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Abstract

:

Biomass burning (BB) emissions negatively impact the biosphere and human lives. Orbital remote sensing and modelling are used to estimate BB emissions on regional to global scales, but these estimates are subject to errors related to the parameters, data, and methods available. For example, emission factors (mass emitted by species during BB per mass of dry matter burned) are based on land use and land cover (LULC) classifications that vary considerably across products. In this work, we evaluate how BB emissions vary in the PREP-CHEM-SRC emission estimator tool (version 1.8.3) when it is run with original LULC data from MDC12Q1 (collection 5.1) and newer LULC data from MapBiomas (collection 6.0). We compare the results using both datasets in the Brazilian Amazon and Cerrado biomes during the 2002–2020 time series. A major reallocation of emissions occurs within Brazil when using the MapBiomas product, with emissions decreasing by 788 Gg (−1.91% year−1) in the Amazon and emissions increasing by 371 Gg (2.44% year−1) in the Cerrado. The differences identified are mostly associated with the better capture of the deforestation process in the Amazon and forest formations in Northern Cerrado with the MapBiomas product, as emissions in forest-related LULCs decreased by 5260 Gg in the Amazon biome and increased by 1676 Gg in the Cerrado biome. This is an important improvement to PREP-CHEM-SRC, which could be considered the tool to build South America’s official BB emission inventory and to provide a basis for setting emission reduction targets and assessing the effectiveness of mitigation strategies.
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1. Introduction


Biomass burning (BB) plays a key role in the biosphere–atmosphere interaction as it releases trace gases and aerosols that impact on the atmospheric composition [1], the incoming solar radiation and its propagation [2,3], and the water cycle by slowing it down [4], among other effects [5]. These synergic interactions contribute to climate change through positive (compounding) feedbacks [6]. BB also harms human health by increasing cardiovascular mortality and respiratory morbidity on smoky days [7,8], which are exacerbated during the dry season [9]. Moreover, it also leads to massive economic losses [10]. In such a scenario, an accurate estimation of BB emissions is required to measure the aforementioned impacts on the biosphere, atmosphere, human health, and economy.



Since BB emissions spread over most of the global vegetated areas [11,12], the integration of orbital remote sensing and modelling is the most effective approach to estimate them from regional to global scales [12,13,14,15]. BB emission estimation using orbital remote sensing and modelling follows the relationship between burned biomass and the emission factor (EF—mass emitted of a given species per mass of dry matter burned). The burned biomass can be estimated using two approaches; traditionally, it is estimated using the relationship among burned area, above-ground biomass (AGB), and combustion completeness [16]. This is the approach used in the global BB emission inventory Global Fire Emissions Database (GFED) [11,12]. However, there still are very high uncertainties in the parameters involved in this approach [17,18,19,20], which may lead to inaccurate estimates of BB emissions. For example, in a validation study conducted in the transition between the Amazon and Cerrado biomes in Brazil, the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor global burned area product MCD64A1 showed an omission error of 36% [18].



Such uncertainties have led to an approach to estimate the burned biomass and associated emissions based on fire radiative power (FRP) [21,22], which does not require the use of burned area and AGB information as a primary input. FRP is a quantitative measurement that is directly related to the rate of burned biomass [22]. Currently, FRP is estimated to each active fire detected by several orbital sensors including, for example, the MODIS sensor. This approach is used by several global BB emission inventories such as Global Fire Assimilation System (GFAS) [23], Fire Energetics and Emissions Research (FEER) [24], and VIIRS-based Fire Emission Inventory version 0 (VFEIv0) [25].



Novel approaches to improve the accuracy of BB emissions focused on increasing the spatial resolution of the estimates [12] and combining active fire data from sensors onboard of polar- and geostationary-orbiting satellites to improve the representation of the FRP diurnal cycle [26,27], as well as updating parameters involved in the estimate of BB emissions (e.g., the EFs and AGB) [28,29]. Nevertheless, additional parameters must be evaluated and better represented to estimate the BB emissions more accurately; for example, land use and land cover (LULC) is a critical parameter to estimate the burned biomass and associated emissions in both burned area and FRP approaches, as the EFs are LULC-based [28,30]. The combined effects of LULC and AGB lead to substantial differences (approximately three times) in the mean estimates of carbon monoxide (CO) when using the burned area approach [29].



While global BB emission inventories are based on a more general parametrization, we have tools that are specifically designed to estimate BB emissions on a regional scale. In South America, which accounts for approximately 15% of the annual global carbon emissions associated with BB [11], it is common to use the PREP-CHEM-SRC tool. This estimator of trace gas and aerosols provides estimates from distinct sources, including BB, in flexible spatial resolutions [31]. PREP-CHEM-SRC offers the possibility of becoming the official tool to build a South American BB emission inventory, as it shows better agreement with reference data than global inventories in this part of the world [27,32]. However, despite its recent improvements [27], PREP-CHEM-SRC version 1.8.3 still uses outdated LULC information [33]. Currently, the official version of PREP-CHEM-SRC 1.8.3 is based on the global MCD12Q1 collection 5.1 product [34], which has consistent inaccuracies on a regional scale [33]. Additionally, the MCD12Q1 collection 5.1 LULC product was discontinued in 2013 and, consequently, the estimates beyond 2013 use outdated LULC information.



The use of LULC data made available by the MapBiomas project [35], which provides annual LULC maps for the entire Brazilian territory and other portions of South America since 1985, can potentially improve the surface parameters required to estimate the BB emissions when using PREP-CHEM-SRC 1.8.3. Therefore, in this work, we aimed to improve the BB emission estimates derived from PREP-CHEM-SRC 1.8.3 by updating the LULC information on the aforementioned tool. This update was based on the annual LULC maps from MapBiomas collection 6.0, which covers the entire time series analysed. We estimated the emissions for the 2002–2020 period and then analysed the difference in the annual total of fine particulate matter (PM2.5) emitted from BB, as well as the emissions per LULC class, in the Brazilian Amazon and Cerrado biomes.



Such an improvement is paramount because a great challenge for the development of national policies aimed at setting targets to reduce emissions from BB, essential to fight climate change impacts and improving human well-being and health by decreasing air pollution, lies on the reliability of these estimates [36,37,38].




2. Materials and Methods


2.1. Biomass Burning in the Amazon and Cerrado Biomes


The assessment of updating LULC in PREP-CHEM-SRC 1.8.3 over the emissions associated with BB was performed in the Brazilian Amazon and Cerrado biomes (Figure 1). Combined, these two biomes account for 74% of the Brazilian territory and for 52% of the PM2.5 annually emitted from BB in South America [33].



Fire is a major disturbance mechanism in both biomes, but while the Amazon is a fire-sensitive biome, the Cerrado is a fire-prone one [39,40]. In the Amazon biome, emissions associated with BB are often linked to deforestation, which arose sharply after 2019 [41], but the influence of extreme climate events in the emissions is increasing as this region is becoming drier and hotter [42]. On the other hand, BB emissions in the Cerrado biome are linked to several synergic drivers including meteorological conditions, deforestation, land management, and the implementation of fire management techniques in Protected Areas [40], making that deforestation solely is unable to explain BB emissions in the Cerrado [43].



In addition to this, land use and land cover changes (LULCC) occurred frequently in the Amazon and Cerrado biomes over the 2002–2020 period. Areas under land use accounted for 10.4% of the Amazon biome in 2002 and reached 14.5% in 2020, while in the Cerrado biome they increased from 40.7% in 2002 to 45.7% in 2020 [44]. Considering the distinct fire regimes and the continuous LULCC process in these biomes, they are suitable to assess the impacts of updating LULC in PREP-CHEM-SRC 1.8.3 over the emissions associated with BB.




2.2. Land Use and Land Cover Information


LULC mapping has been improving in recent years, especially with the possibility of harmonizing medium-resolution image (10 m to 30 m) time series [45] and of using artificial intelligence [46] to define the LULC classes. Therefore, recent and more accurate LULC maps can reduce the very high uncertainties related to the estimate of BB emissions. The official version of PREP-CHEM-SRC 1.8.3, freely available at http://brams.cptec.inpe.br/downloads/ (accessed on 24 October 2023), uses the MODIS-derived MCD12Q1 product collection 5.1 [34] as LULC information. This is a global annual product at the spatial resolution of 500 m, covering the 2001–2013 period and following the International Geosphere-Biosphere Programme (IGBP)’s global vegetation classification scheme. This product has an overall accuracy of 75%, but the range in class-specific accuracies is large [34]. For example, producer’s accuracy and user’s accuracy for the evergreen broadleaf forest LULC is, respectively, 67.3% (±10.9%) and 90.4% (±4.6%), while for the savanna LULC class, these metrics are, respectively, 22.6% (±4.4%) and 39.0% (±6.0%) [34]. These two LULC classes are the predominant ones in the Amazon and Cerrado biomes. Moreover, MCD12Q1 collection 5.1 estimated that 65% of the Cerrado was covered by savannas in 2013, while a reference map of the same year, classified based on visual interpretation of 30 m spatial resolution images, estimated that 55% of the biome was composed of natural areas (including all savanna and forest formations) [33].



The freely available LULC dataset MapBiomas [35] collection 6.0 provides annual maps covering the 2002–2020 period, and has been considered a reference in recent studies conducted in the Brazilian territory, including the Amazon [47,48,49] and Cerrado [50,51,52] biomes. Following novel approaches, MapBiomas provides the annual LULC maps at the spatial resolution of 30 m where the automatic and pixel-by-pixel classifications of Landsat images are based on the machine learning algorithm Random Forest [53] implemented on Google Earth Engine [35]. At the most detailed level of classification (level 3), collection 6.0 defined 25 LULC classes. This dataset has, respectively, an overall accuracy of 96.6% and 74.9% in the Amazon and Cerrado biomes for collection 6.0 at level 3 of the classification [54]. Therefore, MapBiomas annual maps are suitable to update the LULC information used by PREP-CHEM-SRC 1.8.3 to estimate the BB emissions.




2.3. PREP-CHEM-SRC Emission Estimator Tool


Emission fields from distinct sources, e.g., BB and volcanoes, can be estimated using the emission estimator tool PREP-CHEM-SRC with flexible spatial resolutions and projections [31]. The estimate of BB emissions in PREP-CHEM-SRC is possibly performed based on the burned area approach (3BEM model) or the FRP approach (3BEM_FRP model). Here, we have chosen the FRP-based method to estimate the BB emissions, as this approach requires fewer inputs in the estimates [22] and, therefore, the impact of LULC over the emissions would be more evident. Emission sources other than BB were not considered in this study. The domain adopted was a regular grid spatially distributed over South America at the spatial resolution of 0.1° (~11 km). The 3BEM_FRP inputs consisted of the MODIS active fire products (MOD14 and MYD14) collection 6.0 [55], which provide a FRP estimate associated with the active fires detected. MODIS active fire products were proven effective in estimating the FRP diurnal cycle and associated emissions [27]. The PREP-CHEM-SRC outputs consist of the mass of several species of trace gases and aerosols emitted daily, including the PM2.5, by BB in South America at the spatial resolution of 0.1°. Since we only used MODIS active fires as inputs, we multiplied the daily emissions by 1.04 in order to simulate the estimates obtained when combining active fires derived from sensors onboard polar-orbiting and geostationary satellites, as proposed by Pereira et al. [27]. Then, the daily values related to PM2.5 were summed to achieve annual estimates, and clipped to the limits of the Amazon and Cerrado biomes defined by the Brazilian Institute for Geography and Statistics to achieve the previously described aims of the study. More details on the method applied are described in de Oliveira et al. [56], while 3BEM_FRP and PREP-CHEM-SRC are fully detailed in Freitas et al. [31], Pereira et al. [32], Santos et al. [57], and Pereira et al. [27]. The latter work also validated the estimates and compared with global BB emission inventories.




2.4. PREP-CHEM-SRC Runs and Updating Land Use and Land Cover Information


We ran PREP-CHEM-SRC 1.8.3 under two conditions: (i) considering the LULC information available in PREP-CHEM-SRC based on the MCD12Q1 product collection 5.1, and (ii) altering the LULC information in the tool based on MapBiomas annual maps collection 6.0 (years 2002 to 2020). In both cases, all input data and parameters were the same except for the LULC information.



Before running PREP-CHEM-SRC under the second condition, the new LULC information was pre-processed. This pre-processing consisted of the following: (i) Obtaining the annual LULC maps defined by MapBiomas collection 6.0 for the 2002–2020 period from GEE. (ii) Resampling the original spatial resolution of the annual maps (30 m) to 500 m, since this is the one read in PREP-CHEM-SRC. This step followed the majority of the LULC at the 500 m spatial resolution. (iii) Reclassifying the LULC categories defined by MapBiomas to match the IGBP classification scheme (Table 1), since this is the classification scheme adopted by PREP-CHEM-SRC. (iv) Converting the processed maps to the format read in PREP-CHEM-SRC.



The results derived from each condition were compared in terms of (i) area of each LULC class; (ii) spatial distribution of the two LULC types of information; (iii) total PM2.5 annually emitted by BB; and (iv) spatial distribution of the PM2.5 annually emitted by BB in the Amazon and Cerrado biomes during the 2002–2020 period.





3. Results


3.1. Land Use and Land Cover Information


Figure 2 compares the old (MCD12Q1 collection 5.1) and new (MapBiomas collection 6.0) LULC information, for the year 2013, used by PREP-CHEM-SRC to estimate the BB emissions in the Amazon and Cerrado biomes. The year 2013 is the most recent LULC map available in MCD12Q1 collection 5.1. This figure shows that the new LULC information better captures the deforestation in the Amazon biome. For example, there are larger areas classified as grasslands and croplands in the eastern flank of the biome, which are consistent with the most anthropized portion of the Amazon [58]. In 2013, the total area of forest-related LULCs in the Amazon biome considering the new LULC information decreased by 2.55% when compared with the old LULC information (from 3,577,651 km2 to 3,486,351 km2), while the total area of the savanna-related and grassland LULCs increased by 34.96% (from 515,096 km2 to 695,173 km2), and the cropland LULC total area increased by 75.49% (from 22,358 km2 to 39,236 km2). The cropland/natural vegetation mosaic LULC area decreased by 11,926 km2, when comparing the old and the new LULC information for the year 2013.



In the Cerrado biome, distinct patterns were identified. Forest-related LULCs increased with new data, especially in the northern portion of the Cerrado. In 2013, the old LULC information identified 90,335 km2 of forest-related LULCs, while considering the new LULC information, 314,123 km2 were identified (an increase of 247.73%). The cropland LULC also increased, especially in the MATOPIBA agricultural frontier located in Central Cerrado, from 114,475 km2 to 191,036 km2 (66.88%). A similar pattern was identified in the cropland/natural vegetation mosaic LULC, which increased from 81,883 km2 to 101,211 km2 (23.60%). On the other hand, the savanna-related and grassland LULCs decreased by 19.51% (from 1,627,663 km2 to 1,310,119 km2).



These differences were even higher in 2020, when the old LULC information was more outdated (Figure S1). This is because the official version of PREP-CHEM-SRC uses the MCD12Q1 collection 5.1 map for the year 2013 as LULC information to estimate the BB emissions from 2013 until the current period. The total area of forest-related LULCs in the Amazon biome, considering the new LULC information, decreased by 4.20% when compared with the old LULC information (from 3,577,651 km2 to 3,427,193 km2); savanna-related and grassland LULCs increased from 515,096 km2 to 731,288 km2 (41.97%); the cropland LULC total area increased from 22,358 km2 to 60,668 km2 (171%); and the cropland/natural vegetation mosaic LULC area decreased 119,256 km2. In the Cerrado biome, in 2020, the old LULC information identified 90,335 km2 of forest-related LULCs, and the new LULC information 322,513 km2 (an increase of 257.01%); the cropland LULC increased from 114,475 km2 to 235,623 km2 (105.83%); the cropland/natural vegetation mosaic LULC increased from 81,883 km2 to 119,379 km2 (45.29%); and the savanna-related and grassland LULCs decreased by 23.85% (from 1,627,663 km2 to 1,239,407 km2).



We observe that, when comparing the annual old and new LULC information used to estimate the emissions using PREP-CHEM-SRC 1.8.3 during 2002–2020, several grid cells showed a different LULC in all 19 years compared (Figure 3). This is more frequent in the southern portion of the Cerrado and in the Eastern Amazon. While in 59% of the study area, the distinct LULC information matched during all years analysed, in 22% of the study area, the LULC was different during the entire period analysed. The LULC differed from 1 to 9 years in 9% of the combined footprint of the Amazon and Cerrado biomes, while the LULC differed from 10 to 18 years in 10% of the area.




3.2. Estimates of Biomass Burning Emissions


Figure 4 compares the annual emissions of PM2.5 associated with BB in the Amazon and Cerrado biomes during the 2002–2020 time series, considering the new LULC information implemented on PREP-CHEM-SRC 1.8.3, as well as the difference in the annual emissions when comparing the estimates obtained with the new and old LULC information, respectively. In the Amazon biome, annual values considering the new LULC information decreased in all years analysed. Considering the entire time series, emissions decreased by 787.77 Gg with the new LULC information, an average decrease of 1.91% or 41.46 Gg year−1. In 2020, when the LULC information was more critically outdated, the decrease with the new LULC information was 3.20% (56.12 Gg). On the contrary, annual emissions in the Cerrado biome increased in all years analysed with the LULC information. The increase considering the entire time series was 371.15 Gg, representing an average of 2.44% or 19.58 Gg year−1. In the more recent year analysed, the increase was 2.55% (20.90 Gg).



We also observe the interannual patterns of the PM2.5 emitted from BB in the Amazon and Cerrado biomes during the 2002–2020 period from Figure 4. When considering the estimates obtained using the new LULC information, the year 2004 had the highest emission in the Amazon during the time series analysed (4228 Gg). On the contrary, the year 2013 had the lowest estimate (596 Gg). In the Cerrado biome, the annual emission of PM2.5 associated with BB, considering the new LULC information, peaked in 2007 and 2010 (1665 Gg and 2008 Gg, respectively), two dry years in the biome. The lowest estimate was found in the year 2009 (224 Gg).



When analysing the emissions per LULC class, the impact of the updated LULC over the emissions is clearer (Figure 5). In the Amazon biome, the total PM2.5 emitted by forest-related LULCs during the 2002–2020 time series decreased by 5276 Gg when comparing the estimates obtained with the new and old LULC information (Table S1), while emissions in savanna-related LULCs and croplands increased by 4903 Gg and 372 Gg, respectively. In the Cerrado biome, emissions in savanna-related LULCs decreased by 3216 Gg, while emissions in forest-related LULCs, croplands, and other LULCs increased by 1676 Gg, 559 Gg, and 981 Gg, respectively (Table S2).



The spatial distribution of the average PM2.5 emitted annually from BB in the Amazon and Cerrado during the 2002–2020 period, considering the estimates obtained using the new LULC information, is shown in Figure 6. We observed that the gridded estimates are higher in the Amazon biome, reaching up to 0.018 kg m−2 year−1. In this biome, emissions associated with BB are concentrated in the eastern flank, such as in the region known as “Arc of Deforestation”. Several grid cells, concentrated in central and western Amazon, showed no emission associated with BB during the period analysed. By contrast, in the Cerrado we have found non-zero emission grid cells in most of the biome, but values are lower than in the Amazon biome, reaching up to 0.014 kg m−2 year−1. The Cerrado highest estimates are located in transitional areas with the Amazon biome, such as in the northern flank, where there is a higher incidence of forest formations that have now increased emissions with the new LULC information implemented on PREP-CHEM-SRC 1.8.3.



From Figure 7, we observe that, in 34% of the study area, the estimated emissions changed with the updated LULC information implemented on PREP-CHEM-SRC. In 22% of the study area, the emissions were unmatched from 1 to 9 years, while in 12% of the Amazon-Cerrado area, the emissions were unmatched from 10 to 19 years. We also observe that, in both the Amazon and Cerrado biomes, the major differences were in areas of forest formation classified as savannas/croplands, or vice versa, because we have different EF values between these LULC classes (see Table 1). Therefore, if the LULC changed but the EF value of the new LULC is the same, emissions will not change.





4. Discussion


LULC is a critical parameter to estimate the emissions associated with BB. When we consider the FRP approach, or the burned area approach, the EF values depend on the LULC where the BB event occurred. For example, in PREP-CHEM-SRC 1.8.3, the PM2.5 EF for a BB event occurring in an evergreen broadleaf forest area is 9.4 g kg−1, while if the same BB event was identified in a savanna area, this parameter would be 4.0 g kg−1 (Table 1). Therefore, in this example, the PM2.5 emission associated with a BB event can be much more than halved if an evergreen broadleaf forest area is incorrectly classified as a savanna. This emphasizes the need for accurate and updated LULC information to estimate the BB emissions.



This explains the decrease in the annual emissions associated with BB during the period 2002–2020 identified in the Amazon biome when we consider the new LULC information (see Figure 4), because we have fewer forest areas (Figure 2 and Figure 5, Table S1) that have a higher emission factor than savannas or croplands (Table 1). The opposite process was identified in the Cerrado biome, since there are more forest formations (higher EF) with the new LULC information (Figure 2 and Figure 5, Table S2). Forest fires are a major disturbance in the Northern Cerrado, burning on average 1680 km2 year−1 [59], where the area of this LULC has now increased.



The difference between the LULC maps shown in Figure 3 is explained not only by LULCC, but also by the reclassification process necessary for the MapBiomas classifications to match the IGBP classification scheme. For example, the LULC information derived from MCD12Q1 has several LULCC classes related to savannas (e.g., savannas, woody savannas, and open shrublands), while the MapBiomas-derived LULC information has only one class related to this LULC (savannas). This helps to explain the major differences identified in southern Cerrado (Figure 3). Moreover, the pasture LULC defined by MapBiomas was reclassified to the grassland LULC, which is often misclassified as savanna by the MCD12Q1 product collection 5.1 [34]. Finally, the higher presence of permanent wetlands in the Cerrado with MapBiomas (especially in the border with the Amazon biome—Figure 2) is also explained by the reclassification process, when the MapBiomas other non-forest formation LULC class (flooded fields and swampy areas) better matched the IGBP permanent wetland LULC class (lands with a mixture of water and herbaceous or woody vegetation). This has also impacted on the results shown in Figure 5 and Table S2. Nevertheless, the differences derived from the reclassification process pointed out here do not directly affect the estimate of total emissions, since all these LULC classes have the same emission factor (see Table 1).



Following what has been discussed so far, we also highlight that other important improvements must be added to PREP-CHEM-SRC. For example, the tool considers the same EF for the savanna and cropland LULC classes (4.0 g of PM2.5 emitted per kg of dry matter burned—see Table 1), in contrast to global BB emission inventories [11,12]. If these values were distinct, we would expect a difference between the two scenarios much higher than the 34% shown in Figure 7. An alternative to overcome this limitation is to implement the EF values proposed by Andreae [28] in PREP-CHEM-SRC, who integrated values from more than 370 published papers to identify LULC-based average EF values. For example, instead of 4.0 g kg−1 for both LULCs, the EF value for the species PM2.5 during a burning event in a savanna area would be 6.7 g kg−1 and 8.1 g kg−1 in a cropland area [28].



Finally, we highlight that improving the estimation of BB emissions is paramount in formulating effective policies to combat climate change on local to global scales, as policymakers need reliable information to understand the extent and impact of these emissions. Therefore, the scientific knowledge translated into improved estimates described here not only helps tracking patterns and trends but also provides a basis for setting emission reduction targets and assessing the effectiveness of mitigation strategies.




5. Conclusions


In this work, we explored the influence of LULC on the emissions associated with BB. To this end, we have run the PREP-CHEM-SRC tool version 1.8.3 under two conditions, considering the old (MCD12Q1 collection 5.1) and the new (MapBiomas collection 6.0) LULC information, and then compared the results (PM2.5 emitted from BB) in the Amazon (decreased emissions) and Cerrado (increased emissions) biomes. The differences identified were mostly associated with the better capture of the deforestation process in the Amazon and forest formations in Northern Cerrado with the new LULC information.



The updated LULC information is an important improvement on PREP-CHEM-SRC, which could be considered South America’s leading BB emission estimator tool. Yet, future studies could test, for example, the variability in the estimated emissions across different versions of MapBiomas (currently on version 8.0, which includes annual maps from 1985 to 2022), and quantify the variability across those, although we have high overall accuracies of MapBiomas collection 6.0 in the Amazon and Cerrado biomes (96.6% and 74.9%, respectively). We also highlight that MapBiomas collection 6.0 covers the entire time series analysed (2002 to 2020).



Finally, more efforts should be made to improve the accuracy of the emissions derived from this tool. The proposed update of the EF values is promising, especially because they better represent the savanna and cropland LULCs than the values currently adopted in PREP-CHEM-SRC [28]. Overall, we expect increased BB emissions in South America with these EF values. In addition to this, we could test the uncertainties involved in the EF parameter to estimate BB emissions by running PREP-CHEM-SRC using the average, minimum, and maximum EF values for each LULC class defined by Andreae [28].








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/fire6110426/s1, Figure S1: Land use and land cover (LULC) in the Amazon and Cerrado biomes for the year 2020 considering the old ((a)—MCD12Q1 collection 5.1, year 2013) and new ((b)—MapBiomas collection 6.0, year 2020) LULC information implemented on PREP-CHEM-SRC. The MapBiomas original LULC classes were reclassified to match the IGBP classification scheme; Table S1: Difference in the annual and total PM2.5 emitted from biomass burning (Gg) in the Amazon biome per LULC during the 2002–2020 time series when comparing the estimates obtained with the new (MapBiomas collection 6.0) and old (MCD12Q1 collection 5.1) LULC information. The forest-related class comprises the evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf forest, mixed forest, and the cropland/natural vegetation mosaic LULC classes. The savanna-related class comprises the closed shrubland, open shrubland, woody savanna, savanna, and grassland LULC classes. The croplands class is represented by the cropland LULC class. The other class comprises the permanent wetlands LULC class; Table S2: Difference in the annual and total PM2.5 emitted from biomass burning (Gg) in the Cerrado biome per LULC during the 2002–2020 time series when comparing the estimates obtained with the new (MapBiomas collection 6.0) and old (MCD12Q1 collection 5.1) LULC information. The forest-related class comprises the evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf forest, mixed forest, and the cropland/natural vegetation mosaic LULC classes. The savanna-related class comprises the closed shrubland, open shrubland, woody savanna, savanna, and grassland LULC classes. The croplands class is represented by the cropland LULC class. The other class comprises the permanent wetlands LULC class.
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Figure 1. Location of the Amazon and Cerrado biomes in South America. The base map is a MODIS sensor product MOD09A1 colour composite R6G2B1 for the year 2019. 
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Figure 2. Land use and land cover (LULC) in the Amazon and Cerrado biomes for the year 2013 considering the old ((a)—MCD12Q1 collection 5.1) and new ((b)—MapBiomas collection 6.0) LULC information implemented on PREP-CHEM-SRC. The MapBiomas original LULC classes were reclassified to match the IGBP classification scheme. 
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Figure 3. Number of years when the land use and land cover (LULC), defined, in the Amazon and Cerrado biomes, by the old (MCD12Q1 collection 5.1) and new (MapBiomas collection 6.0) LULC information implemented on PREP-CHEM-SRC, was unmatched during the 2002–2020 period. 
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Figure 4. Annually emitted PM2.5 associated with biomass burning in the Amazon and Cerrado biomes between 2002 and 2020 considering the new (MapBiomas collection 6.0) LULC information implemented on PREP-CHEM-SRC 1.8.3 (a), and difference in the annual emissions when comparing the estimates obtained with the new and old (MCD12Q1 collection 5.1) LULC information (b). 
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Figure 5. Difference in the total PM2.5 emitted from biomass burning (Gg) in the Amazon and Cerrado biomes during the 2002–2020 time series when comparing the estimates obtained with the new (MapBiomas collection 6.0) and old (MCD12Q1 collection 5.1) LULC information. The forest-related class comprises the evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf forest, mixed forest, and the cropland/natural vegetation mosaic LULC classes. The savanna-related class comprises the closed shrubland, open shrubland, woody savanna, savanna, and grassland LULC classes. The croplands class is represented by the cropland LULC class. The other class comprises the permanent wetlands LULC class. 
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Figure 6. Annual average of PM2.5 (kg m−2 year−1) emitted from biomass burning in the Amazon and Cerrado biomes during 2002–2020; estimates were obtained using the new land use and land cover information implemented on PREP-CHEM-SRC 1.8.3. Emissions were estimated at the spatial resolution of 0.1°. 
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Figure 7. Number of years when the estimate of PM2.5 associated with biomass burning, in the Amazon and Cerrado biomes, based on old (MCD12Q1 collection 5.1) and new (MapBiomas collection 6.0) land use and land cover information implemented on PREP-CHEM-SRC, was unmatched during the 2002–2020 period. 
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Table 1. Reclassification of the original LULC classes from MapBiomas collection 6.0 level 3 to the International Geosphere-Biosphere Programme (IGBP) classification scheme, and fine particulate matter (PM2.5) emission factors associated with each LULC.
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	MapBiomas LULC
	IGBP LULC Class
	PM2.5 Emission Factor

(g kg−1)





	Forest Formation
	Evergreen Broadleaf Forests
	9.4



	Savanna Formation
	Savannas
	4.0



	Mangrove
	Permanent Wetlands
	4.0



	Forest Plantation
	Mixed Forests
	15.7



	Wetland
	Permanent Wetlands
	4.0



	Grassland
	Grasslands
	4.0



	Other Non-Forest Formations
	Permanent Wetlands
	4.0



	Pasture
	Grasslands
	4.0



	Sugarcane
	Croplands
	4.0



	Mosaic of Agriculture and Pasture
	Cropland/Natural Vegetation Mosaics
	4.0



	Beach, Dune and Sand Spot
	Barren
	-



	Urban Area
	Urban and Built-up Lands
	-



	Other Non-Vegetated Areas
	Barren
	-



	Rocky Outcrop
	Barren
	-



	Mining
	Barren
	-



	Aquaculture
	Water Bodies
	-



	Salt Flat
	Barren
	-



	River, Lake, and Ocean
	Water Bodies
	-



	Soybean
	Croplands
	4.0



	Rice
	Croplands
	4.0



	Other Temporary Crops
	Croplands
	4.0



	Coffee
	Croplands
	4.0



	Citrus
	Croplands
	4.0



	Other Perennial Crops
	Croplands
	4.0



	Wooded Restinga
	Closed Shrublands
	4.0
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