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Extended DataFig.4|Development ofglobal anthropogenicNrinputsin
future SSP scenarios. a-eindicate the changes of anthropogenic Nrinputs
from N deposition, fossil fuel NO,, fossil fuel NH;, 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 purplelines. The N deposition and fossil fuel dataare
from the input4MIPs (https://esgf-data.dkrz.de/projects/input4mips-dkrz/).
Manure and fertilizer predictions are obtained from Mogollon, et al.*®.
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Extended DataFig. 5| GlobalN,0 and CH, concentrations during1850-2019  different colors represent the different SSP scenarios. Concentration values
based onthe box models.aN,O concentration;and b CH, concentration. indicate the global mean concentrationinthe year of2019 derived from the box
Theblack dotsindicate the historicalannual N,O and CH, concentrations, as models.

observed fromice core, firnand atmospheric measurements'’. Lines with
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Extended DataFig. 6 | Schematic workflow summary of this study. Solid radiative forcing (see Sl text S1). The main figuresin this study are highlighted

black arrows indicate main methods or data, as described in Methods. Dashed accordingly with the figure indexes. This figure is created with BioRender.com.
red arrows indicate the uncertainty analysis and the associated sensitivities to
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Extended Data Table 1| Summary of the GEOS-Chem sensitivity experiments

Experiment name NOxemissions  NH; emissions concel:::')ations conce(ljlfl)':ltions conce(rjlg;tions
CTRL 2019 4597 TgNyr' 5047TgNyr'  326.53 ppbv 4099 ppmv  2015.02 ppbv
No_alINr 9.12TgNyr! 9.13 TgN yr! 286.33 ppbv 420.35 ppmv 2354.16 ppbv
(409.9+10.48)
No_agriNr 43.63 TgNyr!  21.41 TgNyr! 309.27 ppbv 415.19 ppmv 2032.40 ppbv
- (409.9+5.29)
No_nonagriNr 11.46 TgNyr!  38.19 Tg N yr! 303.59 ppbv 415.09 ppmv 2335.91 ppbv

(409.9+5.19)

Supplement experiment

. 415.09 ppmv
No_nonagriNr lowCHs 11.46 TgNyr!  38.19 Tg N yr! 303.59 ppbv 2015.02 ppbv

(409.9+5.19)

The global NO, and NH; emissions are derived by integrating CEDS and NMIP2 ensembles. Atmospheric concentrations of N,O, CO, and CH, 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
NH; emission is attributed as agricultural sources.



Extended Data Table 2 | Experiment configurations in NMIP2

Experiment Fertilizer = Manure N. . Irrigation Land use CO, Climate
name deposition changes
SHO 1850 1850 1850 1850 1850 1850 1901-1920
SH1 T T T T T T T
SH2 1850 T T T T T T
SH3 T 1850 T T T T T
SH4 T T 1850 T T T T
SHS5 T T T 1850 T T T
SH6 T T T T 1850 T T
SH7 T T T T T 1850 T
SHS T T T T T T 1901-1920
SH11 1850 1850 T 1850 1850 T T
SH12 1850 1850 T 1850 T T T
Factor

attributionin SH1-SH2 SHI-SH3 SHI-SH4 SHI-SH5 SHI2-SH11 SH1-SH7  SHI-SH8
this study

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

NOx NH; N,O NBP Missing
3) (6) ) (®) experiments
CLASSIC Vv Vv Vv Vv No SH2,4.5
DLEM X Vv i V
ELM X X v V No SH2
ISAM v Vv Vv Vv No SH5
(Excluded)
\/
LPX-Bern X (Excluded) Vv Vv No SH2,5,12
OCN Vv Vv Vv N No SH5,11,12
ORCHIDEE N N v Vv No SH5
VISIT X N Vv V

Some of the models failed to finish all experiments, which were indicated in the last column. Soil NH; volatilization of LPX-Bern was excluded from the integration of NMIP2 and CEDS since
it failed to show factor contributions. Soil NO, 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 N,O sources applied in the box model

Sources name Description
N>O N2O emissions from fossil fuel combustion. Sum of all-sector N>O emissions
2R in CEDS but except for agricultural N,O
N2Osoit Soil N2O emissions derived from NMIP2 SH1 ensemble mean
N2Ogs N>O emissions from biomass burning based on van Marle, et al. ¥

Anthropogenic N>O emissions from river, estuaries, and coastal zones.
N20arec Assumed linear increase from 0.1 Tg N yr'to 0.5 Tg N yr! based on Yao, et
al. °>! and Canadell.J.G, et al. >

N>O generated by atmospheric chemistry. Set as constant 0.6 Tg N yr!

NoOctem following Zachle, et al. °
N-O Natural N>O emissions from river, estuaries, and coastal zones. Set as
ZHINREC constant 0.3 Tg N yr'! following Canadell.J.G, et al. 3
N>O emissions from natural open ocean, which was calculated by the
N-O differences between the total N,O sources required to reach equilibrium at
2Uocean

273.2 ppbv in box model (Eq. 2) and the sum of the rest sources in 1850. Set
as 3.3 Tg N yr'!in this study

ALLN,O fluxes represented an annual time series from 1850 to 2019.






