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Supplementary Texts
[bookmark: _Hlk211340598]Text S1: Validation of the pixel-level GBBEPx product 
[bookmark: _Hlk211335748][bookmark: _Hlk205996442][bookmark: _Hlk205996455][bookmark: _Hlk205996474][bookmark: _Hlk205996492][bookmark: _Hlk205996504]        Although it is well-known that validation of global biomass burning emissions products is extremely challenging because the direct field measurement is not available, the GBBEPx product was evaluated in the following aspects. First, it should be noted that the GBBEPx algorithm derives emissions using species specific regression relationship between MODIS FRP and QFED emissions. Given the fact that QFED emissions are scaled and tuned so that model predicted AOD agrees with ground-based observations, GBBEPx values are expected to be accurate [1]. Second, GBBEPx CO2 and CH4 agree with RAVE (Regional ABI and VIIRS fire Emissions) estimates (R2>0.92) in 2021 and 2022 across North America; RAVE is an advanced product producing hourly 3 km fire emission across North America, which is developed by fusing 5-10 minute FRP from Advanced Baseline Imager (ABI) on the Geostationary Operational Environmental Satellites – R Series (GOES-R) and fine spatial-resolution (375m) FRP from the Visible Infrared Imaging Radiometer Suite (VIIRS) on the Joint Polar Satellite System (JPSS) satellites [2, 3]. Third, GBBEPx CO was evaluated by comparing with CO estimates over a total of 103 wildfires across the western United States during 2013-2015, which were calculated using 30 m Landsat burned area, 30 m fuel loadings from the Fuel Characteristic Classification System (FCCS), and literature-based CO emission factors (not shown here as it is included in a manuscript in preparation for the GBBEPx product). The evaluation showed that GBBEPx CO was higher by ~43%. Finally, GBBEPx has been used as one variable integrated in the NOAA Global Ensemble Forecast System (GEFS-Aerosols v1) for global aerosol forecast [4] and the Community Multi-scale Air Quality (CMAQ) model for US aerosol forecast [5], showing significant improvements in aerosol predictions.
Text S2: Validation of the country-level GBBEPx CBBE data
        Because we aimed to investigate CBBE at a county scale in this study, we further evaluated GBBEPx for different counties using country-scale emission estimates from the Global Wildfire Information System (GWIS) (https://gwis.jrc.ec.europa.eu/apps/country.profile/). GWIS provides annual cropland fire emission estimates (CH4, CO, CO2, NO2, and NOx) for each country based on a “bottom-up” inventory-based approach aligned with the Intergovernmental Panel on Climate Change (IPCC) Tier 1 methodology for Greenhouse Gas Inventories (GHGI), as outlined in the IPCC Guidelines. The annual CO2 CBBE from GWIS in the top 20 emission countries (figure S1) was selected for the validation of GBBEPx CBBE. After GBBEPx CBBE was aggregated to a country scale (see Upscaling the raster datasets to country/territory scale), we found that the interannual variations in GBBEPx CBBE are highly consistent (indicated by R2>0.28, P<0.05, figure S2) with GWIS data in nearly 85% of the countries. This consistency supports the high reliability of the GBBEPx V3 dataset for representing interannual variations in CBBE at a country scale.
[bookmark: _Hlk211337068]Text S3: Cropland grid identification 
[bookmark: _Hlk205821978][bookmark: _Hlk205822071] Specifically, the proportion of cropland within a 0.1 grid was calculated separately for each product, where the grid was considered as cropland if the cropland proportion was equal to or larger than 50% every year during the past two decades. Regarding the choice of the 50% threshold, we conducted tests using alternative thresholds (60%, 70%, 80%, 90%, and 100%). As the threshold increased, the number of available pixels decreased substantially. To balance classification accuracy with spatial coverage, we ultimately selected the 50% threshold as the most appropriate compromise. The 0.1 grids were finally selected if either two or three of the land cover products indicated that they were croplands (figure S4d). As a result, we obtained 113680 stable cropland-dominated grids at a 0.1 spatial resolution distributed in 139 agriculture-producing countries worldwide (figure S4e). To control for time-invariant spatial heterogeneity, we restricted the analysis to a fixed set of 113,680 stable cropland-dominated grids and used these same grids across all years to extract CBBE from the global GBBEPx dataset.

[bookmark: _Hlk211337819]Text S4: Pixel-level trends of CO2 emission 
        Taking CO2 as an example, the CO2 emissions in India increased significantly over the past few decades across the majority of croplands, yet considerably decreasing trends also appeared in small local cropland areas of northwestern India (figure S8c). Similarly, CO2 emissions significantly increased in most of the croplands of China, while decreasing trends were also observed in parts of the northeastern and southern regions (figure S8b, c). Spatial variations in emission trends are also evident in eastern Ukraine and northern Nigeria, where emissions show significantly increasing trends compared to the decreasing trends in other areas of these countries (figure S8b, c). 
[bookmark: _Hlk211338121]Text S5: Three HDI impact categories on CBBE
[bookmark: _Hlk208501063][bookmark: _Hlk208501094][bookmark: _Hlk208498479] The emissions were (1) high in low HDI because of low crop productivity and weak regulations of agriculture burning, (2) highest in medium HDI because of high crop productivity in some tropical countries (figure 4) with improved agricultural management but poorly enforced regulations of agriculture burning, and (3) low in high HDI because of effective regulations of agriculture burning although high crop productivity. 









Supplementary Figures
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[bookmark: _Hlk211340440]Figure S1. Inter-annual variations in GWIS GHGI IPCC CO2 emissions from cropland biomass burning in the top 20 CBBE countries from 2003 to 2023. 
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Figure S2. Scatter plots and corresponding R2 values comparing GBBEPx CO2 cropland biomass-burning emission (Mt, after Z-score) and GWIS GHGI IPCC CO2 cropland biomass-burning emission (Mt, after Z-score) from 2003 to 2023 for the top 20 CBBE countries. Each black dot represents annual emission data for a given year. The dashed line shows the regression line.
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Figure S3. World map of countries or territories by Human Development Index in 2022 (https://en.wikipedia.org/wiki/List_of_countries_by_Human_Development_Index).
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Figure S4. The stable cropland pixels in 0.1 0.1 spatial resolution with cropland proportion equal to or higher than 50% within the pixel in each year from 2000 to 2023 worldwide. a, cropland pixels (89910 pixels) based on the 30m Landsat dataset from 2000 to 2019, b, cropland pixels (112390 pixels) based on the 500m MODIS IGBP dataset from 2003 to 2023, c, cropland pixels (162432 pixels) based on the 300m ICDR UN-LCCS dataset from 2003 to 2020, d, overlay cropland pixels based on the above three datasets, e cropland pixels (113680 pixels) with an identification probability higher than 66%, indicating that pixels were identified as cropland-dominated pixels every year from at least two datasets.  
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Figure S5. Multi-year mean cropland biomass burning CH4 emission at country/territory scale and its trend from 2003 to 2023 worldwide, a, multi-year mean biomass burning CH4 emission (103 t), b, multi-year mean biomass burning CH4 emission per unit cropland area (102 kg/km2), c, TS-MK trend of annual total biomass burning CH4 emission (10 t/year), d, significance test of TS-MK trend of annual total biomass burning CH4 emission.
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Figure S6. Inter-annual variations in CH4 emissions from cropland biomass burning in the 17 crucial CBBE countries from 2003 to 2023. The vertical line in the subfigures marked the evident short-term trend reversal year in these countries.  The numbers in the sub-figures represent the slope of the trends in CH4 emissions and their corresponding significance levels.
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Figure S7. Inter-annual variations in CO2 emission from cropland biomass burning and burned area in the 17 crucial CBBE countries from 2003 to 2023. 
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Figure S8. Multi-year mean biomass burning CO2 emission and its trend from 2003 to 2023 in 0.1 0.1 pixels of world croplands. a, multi-year mean biomass burning CO2 emission (103 t), b, TS-MK trend of annual total biomass burning CO2 emission (102 t/year), c, the significant test of the trend.
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Figure S9. Inter-annual variation in the yields of main crop types and greenness on maturity onset (EVI2 maximum) after Z-Score from 2003 to 2022 in 9 huge agricultural countries. 
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Figure S10. Multi-year median greenness (maximum EVI2 during a growing season) from 2003 to 2022 in 0.05 0.05 pixels of word croplands. a, multi-year median of maximum greenness (10-2 EVI2), b, TS-MK trend of maximum greenness (10-4 EVI2/year), c, the significant test of the trend.
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Figure S11. Significant level (P-value) of Pearson correlations between annual cropland greenness on maturity onset (EVI2 max) and biomass-burning CO2 emissions at 0.1 0.1 pixels.

















[image: A graph of a number of red dots

Description automatically generated with medium confidence]
Figure S12. a, The Relationship between the Human Development Index (HDI) and CO2 emission trends, b, the Relationship between the HDI and CH4 emission trends, from 2003 to 2023.
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Figure S13. CO2 emission trends and variations in Ukraine. a, spatial pattern of the TS-MK trend of annual total biomass burning CO2 emission (102 t/year) from 2003 to 2023 in 0.1 0.1 pixels of Ukraine. The eastern 4 states were marked as the thinner black lines. b, annual variations of CO2 emission in eastern and non-eastern Ukraine and cropland fire frequency in eastern Ukraine from 2003 to 2023. The dashed line circles are used to mark the emissions and fire frequencies in specific years. 
Supplementary Tables
[bookmark: _Hlk211340545]Table S1. History of agricultural fire regulation policies and their effectiveness in controlling cropland biomass-burning emissions (CBBE) in 17 key countries and the European Union
	Countries 
	Policy year and the contents
	CBBE response and policy effect
	References

	1. Russia 
	2001: Federal Code on the Administrative Torts passed; 2002: regional Administrative Act on the Violation of the Justice in Altai Krai; 
2013: the regional law was amended; 
2014: Federal and
regional administrations issued a regulation, in force 
	Increased from 2003 to 2008, decreased from 2008 to 2023; overall decreased from 2003 to 2023; the policies are effective from 2008.
	Theesfeld et al., 2017 [6]

	2. India
	No national policy except for 
1981: the Air Prevention and Control of Pollution Act;
1986: the Environment Protection Act;
1995: the National Tribunal Act: 
1997: the National Environment
Appellate Authority Act;
2014: promote the technologies
for optimum utilisation and in-situ management of crop residue and
encourage diverse uses of crop residue.
	Consistently increased from 2003 to 2023; the policies are not effective.
	Bhuvaneshwari et al., 2019 [7];
Lin et al., 2022 [8]

	3. China
	1999: Measures for the Management of
Prohibition of Burning and Comprehensive Utilization of Crop Straw;
[bookmark: _Hlk204450557]2013: Notice on Strengthening the Comprehensive Utilization of Crop Straw and
[bookmark: _Hlk204450503]Banning of Crop Burning;
2018: Three-Year Action Plan for Winning the Blue Sky Defense Battle
	Increased from 2003 to 2014, decreased from 2014 to 2023; overall increased from 2003 to 2023; the policies are effective from 2014.
	Chen et al, 2019 [9];
Huang et al., 2021 [10];
Lian et al., 2024 [11];


	4. USA
	I1999: President
Clinton called for the USA to increase annual energy
Production from Renewable resources to 6 quads
by 2030. 
2003: Agricultural burning is restricted; President Bush set a national goal to reduce the
greenhouse gas intensity of the US economy by 18% by
2012.
2004: the Florida
Department of Forestry issued daily permits to burn based on
wind conditions, direction, and flammability.

	Consistently decreased from 2003 to 2023; the policies are very effective. 
	Lal, 2005 [12];
Korontzi et al., 2006 [13];
McCarty & Korontzi, 2007 [14]

	5. Brazil
	1970: Oher perspectives on fire have slowly developed, as fire became a subject of scientific studies;
1998: Regulated the use of fire in agricultural
and forestry practices; 
2008: An Integrated Fire Management Strategy (IFM) was developed and has been increasingly applied in federal protected areas.
	Consistently decreased from 2003 to 2023; the policies are very effective. 
	Pivello et al., 2021 [15]

	6. Ukraine
	1992: the Law of Ukraine
on Air Protection (Article 20);
2010: Criminal
Code (Article 241 and 245); 
2019: the burning of
crop residue in Ukraine is prohibited under the Code
of Administrative Offenses (Article 77-1)

	Increased from 2003 to 2008, decreased from 2008 to 2013, leapt in 2014 and decreased from 2014 to 2023; overall decreased from 2003 to 2023; the policies are partially effective.
	Hall et al, 2021 [16]

	7. Nigeria
	No data
	Decreased from 2003 to 2013 but increased from 2013 to 2023; overall decreased from 2003 to 2023; 
	No data

	8. Australia
	2003: In New South Wales (NSW), open burning is regulated by the Protection of the Environment Operations (Control of Burning) Regulation 2000 and enforced by the NSW Rural Fire Service (RFS) and local councils. The regulations vary depending on the type of burning (e.g., vegetation, domestic waste) and the location. Generally, a Fire Permit is required during the Bush Fire Danger Period, which is usually from October 1st to March 31st, but can be extended due to local conditions. Total Fire Bans may also be declared, prohibiting all open burning
	Overall slightly increased from 2003 to 2023; 
	local councils 2023 [17]

	9. Thailand
	2007: The disaster Prevention and Mitigation Act B.E. 2550. have a principal legal mechanism for disaster risk management practices;
2012: Thailand government-initiated Pollution Management Plan 2012–2016.
2019: a plan beginning the 2019–2020 sugarcane crop period that enforces sugar mills to limit purchase of burning sugarcane to 30% of
the total cane purchased in 2019-2020 period and drop it to 20% in the 2020–21 crop year
	Overall decreased from 2003 to 2023, especially a higher drop from 2019; the policies are effective.
	Kumar et al, 2020 [18];
Akahoshi et al, 2024 [19]

	10. Argentina
	No data
	Decreased from 2003 to 2014 but increased from 2014 to 2023; overall decreased from 2003 to 2023; 
	No data

	11. Pakistan
	No national policy for the management of crop residue burning
	Consistently increased from 2003 to 2023
	 Lin et al., 2022 [8]

	12. Myanmar
	No data
	Consistently increased from 2003 to 2023
	No data

	13. Türkiye
	1982: The preservation of agricultural lands and pastures in Turkey is also guaranteed by Article 44 and Article 45 of the Republic of Turkey's Constitution;
2009: The cross-compliance rules of the Common Agriculture Policy (CAP) regulates the management of agricultural residues according to the Council of the EU regulation;
2015: efforts are made to find a solution against stubble fires by applying penal sanctions;
2018: Controlled stubble burning is permitted under the responsibility of the Governorships within the framework of the action plan prepared by the Governorships

	Increased from 2003 to 2011, decreased from 2011 to 2023; overall decreased from 2003 to 2023; the policies are partially effective.
	Yakupoğlu et al., 2021 [20]

	14. Kazakhstan
	2009: Kazakhstan accepted voluntary commitments to reduce Greenhouse gas emissions by 25% by 2050, compared to the level in 1992. 2014: Serious structural and technological changes have been made in Kazakhstan’s energy power sector, accompanied by unprecedented investments in the development of renewable energy technologies and effective energy-saving policies.

	Consistently decreased from 2003 to 2023; the policies are very effective. 
	Askarova et al., 2022 [21]

	15. Mexico
	2008: Reduction in air pollutants and greenhouse gas emissions have been established in the Law for the Development and Promotion of Bioenergy;
2015: establishing the national strategy and instruments for financing the energy transition
	decreased from 2003 to 2015, increased from 2015 to 2023; overall slightly decreased from 2003 to 2023; the policies are not effective.
	Honorato-Salaza et al, 2020 [22]

	16. Canada
	2016: provides direction to Canadian jurisdictions on managing open-air burning, including defining open burning, outlining best practices, and addressing environmental and health considerations. 
	Overall slightly increased from 2003 to 2023; 
	The Canadian Council of Ministers of the Environment, 2016 [23]

	17. Cambodia
	No data
	Overall increased from 2003 to 2023; 
	No data

	18. European Union
	During the last two decades, open burning of agricultural
residues has been banned in all European Union
(EU) countries under EU regulation 1306/2013
	Overall decreased from 2003 to 2023; 
	Hall et al, 2021 [16]

















Table S2. Difference in policy and enforcement of agricultural residue burning between   developed countries and developing countries.
	Factor
	Developed Countries
	Developing Countries
	References

	[bookmark: _Hlk205829211]Environmental Regulations
	Strict laws and enforcement to limit burning
	Weak or poorly enforced regulations
	Andreae & Merlet, 2001 [24]; 
van der Werf et al., 2010 [25]

	Agricultural Practices
	Use of sustainable practices (no-till, mechanized residue management)
	Reliance on traditional methods including open burning
	Koppmann et al., 2005 [26]; Bhuvaneshwari et al., 2019 [7]

	Access to Technology
	Advanced machinery for residue management
	Limited access to technology
	Sarkar et al., 2020 [27];
Bhuvaneshwari et al., 2019 [7]

	Awareness & Education
	Higher awareness of environmental impacts
	Lower awareness and education
	Raza et al., 2022 [28];
Uchenna et al., 2024 [29]

	Economic Incentives
	Subsidies and support for alternative practices
	Economic constraints; burning is low-cost and easy
	Chen et al, 2019 [9];
Krishna & Mkondiwa, 2023 [30]

	Alternative Residue Use
	Crop residues used for bioenergy, feed, or soil amendment
	Residues often discarded via burning
	Lal, 2005 [12];
Lar, 2004 [31];
Korontzi et al., 2006 [13];
McCarty & Korontzi, 2007 [14];
Liu et al., 2008 [32]
Krishna & Mkondiwa, 2023 [30]
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