








Extended Data Fig. 4 | Development of global anthropogenic Nr inputs in 
future SSP scenarios. a-e indicate the changes of anthropogenic Nr inputs 
from N deposition, fossil fuel NOx, fossil fuel NH3, manure and fertilizer 
applications, respectively. For each SSP scenario, the annual scale factors were 

calculated by the ratios of future anthropogenic Nr to the 2019 levels, which is 
indicated by the dashed purple lines. The N deposition and fossil fuel data are 
from the input4MIPs (https://esgf-data.dkrz.de/projects/input4mips-dkrz/). 
Manure and fertilizer predictions are obtained from Mogollon, et al.96.

https://esgf-data.dkrz.de/projects/input4mips-dkrz/
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Extended Data Fig. 5 | Global N2O and CH4 concentrations during 1850–2019 
based on the box models. a N2O concentration; and b CH4 concentration.  
The black dots indicate the historical annual N2O and CH4 concentrations, as 
observed from ice core, firn and atmospheric measurements101. Lines with 

different colors represent the different SSP scenarios. Concentration values 
indicate the global mean concentration in the year of 2019 derived from the box 
models.



Extended Data Fig. 6 | Schematic workflow summary of this study. Solid 
black arrows indicate main methods or data, as described in Methods. Dashed 
red arrows indicate the uncertainty analysis and the associated sensitivities to 

radiative forcing (see SI text S1). The main figures in this study are highlighted 
accordingly with the figure indexes. This figure is created with BioRender.com.
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Extended Data Table 1 | Summary of the GEOS-Chem sensitivity experiments

The global NOx and NH3 emissions are derived by integrating CEDS and NMIP2 ensembles. Atmospheric concentrations of N2O, CO2 and CH4 are retrieved by the box models. The CTRL_2019 
experiment includes all anthropogenic Nr sources; The No_allNr experiment excludes anthropogenic Nr sources of fossil fuel, fertilizer and manure application and N deposition; The No_agriNr 
experiment excludes anthropogenic Nr sources of fertilizer and manure application; The No_agriNr experiment excludes anthropogenic Nr sources of fossil fuel and N deposition. The livestock 
NH3 emission is attributed as agricultural sources.



Extended Data Table 2 | Experiment configurations in NMIP2

The letter ‘T’ indicates a transient change as the forcing data from 1850 to 2020. The 1850 or 1901–1920 indicates that the corresponding forcing was fixed in this year or time periods. Climate 
over 1850–1900 were repeated by 1901–1920 for all experiments due to the missing of data. The last row of the table indicates how the factorial contribution for each factor in this study is  
calculated from the differences between corresponding experiments.
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Extended Data Table 3 | Summary of the eight terrestrial biosphere models in NMIP2 used in this study

Some of the models failed to finish all experiments, which were indicated in the last column. Soil NH3 volatilization of LPX-Bern was excluded from the integration of NMIP2 and CEDS since 
it failed to show factor contributions. Soil NOx emissions simulated by ISAM was also excluded due to the unreasonably high magnitude. The number of models that we finally used to drive 
GEOS-Chem model for the corresponding variable was indicated in the top row.



Extended Data Table 4 | Summary of N2O sources applied in the box model

All N2O fluxes represented an annual time series from 1850 to 2019.




