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Abstract

:

Fire occurrence is a major disturbance in the Brazilian Cerrado, which is driven by both natural and anthropogenic activities. Despite increasing efforts for monitoring the Cerrado, a biome-scale study for quantifying and understanding the variability of fire emissions is still needed. We aimed at characterizing and finding trends in Particulate Matter with diameter less than 2.5 µm (PM2.5) fire emissions in the Brazilian Cerrado using the PREP-CHEM-SRC emissions preprocessing tool and Moderate Resolution Imaging Spectroradiometer (MODIS) active fires datasets for the 2002–2017 period. Our results showed that, on average, the Cerrado emitted 1.08 Tg year−1 of PM2.5 associated with fires, accounting for 25% and 15% of the PM2.5 fire emissions in Brazil and South America, respectively. Most of the PM2.5 fire emissions were concentrated in the end of the dry season (August, 0.224 Tg month−1 and September, 0.386 Tg month−1) and in the transitional month (October, 0.210 Tg month−1). Annually, 66% of the total emissions occurred over the savanna land cover; however, active fires that were detected in the evergreen broadleaf land cover tended to emit more than active fires occurring in the savanna land cover. Spatially, each 0.1° grid cell emitted, on average, 0.5 Mg km−2 year−1 of PM2.5 associated with fires, but the values can reach to 16.6 Mg km−2 year−1 in a single cell. Higher estimates of PM2.5 emissions associated with fires were mostly concentrated in the northern region, which is the current agricultural expansion frontier in this biome. When considering the entire Cerrado, we found an annual decreasing trend representing -1.78% of the annual average PM2.5 emitted from fires during the period analyzed, however, the grid cell analysis found annual trends representing ± 35% of the annual average PM2.5 fire emissions.
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1. Introduction


Biomass burning is known as one of the most important sources of emission of gases and aerosols into the atmosphere [1,2]. Global carbon fire emissions are estimated to be 2.2 Pg C year−1 [3] and, therefore, impact the composition of the atmosphere [4,5]. In addition, fire emissions can impact air quality [6,7], human health [8,9], clouds, precipitation and the hydrological cycle [10,11,12], radiative forcings [13], and surface heat, moisture, and carbon fluxes [14].



Even with the wide variation of aerosols and trace gases components from one burning event to another, fire emissions primarily consist of carbon dioxide (CO2, 71.4%), water (H2O, 21%), and carbon monoxide (CO, 5.5%) [15]. PM2.5 that are emitted from fires are also important, which, despite only composing approximately 0.5% of the total fire emission components, are associated with deoxyribonucleic acid (DNA) damage and cell death in human lung cells [9] and estimated to be responsible for 339,000 deaths annually when considering global wild and prescribed forest fires, tropical deforestation fires, peat fires, agricultural burning, and grass fires [8].



Globally, 84% of carbon fire emissions occur in the tropics [3]. Human activity is considered to be a major fire-driver in the tropics [11,16], where fires are used for shifting land cover and agricultural purposes, such as eliminating crop residues or pasture management [17]. Moreover, climate variability is an important fire-driver in tropics [16], where the risk of fire occurrence is expected to increase due to climate warming [18].



In the Brazilian Cerrado, there is the combination of fires originating from both natural causes and human activities, especially associated with the major agricultural expansion occurring in this biome since the 1970s [19]. There has been an increased international effort for monitoring and studying the Cerrado [20], where the researchers have analyzed the spatial distribution and variability of active fires and burned area, as well as their correlation with climate-related fire drivers [21,22,23,24,25]. However, there are no studies that aimed to characterize and quantify fire emissions occurring in the Cerrado at a biome-scale or aimed to understand their variability and contribution nationally and in the South-American continent. The need for this characterization and quantification is also necessary when we consider recent studies regarding fire trends. Studies have shown a global decrease in burned area and active fires [26,27,28] and in global fire emissions [27,29]; however, analysis at the local scale (grid cells) may have distinct patterns from global-scale studies. For example, [26] found a global decline in burned area, but some regions, including areas of the Cerrado, showed increasing trends in the burned area during the 1997–2015 period. The work of [29] also pointed out that trends in fire emissions are spatially heterogeneous and regional trends may not conform to global trends. It could even be possible to observe trends in opposite directions when considering active fires and the burned area and fire emissions in the Cerrado, since the recent drier conditions in the tropics are causing the tendency of more intense and larger fires, that is, the overall number of fires might be decreasing but emissions may be increasing [30].



When considering the large spatial extent of the Cerrado and the difficulties in conducting field campaigns, orbital remote sensing is the most efficient approach for studying wildfires in this biome and it has been used in several studies [21,22,23,24,25,31,32]. To estimate fire emissions based on satellites measurements, there are methods that are based on burned area or fire radiative power (FRP), a measurement of the rate that energy is emitted as electromagnetic radiation during the combustion process [33]. FRP is proportional to the rate of burning biomass and, when integrated over time, is proportional to the biomass consumed [33]. Comparative studies have shown that estimates that were obtained while using the FRP approach are better correlated with reference data consisting on aboveground live biomass data and burned area inventories than estimates obtained while using the burned area approach [34], and that the FRP approach eliminates many difficulties that are involved with parametrization when using the burned area, since parameters, such as fuel load and burning efficiency, have a direct influence on the observed energy radiated by fires and, therefore, are not required to be separately considered [34,35,36].



The active fire products that are derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors [37] can be used to obtain emission fields from fires at a biome-scale when input into the preprocessor of trace gases and aerosols PREP-CHEM-SRC [38]. Since the first version released in 2011 [39], PREP-CHEM-SRC has been consistently improved to better estimate emissions, for example, the most recent version of the tool (PREP-CHEM-SRC 1.8.3) enables estimating fire emissions based on the FRP approach through the subroutine Brazilian Biomass Burning Emission Model with Fire Radiative Power (3BEM_FRP) [36]. An advantage of using this tool in studies that were conducted in South America is the updated parametrization for this continent in the recently released version, which includes new emission factors, new coefficients of emission, and new land use and land cover (LULC) maps [40]. Such improvements are expected to better represent South-American fire emissions. Estimates that are obtained from previous versions of PREP-CHEM-SRC usually underestimated fire emissions in South America and in the Cerrado [36], however, the new parametrization of PREP-CHEM-SRC 1.8.3 increased South American fire emissions by an average of 60% [40].



Based on the considerations above, our objective was to characterize and to compare the biome-scale and local-scale trends in PM2.5 fire emissions in the highly heterogeneous Brazilian Cerrado for the 2002–2017 period while using MODIS active fires data (MOD14 and MYD14 products) as inputs into the 3BEM_FRP subroutine implemented in PREP-CHEM-SRC 1.8.3.




2. Materials and Methods


2.1. Fire Occurrence in the Study Area


The Cerrado, one of the six Brazilian biomes [41], is distributed over approximately 22% of the Brazilian territory and 11% of the South-American continent (Figure 1), covering an area of more than two-million km2.



The Cerrado is characterized by a dry season that usually occurs from May to September and most of its vegetation consists of an inflammable grassy layer [19]. According to [19], in addition to the natural occurrence of fires in the Cerrado, human-induced fires were widespread in the past by many indigenous groups for land management and hunting, and, nowadays, human activity became the major source of fires in this biome, being primarily used for suppressing natural vegetation and changing land cover, shifting cultivation, and other agriculturally-related purposes. The lack of monitoring and a well-established fire management policy also contribute to the high occurrence of fires in the Cerrado [42].



As described in the previous section, several studies have used remote sensing data to analyze fire occurrence and spatial patterns in this biome. Studies that were conducted in the present decade have shown that the Cerrado represents more than 70% of the estimated burned area in the Brazilian territory and, consequently, the Cerrado has more burned area than the Amazon biome, despite the Amazon biome being twice as large as the Cerrado biome [21,25].




2.2. MODIS Data


The MODIS active fire products were used as inputs to estimate fire emissions in the Cerrado. The Terra (MOD14) and Aqua (MYD14) products detect active fires globally with a spatial resolution of 1 km and, among other variables, estimate FRP for each active fire detected [37]. In addition to the active fire products, we used the MODIS LULC product (MCD12Q1) collection 5.1 for analyzing PM2.5 fire emissions in the distinct land covers of the Cerrado, since this is the LULC data that are used in PREP-CHEM-SRC 1.8.This product is a global annual LULC data at 500 meters spatial resolution [43]. In this work, we have used the MCD12Q1 layer that follows the IGBP global vegetation classification scheme, which divides LULC into 17 distinct land cover classes, as shown in Figure 1.




2.3. PREP-CHEM-SRC


Emission fields from distinct sources, e.g., fires, anthropogenic, biogenic, and volcanoes, can be estimated while using the emission preprocessor PREP-CHEM-SRC with flexible spatial resolutions and projections [38]. This enables the characterization and use of emission fields from PREP-CHEM-SRC as the inputs in models, such as the Coupled Aerosol and Tracer Transport model to the Brazilian developments on the Regional Atmospheric Modeling System (CATT-BRAMS, [38]) and the Weather Research Forecasting model coupled with Chemistry (WRF-Chem, [44]), for assessing the impact of emissions on climatological variables and air quality.



When considering the source fires in PREP-CHEM-SRC, emissions can be estimated based on the burned area approach (3BEM subroutine) or the FRP approach (3BEM_FRP subroutine). PREP-CHEM-SRC 1.8.3 (available at http://brams.cptec.inpe.br/downloads/) has many improvements when compared to previous versions of the tool. For the source fires, such improvements consisted of new annual LULC maps that are based on the MCD12Q1 collection 5.1 product and new emission factors. While still considering the source fires, the new version of the 3BEM_FRP subroutine includes the fire diurnal cycle (estimate of the average fire duration in the distinct land covers of the South-American biomes used when the number of fire detections is low) [40] and new coefficients of emission derived from the Fire Energetics and Emissions Research (FEER) product [45]. Despite being developed for South America, PREP-CHEM-SRC 1.8.3 was parameterized and it is already operational for North America in the National Oceanic and Atmospheric Administration’s (NOAA) High-Resolution Rapid Refresh (HRRR) system (https://rapidrefresh.noaa.gov/hrrr/HRRRsmoke/).



The 3BEM_FRP subroutine that was implemented in PREP-CHEM-SRC 1.8.3 performs a clustering process that combines the FRP from the active fires detected by different sensors and minimizes the impact of the MODIS bow-tie effect [36]. Firstly, 3BEM_FRP excludes active fires that were detected outside the South America domain and, for MODIS active fires products, those with a confidence level below 50% [36]. After that, the size of the matrix that merges the FRP from the remaining active fires is defined and a convolution mask (η(ϒ,κ)) of size M x N (rows x columns), running over the grid with FRP aerial density values (FRPad, in MW m−2, estimated by weighting the FRP values by pixel area) that were estimated by different satellites ξ(long, lat), results in the grid containing all clustered FRP values for a given time (FRPgrid, in MW m−2) [36]:


     F R P       g r i d    ( l o n , l a t , t )     =   ∑  γ = − α  α     ∑  κ = − β  β   η ( γ , κ ) ξ ( l o n g + γ , l a t + κ , t )      



(1)




where the clustered grid is defined to all points where the mask of size M × N completely overlaps the image (lon ϵ [α, M −α], lat ϵ [β, N −β]); when using geostationary-orbiting active fires data if the time interval between the detection of two active fires is greater than four hours, 3BEM_FRP assumes that the detections are from two distinct fires and the integration process restarts, while only using polar-orbiting active fires data, such as MOD14 and MYD14, t is extracted from the fire diurnal cycle [40]. The fire diurnal cycle for South America was obtained while using the Wildfire Automated Biomass Burning Algorithm (WFABBA) product and estimated the fire duration for different LULC within the South American biomes in order to provide information whenever FRP is insufficient to extract the diurnal cycle of fires; there are more than 200 distinct fire diurnal cycles for South America [40]. 3BEM_FRP associates the LULC (based on the MCD12Q1 product collection 5.1) for each grid cell, as described in [40]. For the years after 2013, the same MCD12Q1 data for 2013 was used, since this is the most recent LULC data available in collection 5.1.



Based on the clustered FRP and the time step, fire radiative energy (FRE, in MJ m−2), which is defined as the radiative energy emitted during the entire combustion process [33], is estimated, according to [36]:


     F R E       g r i d    ( l o n , l a t )     =   ∑  i = 1  n     (    F R P   i  +    F R P    i + 1   ) · (   t   i + 1   +   t  i  )  2     



(2)




where t is the time of FRP acquisitions and n represents the nth sample. In the 3BEM_FRP subroutine implemented in PREP-CHEM-SRC 1.8.3, when only using polar-orbiting active fires data the total time of a fire is considered to be the average of the fire diurnal cycle associated to the LULC [40]. Finally, the mass of a given chemical species (M[ε], in kg m−2) is estimated according [40] utilizing the relationship between FREgrid, the coefficient of emission (Ce, coefficient that directly relates radiative energy from a fire to its smoke aerosol emission (kg MJ−1) derived from the FEER product [45]), and the relationship between the emission factor for a given species (in this case, the PM2.5, EF[PM2.5], in g emitted per kg burned) and the emission factor for the total particulate matter (EF[TPM], also derived from [45], in g emitted per kg burned):


    M   [ ε ]   =    F R E       g r i d    ( l o n , l a t )     ·   C  e  ·      E F    [    P M    2.5   ]        E F    [ T P M ]      



(3)








2.4. Global Biomass Burning Inventories


When considering the improvements that were implemented in PREP-CHEM-SRC 1.8.3 and that there are no studies aimed at characterizing fire emissions or comparing distinct biomass burning inventories in the Cerrado, we compared the results that were obtained using PREP-CHEM-SRC 1.8.3 with three global fire emissions inventories based on the FRP approach, the Global Fire Assimilation System (GFAS, [46]), the Quick Fire Emissions Dataset (QFED, [47]), and the FEER inventory [45], and with the global fire emissions inventory based on burned area Global Fire Emissions Database (GFED, [3]). We have used the most recent version of all datasets in this study, GFASv1.3 (available at http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_extract_ok.jsf), QFEDv2.5r1 (available at http://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/QFED/v2018-07/), FEERv1.0-G1.2 (available at https://feer.gsfc.nasa.gov/data/emissions/), and GFED4.1s (available at https://www.globalfiredata.org/data.html). Despite differences regarding how each dataset estimates the emissions (see the Discussion section), all FRP-based datasets use MODIS active fires data as inputs and are provided on a daily basis with spatial resolution of 0.1°. The bottom-up inventory GFED4.1s also uses MODIS active fire products as inputs and it is provided daily with a spatial resolution of 0.25°.




2.5. Data Processing


PM2.5 estimates for the 2002–2017 period were obtained with PREP-CHEM-SRC 1.8.3 while using fires as the only source of emission and MOD14/MYD14 collection 6 products as inputs in 3BEM_FRP. Estimates were generated at a spatial resolution of 0.1°, the same spatial resolution as the global FRP-based inventories described above. The outputs of PREP-CHEM-SRC 1.8.3 consisted of the daily emission from several species that are associated with fires, which are described in [39], for the South-American continent. Annual total PM2.5 fire emissions, as well as monthly averages, were then calculated for the 2002–2017 period. These were estimated for the Cerrado biome and the entire Brazilian territory according to the delimitation that was proposed by [41], with an aim to analyze the intra and inter-annual variation of the emissions in this biome and the contribution of the Cerrado nationally and for the South-American continent. Regarding the comparison of the estimates with GFASv1.3, QFEDv2.5r1, FEERv1.0-G1.2, and GFED4.1s, we calculated the annual total emission of PM2.5 for all inventories and the estimated annual values for the Cerrado domain, also according to the delimitation of [41]. We calculated the annual average emission of PM2.5 associated with fires that were obtained from PREP-CHEM-SRC 1.8.3 in this biome for the 2002–2017 period to assess the spatial distribution of PM2.5 derived from fire emissions in the Cerrado.



We also analyzed the relationship between PM2.5 fire emissions and land cover in this biome. To this end, we resampled the LULC data for the Cerrado delimitation to the spatial resolution of the PREP-CHEM-SRC 1.8.3 outputs; the degraded land cover was defined as the mode of the land cover from the original MCD12Q1 data (500 meters) at coarser resolution (0.1°). Subsequently, we analyzed the annual total emissions associated with the respective LULC data, again highlighting that emissions for the years 2014, 2015, 2016, and 2017 were associated with the 2013 LULC data. Following this, we calculated the total emission of PM2.5 associated with fires per land cover and quantified the average PM2.5 emitted by an active fire detected in the major land covers of the Cerrado.



For each grid cell, we calculated the trends while considering the annual total emission of PM2.5 associated with fires in the Cerrado during the 16-year period in 2002–2017 using a bootstrap analysis with 10,000 iterations. This resulted in a spatial map of the temporal trend in annual PM2.5 fire emissions. If we consider a simple linear regression, the trends may substantially change or even have an opposite direction that is dependent upon different starting years. With the bootstrap approach, this issue does not occur, since the data are resampled with replacement, therefore the bootstrap analysis allows for the estimation of confidence intervals around observed linear regression trend values [48]. Here, we have considered the slope as the average slope from the 10,000 bootstrap iterations. We have also calculated the values of the 10th and 90th percentiles and tested if the average slope resulting from the bootstrap was inserted within this confidence interval, as in the study of [49].





3. Results


Figure 2 shows the annual total emission of PM2.5 associated with fires in the Cerrado biome, Brazil, and in South America during the 2002–2017 period. On average, the Cerrado emitted 1.08 Tg year−1 of PM2.5 associated with fires, accounting for 25% and 15% of the PM2.5 fire emissions that were estimated in Brazil and in South America, respectively. Annual PM2.5 fire emissions in the Cerrado ranged from 0.41 Tg (2009) to 2.04 Tg (2010). The average value of 1.08 Tg year−1 makes the Cerrado the second highest biome in Brazil in terms of emission of PM2.5 associated with fires, with an annual average lower than only the Amazon biome, which emits 2.68 Tg year−1, as shown in Table 1.



In contrast to the wetter year of 2009, the year 2010 was a dry one in the Cerrado, when this biome was responsible for 59% and 23% of the PM2.5 fire emissions that were estimated in Brazil and South America, respectively (Figure 2). This illustrates the importance of the meteorological conditions for the occurrence of fires and associated fire emissions in the Cerrado. On average, 70% of the PM2.5 fire emissions were concentrated in the dry season (May to September); however, in 2010, 85% of them occurred during the dry season (Figure 3a). Intra-annually, most of the PM2.5 fire emissions were concentrated in the end of the dry season (August and September, with an average of 0.224 and 0.386 Tg month−1, respectively), while the transition between the seasons also presented a high average (October, with 0.210 Tg month−1), as shown in Figure 3b.



When comparing the annual total emission of PM2.5 associated with fires in the Cerrado biome obtained using PREP-CHEM-SRC 1.8.3 with the estimates of the QFEDv2.5r1, GFASv1.3, FEERv1.0-G1.2, and GFED4.1s global inventories for the Cerrado, we can see very similar inter-annual variability between them (Figure 4a) and that there is a strong linear correlation between the annual total emission of PM2.5 that is associated with fires estimates (Figure 4b). However, the magnitude of the annual total values was highly variable. While PREP-CHEM-SRC 1.8.3 estimated an average emission of PM2.5 associated with fires in the Cerrado of 1.08 Tg year−1, GFASv1.3 (available for the 2003–2016 period) resulted in an estimate of 0.9 Tg year−1, QFEDv2.5r1 (available for the 2002–2017 period) estimated 2.3 Tg year−1, FEERv1.0-G1.2 (available from 2003 to September/2015) estimated 1.63 Tg year−1, and GFED4.1s (available for the 2002–2017 period; 2017 estimates are preliminary) estimated 1.13 Tg year−1. Therefore, the PREP-CHEM-SRC 1.8.3 annual average PM2.5 that was emitted from fires in the Cerrado was 19% higher than the average annual estimate from GFASv1.3, and 112%, 51%, and 5% lower than the annual average estimate from QFEDv2.5r1, FEERv1.0-G1.2, and GFED4.1s, respectively.



The MCD12Q1 collection 5.1 dataset showed that six land cover categories accounted for approximately 97% of the Cerrado during the 2002–2013 period: savannas, woody savannas, cropland/natural vegetation mosaic, croplands, evergreen broadleaf forest, and grasslands. The savanna land cover contributed with 66% of the total PM2.5 emissions that are associated with fires in the Cerrado obtained with PREP-CHEM-SRC 1.8.3, an average of more than 0.7 Tg year−1 (Figure 5a). Woody savannas and evergreen broadleaf forest land covers accounted for 9% and 7.3% of the total PM2.5 fire emissions in the Cerrado, respectively. The predominance of the emissions in the savanna land cover was expected, since 67% of the Cerrado is composed of this land cover category.



Active fires occurring in the evergreen broadleaf land cover emitted, on average, more PM2.5 than active fires occurring in the savanna land cover (0.0000116 Tg per active fire and 0.0000069 Tg per active fire, respectively) or any other land cover of the Cerrado (Figure 5b). MODIS sensors detected 2,333,853 active fires in the Cerrado during the 2002–2017 period, with 70% of them occurring in the savanna land cover (see Table S1 in the Supplementary Materials).



On average, each 0.1° grid cell of the Cerrado emitted 0.5 Mg km−2 year−1 of PM2.5 that is associated with fires during the 2002–2017 period (Figure 6); however, a single grid cell reached an average of up to 16.6 Mg km−2 year−1. These higher estimates were mostly concentrated in the northern region of this biome, which is the current agricultural expansion frontier in the Cerrado [50], and they are highlighted in the Maranhão state (MA in Figure 6). The transitional areas between the Cerrado and Amazon biomes, where LULC changes are common, also showed high estimates, especially in the Maranhão, Tocantins, and Mato Grosso states (MA, TO, and MT in Figure 6).



When considering the entire Cerrado, the resulting average slope from the 10,000 bootstrap iterations for the annual total emission of PM2.5 associated with fires estimated while using PREP-CHEM-SRC 1.8.3 during the 2002–2017 period found a decreasing trend of −19,267 Mg year−1. This value is within the 10th and 90th percentiles (−39,221 Mg year−1 and 5690 Mg year−1, respectively) and it corresponds to −1.78% of the average emission of 1.08 Tg year−1. Trends per grid cell in the Cerrado ranged from −1.49 Mg km−2 year−1 to 1.17 Mg km−2 year−1, with all of the grid cells trend values being inserted within the 10th and 90th percentiles (see Figure S1 and Table S2 in the Supplementary Materials). These values represent that the trend with respect to the average PM2.5 fire emissions for the 2002–2017 period ranged ±35% (Figure 7). 58.5% of the grid cells presenting non-zero emission during the 2002–2017 period showed a negative trend, while 41.5% of them showed a positive trend.




4. Discussion


4.1. Characterization of PM2.5 Fire Emissions in the Cerrado


Regarding the inter-annual variability of PM2.5 fire emissions, we found that the pattern for South America (Figure 2) is very similar to the one that was found by [51] for CO during the 2006–2010 period, with highest values for 2007 and 2010, and lowest in 2009. The work of [51] associated the pattern that was found for South America mostly with climate conditions, such as drought, however, the authors highlighted that social-economic factors and the associated deforestation may also act as drivers of CO fire emissions in this continent. Brazilian emissions corresponded to 59% of the South American emissions during the 2002–2017 period, similar to the result of [40], who found that, during the 2003–2015 period, 60% of the PM2.5 fire emissions occurring in South America were originated in the Brazilian territory.



The biome-scale characterization of PM2.5 emissions associated with fires in the Cerrado shows an inter-annual pattern that is similar to the ones found for South America and Brazil. However, it is possible to observe that 2004 presented the highest annual total emissions in South America and Brazil, but not in the Cerrado. In this year, when precipitation was below average for South America and Brazil, there was average precipitation in this biome [25]. When considering the 2002–2015 time series, 2007, 2010, and 2012 were the years with less precipitation in the Cerrado [25], and they corresponded with the highest annual total emissions of PM2.5 associated with fires, especially 2010, since the average precipitation for the dry season of this year in the Cerrado was 32% below the dry season average precipitation and, consequently, caused an increased number of active fires and the associated emissions. The total of PM2.5 fire emissions in the Cerrado during September 2010 (0.79 Tg) was higher than the total emissions for the entire years of 2006, 2009, and 2013. The year 2017 emitted 1.05 Tg of PM2.5 associated with fires, which is below the annual average emission for the 2002–2017 period in the Cerrado (1.08 Tg year−1); however, megafires were detected in this biome. According to [52], 78% of the Chapada dos Veadeiros National Park and 85% of the Serra do Tombador National Reserve (504 km2 and 74 km2, respectively) were burned in 2017. On the other hand, other protected areas that have been promoting integrated fire management (IFM) techniques since 2014 exhibited no megafires, suggesting that such techniques may change the fire regime in the Cerrado. The work of [53] also found similar results, IFM techniques applied in three protected areas of the Cerrado led to reductions between 40% and 57% in late-dry season fires. This implies that managing the occurrence of fires instead of forbidding them completely may be the best option for this biome.



Intra-annually, the higher PM2.5 emissions that are associated with fires in the Cerrado were concentrated in August and September (Figure 3b) and they are related to the end of the dry season, when the accumulated months of low precipitation enhance the probability of fires. During October, the beginning of the rainy season for most of the Cerrado, the relatively high average of 0.210 Tg month−1 is mostly associated with the transition between the seasons, when the vegetation is stressed due to the dry months and there is a high occurrence of fires related to lightning [54]. The high average of PM2.5 fire emissions in October may also be related to the meridional extension of the Cerrado and the influence of distinct regional precipitation phenomena, which may displace the dry season ahead in the year [25,55]. On the other hand, we must also consider the anthropogenic role in the seasonality of fires in the Cerrado, even when considering that climate seasonality is a crucial predictor of fire activity [56], which may impact the fire regime, as discussed above.




4.2. Comparison of PREP-CHEM-SRC 1.8.3 Estimates with the Global Inventories


When comparing PM2.5 fire emissions that were estimated using PREP-CHEM-SRC 1.8.3 for the Cerrado with the global inventories, we observe closer inter-annual variability with QFEDv2.5r1, GFASv1.3, and FEERv1.0-G1.2 than with GFED4.1s, as shown in Figure 4. The GFED4.1s inventory has also shown a distinct pattern, emitting more PM2.5 in 2004 than in 2005, as opposed to all other inventories, and always emitted more than PREP-CHEM-SRC 1.8.3 after 2013. In comparison with PREP-CHEM-SRC 1.8.3, GFED4.1s also emitted more PM2.5 associated with fires in the three years presenting higher emission in the Cerrado (2007, 2010, and 2012). Such a result may be related to the fact that the burned area approach is better at capturing larger fires, more frequent during these years, and the significant uncertainty in the derived FRP values of intense fires, also more frequent during these years, as will be discussed below. It should also be mentioned that there are differences in the emission factors, in the coefficients of emission, and in the LULC data and the degradation process of this LULC data used in each inventory analyzed, in addition to how emissions are estimated, especially when comparing PREP-CHEM-SRC 1.8.3 to QFEDv2.5r1 and FEERv1.0-G1.2, since these two global inventories use MODIS aerosol optical depth (AOD) to constrain the estimate of emissions. The work of [46] performed simulations of the atmospheric aerosol distribution for cases with and without the assimilation of MODIS AOD and found that the global estimates of PM associated with fires must be increased by a factor of 2-4 in order to reproduce the distribution of black carbon and organic matter. PREP-CHEM-SRC 1.8.3, GFASv1.3, and GFED4.1s do not use MODIS AOD to constrain the estimate of the emissions. Moreover, QFEDv2.5r1 aggregates the land cover categories from IGBP into only three land cover categories (tropical forest, extra-tropical forest, and savanna and grassland) [47], as opposed to PREP-CHEM-SRC 1.8.3 and the other global inventories (see Table S3 in the Supplementary Materials), and the scaling of aerosol global emissions for the three land cover categories might result in regional biases.



It should also be noted that remote sensors have several difficulties in estimating FRP associated to the active fires detected that can potentially impact the final estimate of fire emissions that were obtained from PREP-CHEM-SRC 1.8.3, GFASv1.3, QFEDv2.5r1, and FEERv1.0-G1.2: (i) fires typically are not occurring over the entire area of a pixel, therefore smaller size fires are more difficult to be detected at coarser spatial resolutions, which suggests that a certain proportion of the smallest or less intense fires are not detected by the sensor; (ii) non detection of fires due to cloud cover and thick smoke; and, (iii) the reduced sensitivity of MODIS fire detection at off-nadir viewing angles [33,57,58]. Therefore, future efforts should assess the estimates of fire emissions that were obtained with PREP-CHEM-SRC 1.8.3, GFASv1.3, FEERv1.0-G1.2, QFEDv2.5r1, and GFED4.1s in the Cerrado in order to establish which one presents the best performance. This assessment can be achieved, for example, by comparing these estimates with measurements that were obtained during observational experiments, e.g., the South American Biomass Burning Analysis (SAMBBA) experiment, which was considered as reference data in the works of [36,59].




4.3. PM2.5 Fire Emissions and Land Cover


Higher emissions of PM2.5 associated with fires were found in the Amazon biome, even though the Cerrado consists of most of the burned area in the Brazilian territory [21]. This can be related to the fact that the vegetation of the Amazon mostly consists of evergreen broadleaf forest land cover, which tends to emit more per active fire than the predominant land cover of the Cerrado biome (Figure 5b). These differences in the emissions that are associated with the different land covers are also observed from the emission factors, where the PM2.5 emission factor for tropical forest is commonly higher than the emission factor for savannas. In PREP-CHEM-SRC 1.8.3, the emission factor of PM2.5 that is used for fires occurring in the evergreen broadleaf forest land cover, which is aggregated into the tropical forest land cover, is 9.4 g of PM2.5 per kg of dry matter, while the emission factor for the savanna land cover is 4.0 g of PM2.5 per kg of dry matter (see Table S3 in the Supplementary Materials). One of the main improvements of PREP-CHEM-SRC 1.8.3 when compared to the previous versions of the tool is related to the revised and updated emission factors and the new coefficients of emission.



The quality of the land cover maps should also be considered as a potential source of uncertainty. Previous versions of PREP-CHEM-SRC used a single land cover map that is based on Advanced Very High Resolution Radiometer (AVHRR) data from the year 2000; therefore, the new annual LULC data were an important improvement when considering the intense LULC change processes occurring across the entire South America continent. However, in the Cerrado, the MCD12Q1 collection 5.1 product estimated that more than 65% of this biome was composed of savannas in 2013, while the [60] mapping for the same year based on Landsat images found that approximately 55% of this biome was covered by natural areas, which comprises all savanna and forest formations. Therefore, the quality of the LULC data and the degradation process that is necessary to match the spatial resolution of the land cover with the emissions may have influenced the results found here, especially the ones that are observed in Figure 5. Moreover, fire location is also a potential source of errors on fire emissions estimate, since emission factors are based on the land cover. For example, when using MODIS data, [61] estimated that fire location errors have a net bias of 3% to 19% in fire emissions that occur in the Amazon basin.



As suggestions for the future versions of PREP-CHEM-SRC, we recommend the implementation of the recently released new version of the MCD12Q1 product (MCD12Q1 collection 6), which is expected to be more accurate than the version that is available in collection 5.1 and presents annual LULC data for the 2001–2016 period. For example, the original MCD12Q1 product from collection 5.1 estimated that 67.3% of the Cerrado was composed of savannas and 4% of grasslands in 2013, while the MCD12Q1 product from collection 6 estimated for the same year that 41% of the Cerrado was composed of savannas and 38% corresponds to the grasslands land cover (see Figure S2 in the Supplementary Materials). The errors that are introduced by the degradation process could be minimized if the PREP-CHEM-SRC outputs were generated at a finer spatial resolution; however, the impact of the spatial resolution on the emissions estimate should be assessed, since the FRP estimated for each active fire detected is clustered, according to Equations (1) and (2). Therefore, a finer spatial resolution will have less active fires to be clustered for each grid cell and it may impact the final estimate of the emissions. Finally, the impact of the time interval that is defined in Equation 1 is also a potential source of uncertainty, since a shorter time interval would make all active fires individual fires while a longer one would include many active fires into a single burning event. The power law FRE estimation method proposed by [62] could be an interesting update in future versions of 3BEM_FRP.




4.4. Spatial Distribution and Trends in PM2.5 Fire Emissions


Spatially, the higher annual average of PM2.5 emission that is associated with fires was concentrated in the northern area of this biome and was related to the expansion of the agricultural frontier in the Cerrado. The expansion of agricultural crops, especially soybean, which has been expanding over the northern states of the Cerrado since the early 2000s [63], leads to the conversion of the natural vegetation into croplands with the use of fire to shift the land cover. According to [60], in 2013 the Maranhão, Tocantins, Piauí, and Bahia states (MA, TO, PI, and BA in Figure 6, respectively) presented the highest proportion of natural remnants in the Cerrado. On the other hand, a recently released study [64] showed that, during the 2001–2018 period, 17.24%, 16.19%, 16.16%, and 19.37% of the Cerrado area belonging, respectively, to the MA, TO, PI, and BA states were converted from natural land covers to other land covers, which implies that these four states lost proportionally more natural areas in the period. The Cerrado of the Mato Grosso state (MT in Figure 6), which also showed high annual averages of PM2.5 emissions that are associated with fires, lost 12.73% of natural areas in the 2001–2018 period [64]. One of the main causes of this conversion is the Soy Moratorium, an agreement signed by the major soybean traders for not purchasing soy grown in areas of the Brazilian Amazon deforested after July 2006. This has led to the expansion of soy plantations over the Cerrado, especially in the MATOPIBA region (boundary of the MA, TO, PI, and BA states), where nearly 40% of the total soy expansion during the 2007–2013 period occurred over natural areas [65]. It should also be noted that the high annual average of PM2.5 fire emissions in the border between the Cerrado and Amazon biomes (western areas of the MT, TO, and MA states in Figure 6) is related to the frequent occurrence of the evergreen broadleaf land cover, which, as described above, tends to emit more PM2.5 than the savanna land cover. These grid cells of higher annual average emission also presented a higher standard deviation (up to 17.38 Mg km−2 year−1) and most of them presented non-zero PM2.5 fire emission in at least 14 of the 16 years analyzed (see Figure S3 in the Supplementary Materials). When considering the entire Cerrado, 69.3% of the grid cells presented non-zero emission in ten or more years, while 31% of them presented non-zero emission in fifteen or sixteen years.



As opposed to the northern region of this biome, the southern region presented lower annual averages, which is explained by the fact that the expansion of agriculture and associated settlements in the Cerrado began in the 1970s over the southern states; therefore, the use of fire to convert the natural land cover in this region of the Cerrado is unusual nowadays. Fire occurrence in the southern portion of this biome is primarily related to agricultural purposes, such as pest control. Consequently, the annual averages in this portion of the biome did not show high standard deviations and most of the grid cells presented up to eight years of non-zero PM2.5 fire emissions (see Figure S3b in the Supplementary Materials). The exception in the southern Cerrado is the state of São Paulo (SP in Figure 6), especially the northern portions of the state, where most of the sugarcane cultivation areas in Brazil concentrate [66] and where the higher annual averages of PM2.5 are related to pre-harvest burning.



The grid cell analysis of the trends found positive or negative local trends across this biome despite the negative trend in PM2.5 fire emissions for the entire Cerrado. Such results agree with [26], who observed regions with positive trends in burned area despite the global decline in burned area and highlighted the need for spatial analysis in fire trends studies. The works of [27,29] associated the decrease in global fire emissions with the fragmentation of the landscape and LULC changes, fire suppression, and increases in population density. Another factor that may impact the estimate and the presence of negative trends in fire emissions is the smaller fire size that is caused by the fragmentation of the landscape, which imposes difficulties for fire detection by the MODIS sensors in many areas of the globe, such as the Cerrado [23]. Still, the decreasing rate of deforestation in the Cerrado as a whole since 2004 [64] was expected to directly contribute to the negative trend in PM2.5 fire emissions for the entire biome. In agreement with the decrease in the deforestation rate, [31] found that in areas of well-established crop production of the Cerrado the conversion of areas into cropland declined during the 2003–2013 period. It should also be mentioned the potential of the previously mentioned IFM techniques in reducing fire emissions that occur in the Cerrado as a whole, since, according to [67], such techniques may potentially reduce fire emissions in South America by 15%.



Locally, we can see increasing or decreasing trends of up to ±35% with respect to the average PM2.5 fire emissions in the Cerrado (Figure 7). This is in agreement with [29], who found that fire emission trends are spatially heterogeneous. Such trends in the Cerrado are related to when the land cover was shifted: areas where the LULC changes are older showed no variation or decreasing trends, while the recently converted areas showed increasing trends. The states of MA, TO, and PI, which showed larger positive trends (red grid cells in Figure 7), presented stable or increasing deforestation rates after 2009 [64]. We can also see positive trends in the Minas Gerais and Goiás states (MG and GO in Figure 7), located in the southern region of this biome. Such increases in these areas may be related to the low number of non-zero fire years (see Figure S3b in the Supplementary Materials), which directly influence the estimated trends. Additionally, the occurrence of sparse data, that is, grid cells where there were only a couple years with non-zero fire emissions, should be minimized if a coarser spatial resolution was used, such as in the studies of [27,29]. Finally, the relatively short time series when compared to other studies that have analyzed the trends in fire emissions (16 years, while the studies of [27,29] used a time series of 163 years and 310 years, respectively) may also influence the estimated trends.



The comparison of trends in PM2.5 fire emissions obtained while using PREP-CHEM-SRC 1.8.3 (Figure 7 and Figure S1) with the trends that were obtained from the global inventories is shown in Figures S4 to S8, and in Table S2 in the Supplementary Materials. All of the grid cells trend values for all global inventories were also inserted within the 10th and 90th percentiles. We can see a variation in the highest and lowest values of annual trends, which agrees with the difference in the magnitude of the inventories (see Figure 4). The distinct time period that PREP-CHEM-SRC 1.8.3 and the global inventories provide estimates may also impact the results presented in Table S2. Nevertheless, the proportion of positive and negative trends found for all global inventories analyzed and the spatial distribution of the trends agreed with PREP-CHEM-SRC 1.8.3, even when considering the different spatial resolution and methods to estimate the emissions of GFED4.1s. Such results also show that PREP-CHEM-SRC 1.8.3 is in agreement with the global inventories, despite the differences in the magnitude between them. Finally, it should be mentioned that the trend analysis applied makes a linear assumption and produces conservative estimates. Monotonic but non-linear trends may not be captured by the analysis.





5. Conclusions


We used MODIS active fires data as inputs in the 3BEM_FRP subroutine implemented PREP-CHEM-SRC 1.8.3 with an aim of characterizing and comparing biome-scale and local-scale trends in PM2.5 emissions that are associated with fires in the heterogeneous Brazilian Cerrado. Such a framework was able to characterize and define distinct patterns in the Cerrado and, therefore, may be applied in other study areas.



Regarding the annual averages and trends, values considering the entire Cerrado may hide some finer scale patterns. We have shown that the annual average PM2.5 that is associated with fires and the average slope from the 10,000 bootstrap iterations with respect to the average PM2.5 fire emissions for the 2002–2017 varied widely across this biome. Therefore, the spatial analysis seems to be the most appropriate method for analyzing trends in this biome. Such analysis may even be used to support policy makers imposing burning restrictions in defined areas that are showing increasing trends, aiming for the reduction of emissions and their impacts on climate and human health.



The variation of the emissions with land cover emphasizes the need for coefficients of emission that are specific to the distinct land covers as well as updated emission factors to better represent the magnitude and variability of the emissions. The implementation of such improvements in PREP-CHEM-SRC 1.8.3 represent an important upgrade in the tool. Nevertheless, future efforts should be carried out for assessing the gains of the many improvements implemented in the latest version of the tool when compared to older versions, as well as assessing the results that were obtained using version 1.8.3 with global inventories, since the magnitude of the estimates varies widely between them.



The three years with higher annual total of PM2.5 fire emissions in this biome were characterized, according to the literature, by low precipitation, therefore drier conditions seem to enhance the probability of fire occurrence and associated emissions. Still, the recently applied IFM techniques in many protected areas of the Cerrado might potentially change the fire regime in this biome. Recent studies have shown that the burned area is reduced when using such techniques, whereby establishing a fire regime that is suitable for the ecosystem allows for the understanding that fires may have a positive or negative impact, depending on how they are implemented, and also help combating the idea that the total absence of fires is the best option for the functioning of the Cerrado biome. Therefore, there is also a need for quantifying the impact of IFM on the emissions that are associated with fires and the mitigation opportunity that they provide.
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Figure 1. Location of the Cerrado biome in South America (left panel) and in the Brazilian territory (right panel). In the left panel, A represents the Amazon biome, B the Cerrado biome, C the Caatinga biome, D the Atlantic Rainforest biome, E the Pampa biome, and F the Pantanal biome [41]. Base map is Moderate Resolution Imaging Spectroradiometer (MODIS) MCD12Q1 product collection 5.1 for the year 2013 following the International Geosphere-Biosphere Program (IGBP) land cover classification scheme. 
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Figure 2. Annual total emission of PM2.5 associated with fires in South America, Brazil, and in the Cerrado biome during the 2002–2017 period. Estimates were obtained using PREP-CHEM-SRC 1.8.3. 
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Figure 3. (a) Percentage of PM2.5 fire emissions in the dry (May to September) and rainy (October to April) seasons of the Cerrado during the 2002–2017 period and (b) Monthly average emission of PM2.5 associated with fires in the Cerrado. Estimates were obtained while using PREP-CHEM-SRC 1.8.3. 
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Figure 4. (a) Annual total emission of PM2.5 associated with fires in the Cerrado biome estimated from PREP-CHEM-SRC 1.8.3 (2002–2017 period), GFASv1.3 (2003–2016 period), QFEDv2.5r1 (2002–2017 period), FEERv1.0-G1.2 (2003-September/2015 period), and GFED4.1s (2002–2017 period; 2017 estimates are preliminary) and (b) Scatterplot between PREP-CHEM-SRC 1.8.3 annual estimates and the annual estimates of the global inventories. 






Figure 4. (a) Annual total emission of PM2.5 associated with fires in the Cerrado biome estimated from PREP-CHEM-SRC 1.8.3 (2002–2017 period), GFASv1.3 (2003–2016 period), QFEDv2.5r1 (2002–2017 period), FEERv1.0-G1.2 (2003-September/2015 period), and GFED4.1s (2002–2017 period; 2017 estimates are preliminary) and (b) Scatterplot between PREP-CHEM-SRC 1.8.3 annual estimates and the annual estimates of the global inventories.



[image: Remotesensing 11 02254 g004]







[image: Remotesensing 11 02254 g005 550] 





Figure 5. (a) Annual average emission of PM2.5 associated with fires in the major land cover categories of the Cerrado biome and (b) Annual average emission of PM2.5 associated with fires per active fire detected in the major land cover categories of the Cerrado. Estimates were obtained using PREP-CHEM-SRC 1.8.3 and considered the 2002–2017 period. Error bars represent the standard deviation. 
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Figure 6. Spatial distribution of the annual average PM2.5 associated with fires in the Cerrado biome during the 2002–2017 period based on PREP-CHEM-SRC 1.8.3 estimates. Gray pixels presented zero PM2.5 emission associated with fires during the entire 2002–2017 period. 
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Figure 7. Annual trend (%) calculated as the average slope from the 10,000 bootstrap iterations with respect to the average PM2.5 fire emissions in the Cerrado biome. Annual trend is based on PREP-CHEM-SRC 1.8.3 estimates when considering the 2002–2017 period. Gray pixels presented zero PM2.5 emission associated with fires during the entire 2002–2017 period. 
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Table 1. Annual average emission of PM2.5 associated with fires in the Brazilian biomes for the 2002–2017 period. Estimates were obtained using PREP-CHEM-SRC 1.8.3.
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	Biome
	Area (km2)
	Brazilian Territory (%)
	Average Emission (Tg year−1)
	National Percentage (%)





	Amazon
	4,230,490
	50
	2.68
	62.76



	Cerrado
	2,047,146
	24
	1.08
	25.27



	Atlantic Rainforest
	1,059,027
	12
	0.25
	5.95



	Caatinga
	825,750
	10
	0.15
	3.47



	Pantanal
	151,186
	2
	0.10
	2.27



	Pampa
	178,243
	2
	0.01
	0.28
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