC ratio of biomass burning in the NE region from 2002 to 2016 (a) and its inter-annual variation (b). 






Figure 7. Spatial distribution of OC/BC ratio of biomass burning in the NE region from 2002 to 2016 (a) and its inter-annual variation (b).



[image: Sustainability 10 03353 g007]







[image: Sustainability 10 03353 g008a 550][image: Sustainability 10 03353 g008b 550] 





Figure 8. Spatial distribution of inter-annual change trends in (a) PM2.5, (b) PM10, (c) OC, and (d) emissions with units of t/yr (tons per year) or kg/yr (kilograms/year) from open biomass burning in the NE region over 2002–2016. 
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Figure 9. Relations of inter-annual variations in NE regional PM2.5, PM10, OC and BC emissions with near-surface wind speed, relative humidity (RH) and air temperature (0.1 °C) from 2002–2016 with correlation coefficients (r) and corresponding significant levels (p). 
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Table 1. Changes in areas (km2) of cropland, forestland and grassland in Northeast China from 2000 to 2015.
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	Land-Use Types
	2000
	2015
	Change Amounts (Rates)





	Cropland
	353,028.38
	355,938.18
	2909.8 (0.3%)



	Forestland
	486,735.81
	485,266.71
	−1469.1 (−0.14%)



	Grassland
	133,800.11
	132,460.87
	−1339.24 (−0.12%)
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