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N2O: Rising globally, impacting climate

• Nitrous oxide (N2O) is a 
strong greenhouse gas and
ozone-depleting substance

• N2O mole fraction is rapidly
increasing around the world

• Particularly concerning: 
Growth rate is accelerating

Data: NOAA HATS/CCGG and AGAGE. Figure: Harris et al. (2021) Science Advances. 



What drives N2O emissions?
• N inputs…

• N outputs: Leaching, 
volatilization, N gas 
production

• Climate warming 
accelerates N cycling

• Many drivers impact
N2O emissions: soil
texture, moisture, 
microbes... Fertilizer-driven

microbial emissions

Natural
microbial emissions

Figure: Tian et al. (2020) Nature

How are anthropogenic activities impacting N2O emissions?



Modelling N2O emissions and the N cycle
• Process-based modelling of the N 

cycle is complicated...



Modelling N2O emissions and the N cycle

• Process-based modelling of the N 
cycle is complicated...

• Isotopes can act as an ‘integrated’ 
signature of numerous processes

• At steady state:
• N inputs = N outputs

• 15N inputs = 15N outputs

• Can we use N isotopes as a 
simple constraint for the global 
N2O budget?

N inputs:
Fixation, fertilisation, deposition

N transformations

N2O

Leaching

Freshwater 
and ocean 
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Lost to atmosphereN outputs



The IsoTONE model

• Isotopic Tracing Of Nitrogen in the Environment

• Estimates N losses based on steady state assumption:

𝑓!"#$% + 𝑓&'! + 𝑓(#) = 1

𝛿*+N),-! = 𝛿*+N-./01 − 𝑓!"#$% . 𝜀!"#$% − 𝑓&'! . 𝜀&'! − 𝑓(#) . 𝜀(#)

• NH3 volatilization is estimated by a land surface model (CABLE); fNH3 < 0.05

• Gas production strongly favours 14N, causing 15N enrichment in soil N pool

• Leaching produces weak fractionation

Low 𝜹𝟏𝟓N𝒔𝒐𝒊𝒍 = leaching          ⟺ High 𝜹𝟏𝟓N𝒔𝒐𝒊𝒍 = gas production 

1) N losses

2) N isotopes

, therefore:



Global soil nitrogen isotopic composition

• Soil 𝜹15N was 
interpolated globally 
from ~7000 available 
data points using an 
artificial neural network

• Total N gas production 
(fgas) and leaching (fleach) 
were estimated for each 
grid cell (0.5º x 0.5º)



Calculating N2O emissions

• fgas can be broken down into 
NO, N2 and N2O emission 
factors based on a sigmoid fit 
to soil moisture (WFPS)

• N2O emissions and isotopic 
composition are calculated for 
each grid cell
• N inputs: Fertilization, fixation, 

deposition



However, there is very little representative emission data to test the model…



Modelling atmospheric N2O

• Annual N2O emissions per grid cell are 
estimated for 1850-2020

• N2O is emitted into a well-mixed 
troposphere

• Stratospheric destruction is estimated, 
assuming steady state in the 
preindustrial

⟹ N2O background mixing ratio and isotopic composition are simulated

• High precision atmospheric time series for N2O have been measured



Results: Model optimization

• 12 model parameters were optimized 
in an MCMC with 150 000 iterations

• Using the posterior parameters, RMSE 
was reduced from:
• 12.9 to 4.3 ppb for mixing ratio
• 2.2 to 0.6 ‰ for 𝝳15Nbulk

• 1.2 to 1.1 ‰ for 𝝳15NSP

• Prior emission factors were too 
uncertain to constrain the MCMC
• More representative emission factor 

estimates are needed



Results: N2O emissions

• Anthropogenic emissions were 
calculated assuming natural 
emissions have not changed
• Total anthropogenic N2O agrees well 

with the recent NMIP estimate

• Emissions are increasing from all 
input categories: fixation,
fertilization and deposition

• 𝝳15NSP suggests major changes in 
the anthropogenic source

NMIP estimate 



Results: N2O emissions growth rate

• Subdecadal variability in N2O 
is dominated by variability in 
fixation

• Decadal variability is 
dominated by fertilizer N 
inputs

• Deposition N2O is steadily 
increasing but not highly 
variable

• N inputs drive variability in total global N2O emissions



Results: N2O emission factor

• N2O emission factor shows strong 
spatial variability
• Temperature, soil moisture and 

texture, nutrient availability

• Area-weighted global mean EF is 
1.0%, in good agreement with 
IPCC’s 1.4%

• However, N-input-weighted global 
mean EF is 3.8% in 2020

• Mean EF has increased by >0.5% 
since 1960 



Conclusions
• N isotopes can be used as an integrated estimate of N loss pathways to 

allow simple and fast modelling of N2O emissions

• The IsoTONE model combines soil and atmosphere modules within an 
MCMC optimization framework
• Total emissions agree well with the recent NMIP N2O budget estimate

• N fixation responds to climate, causing subdecadal variability in N2O 
growth rate, while fertilisation drives longterm increases

• N2O emission factors show strong spatial variability, and an increasing 
trend as N inputs move to areas with higher EF
• Soil 𝝳15N could be used to estimate regional EFs for GHG inventories
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Simulating N2O emissions based on N isotopes: The IsoTONE model 
E. Harris et al.
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