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Input uncertainty overshadows cropland greenhouse gas accounting and mitigation tracking
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	Supplementary Table 1. Summary of input data.

	Parameter
	Product
	Spatial Resolution
	Period Representativeness
	Process and Validation
	Link

	Climate zone- Temperature, precipitation, frost day, potential ET
	FAO GAEZ v4, GFDL-ESM2M
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	
	FAO GAEZ v4, HadGEM2-ES
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	
	FAO GAEZ v4, IPSL-CM5A-LR
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	
	FAO GAEZ v4, MIROC-ESM-CHEM
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	
	FAO GAEZ v4, NorESM1-M
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	
	FAO GAEZ v4, ENSEMBLE
	0.5 degree
	2010-2040 average
	Climate forcings were modelled in CMIP5 projections under RCP 4.5 with bias corrected; Underlying CMIP5 models assessed in IPCC AR5 and validated against an observational baseline in ISI-MIP
	https://gaez.fao.org/pages/data-viewer

	Surface and subsurface runoff
	GLDAS
	0.25 degree
	2020
	Simulate runoff using catchment model LSM forced by reanalysis and satellite climate with discharge assimilation; No independent river discharge validation
	https://doi.org/10.5067/SXAVCZFAQLNO

	
	G-RUN
	0.5 degree
	2019
	Simulate runoff using machine learning on over 35000 gauged catchment discharge records; Benchmarked against 1205 independent large basin discharge records and against state of the art GHM simulations 
	https://doi.org/10.6084/m9.figshare.12794075

	
	ERA5-Land
	5 arc-min
	2020
	ECMWF land surface reanalysis forced by ERA5 atmospheric reanalysis by assimilating in-situ and satellite observations, runoff is modelled output; Validated against in-situ soil moisture, MODIS surface temperature, and river discharge
	https://doi.org/10.24381/cds.68d2bb30

	Irrigation
	IWU
	0.25 degree
	2010s
	Physically based water balance algorithm driven by satellite soil moisture, ET, and precipitation ensembles; Validated against independent survey-based withdrawal for US, China, FAO country totals
	https://doi.org/10.11888/hydro.tpdc.271220

	
	AQUASTAT
	5 arc-min
	2005
	Area equipped for irrigation layer blends national/subnational census and remote sensing patterns, actually irrigated area is constant per statistical unit; No independent quantitative validation
	https://www.fao.org/aquastat/en/geospatial-information/global-maps-irrigated-areas/latest-version

	Cropland-Harvested area
	SPAM2020, v2
	5 arc-min
	2020
	Allocation of crop-specific data from subnational statistics based on satellite-based land cover,  biophysical crop suitability, and expert judgement; No independent quantitative validation
	https://doi.org/10.7910/DVN/SWPENT

	
	CROPGRIDS
	5 arc-min
	2020
	Data fusion of  remote sensing and survey for 173 crops at 0.05° pixels; Validated against ground truth, national totals from FAOSTAT, and spatial pattern from RS products
	https://doi.org/10.6084/m9.figshare.22491997

	
	Coello et al. 2025
	5 arc-min
	2019
	Extend Monfreda et al. 2008 via FAOSTAT national harvest area trend and HYDE 3.3 gridded cropland as reference distribution; No independent validation
	https://doi.org/10.6084/m9.figshare.25435432

	
	Adalibieke et al. 2023
	5 arc-min
	2020
	Extend Monfreda et al. 2008 via FAOSTAT national harvest area trend and HYDE 3.2 gridded cropland as reference distribution; No independent validation
	https://doi.org/10.11888/Terre.tpdc.300446

	
	GlobalRice20 (rice only)
	20 m
	2015
	Deep-learning (time-series-to-vision) classification of Sentinel-1/2 and Landsat time series mapping paddy rice extent; Validated against 164,000 reference samples and national rice statistics
	https://doi.org/10.5281/zenodo.18168302

	Cropland-Rainfed and irrigated harvested area and crop production
	SPAM2020, v2
	5 arc-min
	2020
	Allocation of crop-specific data from subnational statistics based on satellite-based land cover,  biophysical crop suitability, and expert judgement; No independent quantitative validation
	https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SWPENT

	Crop-specific synthetic fertilizer
	Cao et al. 2026
	Subnational
	2020
	Data-fusion of statistical sources on SPAM 2020 with subnational data in major nations; Data anchored to national/subnational totals
	https://doi.org/10.6084/m9.figshare.29089973

	
	NPKGRIDS
	Subnational
	2020
	Data-fusion of  statistical sources onto CROPGRIDS masks with subnational data in 4 countries; Benchmarked to national and subnational totals
	https://doi.org/10.6084/m9.figshare.24616050

	
	Coello et al. 2025
	Pixel
	2019
	Machine learning prediction from environmental/socioeconomic drivers, then adjusted to national databases; External hold-out validation vs national databases
	https://doi.org/10.6084/m9.figshare.25435432

	
	Adalibieke et al. 2023
	Subnational
	2020
	Data-fusion of national and subnational statistics allocated with Monfreda et al. 2008-based crop maps extended with FAOSTAT trends and HYDE 3.2; Data anchored to national/subnational totals
	https://doi.org/10.11888/Terre.tpdc.300446

	Manure 
	Cao et al. 2026
	5 arc-min
	2020
	GLW v4.0 livestock distribution disaggregates national/subnational census counts via a Random Forest model against environmental/social predictors, manure N derived via GLEAM cohort equations + IPCC 2019 regional excretion and manure-management-system shares; No independent quantitative validation
	https://doi.org/10.6084/m9.figshare.29089973

	
	Adalibieke et al. 2023
	5 arc-min
	2020
	Total manure N a secondary product (Zhang et al. 2017, gridded mass-balance from livestock census), then redistributed across crops using a single year-2000 rate pattern (Zhan et al. 2021) held constant in relative terms thereafter; No independent quantitative validation
	https://doi.org/10.11888/Terre.tpdc.300446

	Crop residue
	Cao et al. 2026
	5 arc-min
	2020
	Built fresh from SPAM2020 crop-specific yield/harvested area × literature residue-to-yield ratios (multiple equations averaged); burning fraction from satellite+model GFED4s; explicitly subtracts feed use (FCR/CRFF by livestock system), bedding, and income-stratified off-field fuel use before computing the field-incorporated residue N; No independent quantitative validation
	https://doi.org/10.6084/m9.figshare.29089973

	
	Adalibieke et al. 2023
	5 arc-min
	2020
	Residue N inherited from Zhan et al. year 2000 crop-specific SN/MA/CR rate, no explicit accounting for burning, feed, or bedding removal; No independent quantitative validation
	https://doi.org/10.11888/Terre.tpdc.300446

	Rice calendar
	RiceAtlas
	National and Subnational
	2010s
	Census and statistics-based planting & harvesting dates by season and monthly production for all rice countries; No independent validation
	https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/JE6R2R

	
	MARC
	0.5 degree
	2019-2020 average
	Satellite-derived (Sentinel-1 SAR + Sentinel-2 optical, 10 m source) gridded calendar for monsoon Asia.  Resolves single/double/triple cropping; Validated against field phenology
	https://doi.org/10.17595/20230728.001

	
	RICA
	250 m
	2003-2016 average
	MODIS + PhenoRice algorithm, SoS/EoS dates per cropping season across Asia; Validated against RiceAtlas and  national stats method, but coarser sensor than MARC and Asia-only
	https://figshare.com/s/615c7ab2aa8c9e5dc9ba

	Rice water regime 
	Cao et al. 2026
	National
	2000-2020 average
	National rice water regime ratios reconstructed from national statistics, UNFCCC reports,  FAO Rice Information, and literature (85 countries rainfed, 35 irrigated); gap-filled with sub-continental and global means; No independent validation
	https://doi.org/10.6084/m9.figshare.29089973

	
	Carlson et al. 2016
	National
	2000-2010 average
	National rice water regime ratios reconstructed from literature (13 countries), gap-filled with global mean; No independent validation
	https://doi.org/10.1038/nclimate3158

	Peatland extent

	PeatML
	5 arc-min
	
	 Machine-learning (LightGBM) fractional-coverage map, 165 climate/soil/veg/terrain predictors, 14 ecoregions; No independent quantitative validation
	https://doi.org/10.5281/zenodo.7352284

	
	FAO Organic Soil
	5 arc-min
	
	Histosol soil layer used as a peatland proxy; Soil-survey based and no peatland-specific validation
	http://www.fao.org/geonetwork?uuid=252bfb57-76e0-4c68-920e-30f3e3f539e2

	
	Global Forest Watch
	Multiple (subnational and pixel)
	
	Compiles 5 expert-rule-based regional peatland layers; Expert-rule regional layers and uneven validation by region
	https://data.globalforestwatch.org/datasets/gfw::global-peatlands/about

	
	Global Peatland Map 2.0
	1 km
	
	Literature, satellite images, expert judgement from over 200 international experts; Expert-consensus national inventory
	https://nextcloud.uni-greifswald.de/index.php/s/s7Ln5QKxdQG5aaA

	
	Cao et al. 2026
	5 arc-min
	
	PeatML base + GFW + GPM2.0 + FAO, rescaled to GPA national totals; National total constrained and no independent validation
	https://doi.org/10.6084/m9.figshare.29089973

	
	PEATMAP
	Vector (regional maps)
	
	Meta-analysis combining the best available regional and national peatland maps and soil databases into a global vector map; No independent quantitative validation
	https://doi.org/10.5518/252
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	Supplementary Table 2. Summary of input-dataset combinations, sensitivity scenarios and gridded maps. Combinations are choices among input products; sensitivity scenarios test spatial aggregation level, within-country water regime redistribution and national peatland constraint level on top of them, and aggregation scenarios are run on each N input product’s native cropland. Gridded maps include pathway components and sensitivity scenarios.

	Emission source
	Combinations; sensitivity scenarios
	Combinations; scenarios 
	Gridded maps

	Fertilizer N2O
	Combinations: 4 fertilizer × 4 cropland extent × 6 climate × 3 runoff × 2 irrigation. Scenarios: 14 fertilizer product-aggregation levels × 6 climate × 3 runoff × 2 irrigation
	576; 504
	4980

	Manure N2O
	Combinations: 2 manure × 4 cropland extent × 6 climate × 3 runoff × 2 irrigation. Scenarios: 4 manure product-aggregation levels × 6 climate × 3 runoff × 2 irrigation
	288; 144
	1560

	Crop residue N2O
	Combinations: 2 crop residue × 4 cropland extent × 6 climate × 3 runoff × 2 irrigation. Scenarios: 4 crop residue product-aggregation levels × 6 climate × 3 runoff × 2 irrigation
	288; 144
	1392

	Rice CH4
	Combinations: 5 rice extent × 3 calendar × 2 water regime × 2 manure. Scenarios: combinations × 2 manure aggregation levels × 3 water regime redistribution bounds × maximum and minimum
	60; 720
	2520

	Drained peatland GHG
	Combinations: 6 peatland extent × 2 cropland extent × 6 climate. Scenarios: combinations × 3 national constraint levels
	72; 216
	648

	Total
	
	1,284; 1,728
	11,100
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Supplementary Figure 1. Global synthetic N fertilizer N2O emissions intensity. Maps show pixel-level intensity for four fertilizer products at their native resolution variants: Cao (a), NPKGRIDS (b), Coello (c), and Adalibieke (d). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 2. Global manure and crop residue N2O emissions intensity. Manure: Cao (a) and Adalibieke (b). Crop residue: Cao (c) and Adalibieke (d). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 3. Global rice CH4 emissions intensity under three crop calendars RiceAtlas (a), Hybrid-RICA (b), and Hybrid-MARC (c). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 4. Global peatland GHG (CO2 + CH4 + N2O) emissions intensity across peatland products.
Peatland product Cao (a), FAO Organic Soils (b), Global Peatland Map 2 (c), Global Forest Watch (d), PEATMAP (e), and PeatML (f). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 5. Cao synthetic fertilizer N2O emissions across cropland area products. Fertilizer product held for Cao while varying the area product SPAM 2020 V2 (a), CROPGRIDS (b), Coello (c), and Adalibieke (d). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 6. Manure and crop residue N2O emissions across cropland area products. Manure emission intensity on cropland product SPAM 2020 V2 (a) and Adalibieke (b), crop residue emission intensity on cropland product SPAM 2020 V2 (c) and Adalibieke (d). Manure and crop residue inputs held at Cao, area products varied. The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 7. Cao fertilizer N2O under spatial aggregation variants and absolute differences from subnational baseline. Emissions intensity at national-level aggregation (a), difference of emission intensity between national-level and subnational baseline (b), emission intensity at pixel level resolution (c), difference of emission intensity between pixel level and subnational baseline (d). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 8. Rice CH4 emissions under within-country water regime redistribution scenarios. Redistribution bound ±10% with maximum (a) and minimum (b) emissions, ±20% with maximum (c) and minimum (d) emissions, and ±50% with maximum (e) and minimum (f) emissions. The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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Supplementary Figure 9. Peatland GHG totals (CO2+CH4+N2O) under three constraint levels for the Cao peatland product on SPAM 2020 V2 cropland. (a) Emission intensity under national peatland area constraint, (b) difference in emissions between the national peatland area constraint and the raw peatland product (constrained minus raw, Mg CO₂eq per pixel), (c) emission intensity under national drained peatland area for crop cultivation constraint, (d) difference in emissions between the national drained peatland area constraint and the raw peatland product (constrained minus raw, Mg CO₂eq per pixel). The base map was applied without endorsement using data from the GADM (https://gadm.org/).
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	Supplementary Table 3. Global nutrient nitrogen inputs (Tg N yr-1), harvest area (Mha), and peatland area (Mha). 

	Nutrient
	Product
	Non-rice
	Rice
	Total

	Fertilizer
	Cao
	86
	17
	103

	
	NPKGRIDS
	82
	17
	99

	
	Coello
	86
	16
	102

	
	Adalibieke
	82
	17
	99

	Manure
	Cao
	25
	3.8
	29

	
	Adalibieke
	16
	2.0
	18

	Crop residue
	Cao
	18
	2.5
	20

	
	Adalibieke
	31
	6.6
	37

	Harvest area
	SPAM 2020 V2
	1278
	163
	1441

	
	CROPGRIDS
	1254
	160
	1414

	
	Coello
	1240
	152
	1392

	
	Adalibieke
	1358
	164
	1522

	Peatland area
	Cao
	-
	-
	488

	
	FAO 
	-
	-
	330

	
	GFW
	-
	-
	499

	
	GPM
	-
	-
	488

	
	PeatML
	-
	-
	404

	
	PEATMAP
	-
	-
	414
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	Supplementary Table 4. Evidence strength scoring matrix for activity data. Spatial resolution, Period coverage, Data Processing, and Data Validation.

	Driver
	Product
	Spatial
	Period
	Process
	Validation
	Mean

	Fertilizer N rate
	Cao et al.
	2
	3
	2
	1
	2

	Fertilizer N rate
	NPKGRIDS
	1
	2
	2
	2
	1.75

	Fertilizer N rate
	Coello 2025
	3
	3
	2
	2
	2.5

	Fertilizer N rate
	Adalibieke 2023
	2
	2
	2
	1
	1.75

	Manure N rate
	Cao et al.
	3
	3
	2
	1
	2.25

	Manure N rate
	Adalibieke 2023
	2
	2
	1
	1
	1.5

	Crop residue N rate
	SPAM2-based (Cao)
	2
	3
	3
	1
	2.25

	Crop residue N rate
	Adalibieke-based
	2
	2
	2
	1
	1.75

	Rice growing calendar
	RiceAtlas
	2
	2
	2
	2
	2

	Rice growing calendar
	MARC
	3
	3
	3
	3
	3

	Rice growing calendar
	RICA
	3
	2
	3
	3
	2.75

	Rice water regime
	Cao et al.
	1
	1
	2
	1
	1.25

	Rice water regime
	Carlson et al.
	1
	1
	2
	1
	1.25

	Peatland extent
	FAO Organic Soil
	3
	1
	2
	2
	2

	Peatland extent
	GFW
	3
	3
	2
	2
	2.5

	Peatland extent
	GPM 2.0
	3
	2
	2
	2
	2.25

	Peatland extent
	Cao et al.
	3
	2
	2
	2
	2.25

	Peatland extent
	PEATMAP
	3
	2
	2
	2
	2.25

	Peatland extent
	PeatML
	3
	3
	2
	2
	2.5

	Cropland distribution
	SPAM2
	3
	3
	2
	3
	2.75

	Cropland distribution
	CROPGRIDS
	3
	3
	2
	2
	2.5

	Cropland distribution
	Coello 2025
	3
	3
	2
	2
	2.5

	Cropland distribution
	Adalibieke 2023
	3
	3
	2
	2
	2.5
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