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Abstract

Nitrous Oxide (N,O) is a potent greenhouse gas with a centennial-scale lifetime that contributes
significantly to global warming. It is emitted from natural and anthropogenic sources. In nature,
N,O is released mainly from nitrification and denitrification from the ocean and terrestrial
systems. The use of agricultural fertilizers has significantly increased the emission of N,O in the
past century. Here we present, to our knowledge, the first coupled ocean and terrestrial N,O
modules within an Earth System Model. The coupled modules were used to simulate the six Shared
Socioeconomic Pathways (SSPs) scenarios with available nitrogen fertilizer inputs. Our results are
compared to projections of atmospheric N,O concentrations used for SSPs scenario experiments.
Additionally, an extra set of simulations were prescribed with emulated N,O concentrations
available as input in Shared Socioeconomic Pathways scenarios. We report four main drivers for
terrestrial N, O uncertainties: atmospheric temperature, agricultural fertilizer input, soil
denitrification and agricultural model dynamics. We project an atmospheric N,O concentration
range from 401 to 418 ppb in six SSPs simulations with a robust lack of sensitivity to equilibrium
climate sensitivity. We found a large difference between our low emission scenarios N,O
concentrations by 2100 compared to the concentration provided for SSPs experiments. This
divergence is likely explained by strong mitigation assumptions that were not accounted for in this
study, which would require a substantial decrease of agricultural N, O emissions. The coupled
model and the simulations prescribed with N,O concentrations showed a difference between
—0.02 and 0.09 °C by 2100. Our model simulation shows a lack of sensitivity to climate mitigation
efforts projecting similar N,O concentration in low and high mitigation scenarios, that could
indicate the need of further development of agricultural model dynamics. Further improvements
in Earth system models should focus on the impact of oxygen decline on N,O dynamics in the
ocean and the representation of anaerobic soils and agricultural dynamics on land, including

mitigation methods on nitrogen fertilizers.

1. Introduction

Despite carbon dioxide being the largest contrib-
utor to anthropogenic climate warming, other natur-
ally occurring but anthropogenically produced green-
house gasses, such as methane and nitrous oxide
(N,0), also contribute substantially to warming
(Montzka et al 2011, Tian et al 2016, IPCC 2022).

© 2024 The Author(s). Published by IOP Publishing Ltd

N,O is a powerful greenhouse gas with a 120 years
lifetime (Prather et al 2015) and a strong global
warming potential. In nature, N,O is released as an
intermediate product during nitrification and deni-
trification in terrestrial and aquatic ecosystems, both
of which are mediated by microorganisms (Fowler
et al 2013). Total N,O emissions are enhanced
by anthropogenic activities including agriculture,
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industry (chemical processing), wastewater manage-
ment and fossil fuel combustion (Tian et al 2016,
IPCC 2022).

A large portion of atmospheric N, O is photolyzed
at ultraviolet wavelengths around 200 nm, in the stra-
tosphere. The photodissociation of N,O is import-
ant for the photochemical balance of ozone and is the
major contributor to NO, species in the stratosphere
(Nishida et al 2004). The lifetime of N, O is therefore
associated to the photolysis rate of N,O in the stra-
topshere and is expected to decrease with higher N,O
abundances (Prather et al 2023).

In the oceans, N,O production can occur both
in the water column and marine sediments (Landolfi
et al 2017) and is sensitive to the rate of remineral-
ization of organic matter. The reduction of oxygen
and expansion of oxygen minimum zones are expec-
ted to increase the oceanic N, O production (Landolfi
et al 2017, Yang et al 2020). Conversely, N,O is con-
sumed in oxygen depleted waters, which could com-
pensate the aforementioned increased production,
albeit likely to a small extent given the small volume of
oxygen deficient waters. Marine N, O is released into
the atmosphere where N, O rich waters resurface and
diffuse to the atmosphere (Yang et al 2020). On land,
denitrification has been identified as the main path-
ways of nitrogen loss for agricultural soils and natural
ecosystems. Combined global marine and terrestrial
denitrification estimates range from 220 to 570 Tg N
yr—! (Scheer et al 2020). In terrestrial systems, deni-
trification estimates range from 100 to 250 Tg N yr !
most of which occurs in soils and half of it on agricul-
tural land followed by lakes, rivers and groundwater
(Groffman 2012, Scheer et al 2020). Denitrification
is usually found in the interface of aquatic and soil
ecosystems.

Based on NOAA atmospheric measurements,
N,O concentrations reached 336 ppb in 2023 with
a tropospheric growth rate of 0.71 ppb yr~! (Lan
et al 2023). This represents an increase of 24% over
preindustrial concentrations (270 ppb). Emissions
from agricultural activities are a major source of
atmospheric N,O (Tian ef al 2020). Agricultural fer-
tilizers are the primary contributor to N,O emis-
sions in agricultural systems. Tian etal (2020) estim-
ated an increase of 31 ppb of atmospheric N,O
from 1980 to 2019 due to synthetic fertilizers and
manure, nitrogen deposition from agriculture and
fossil fuel burning. Various strategies have been
proposed to mitigate N,O emissions from agricul-
tural sources. These include improving fertilizer
management practices, developing best manage-
ment practices for animal manure management, and
utilizing cover crops and crop rotations (Hassan
et al 2022). Additionally, a number of technolo-
gies have been developed to reduce N,O emissions
from agricultural sources, such as nitrification inhib-
itors, nitrification—denitrification inhibitors, and
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nitrification—denitrification reactors (Norton et al
2019, Saud et al 2022).

The total N,O emissions from 2007 to 2016 were
estimated to be 17.0 (12.2-23.5) TgN yr—! (Tian
et al 2020). The terrestrial sources contribute to a
total of 11.3 (10.2-13.2) TgN yr—! and the ocean 5.7
(3.4 to 7.2) TgN yr~!. Anthropogenic emission of
N,O are estimated to be around 40% of the total.
From a modelling perspective, oceanic and terrestrial
N,O emission have been represented separately in
Earth system models previously (Manizza et al 2012,
Suntharalingam et al 2012, Davidson and Kanter
2014, Martinez-Rey et al 2015, Landolfi et al 2017,
Buitenhuis et al 2018, Tian et al 2020). The model
estimates are usually constrained by the effectiveness
of the model to represent denitrification and nitrific-
ation processes. The challenges include the definition
of the dynamics of inland waters, estuaries, oxygen in
soil and column of water. The multimodel ocean and
land (no agriculture) estimate N, O emission to be 3.4
(2.5-4.3) and 6.7 (5.3-8.1) TgN yr—! (IPCC 2022).

The total anthropogenic radiative forcing of
greenhouse gasses between 1960 and 2019 was 63%
for CO,, 11% for CHy, 6% for N,O, and 17% for
the halogenated species (Canadel et al 2021). The
future N,O in highly uncertain given that is highly
dependent on anthropogenic sources (e.g. agricul-
ture fertilization). Martinez-Rey et al (2015) projec-
ted oceanic N,O emissions from 2005 to 2100 and
found a decrease from 4.03 to 3.54 TgN yr~! similar
to Landolfi et al (2017) and Battliaga and Joos (2018).
A larger decline is projected in Landolfi et al (2017),
which also considers the atmospheric N,O increase
relative to a fixed preindustrial value. Davidson and
Kanter (2014) found an almost 50% increase of total
global N,O emissions in high emission scenarios,
while only 22% increase in low emission scenarios
when compared to 2005. In this study, we couple ter-
restrial and oceanic N,O emissions modules of an
Earth system model and assess long term impacts and
forcing of atmospheric N, O concentrations on differ-
ent future emission scenarios.

2. Methodology

2.1. Model description
The University of Victoria Earth system climate
model (UVic ESCM version 2.10), is a global inter-
mediate complexity climate model (Weaver et al 2001,
Mengis et al 2020). It has a three dimensional ocean
general circulation represented by the Modular Ocean
Model version 2 (MOM2), coupled to a simple atmo-
sphere represented by a simplified moisture-energy
balance structure (Fanning and Weaver 1996). The
ocean is coupled to a thermodynamic—dynamic sea—
ice model (Bitz et al 2001).

The ocean module contains ocean biogeochem-
istry (Keller et al 2012, Somes and Oschlies 2015,
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Landolfi et al 2017). The prognostic global nitrogen
budget includes atmospheric N deposition, N, fixa-
tion, water column denitrification, and benthic deni-
trification (Somes and Oschlies 2015, Somes et al
2016). The oceanic subsurface N,O production is a
function of O, consumption with a linear O, depend-
ency, including both nitrification and denitrifica-
tion (Zamora et al 2012, Zamora and Oschlies 2014,
Landolfi et al 2017). In O,-deficient waters (<4 mmol
m™?), denitrification becomes a sink of N,O in our
model, that is consumed at a constant rate. A detailed
description of the N,O module can be found in
Landolfi et al (2017).

The terrestrial module represents vegetation
dynamics and five functional types that interact with
each other (Mengis et al 2020). As a result of photo-
synthesis, carbon is captured and allocated to growth
and respiration, whereas vegetation provides carbon
to the soil in the form of litter fall. The model con-
tains crops and grazing lands that were adapted by
aggregating croplands and grazing lands into a single
‘crop’ type. The crops are represented as a fraction of
each grid cell and are assigned to C3 and C4 grasses
(Mengis et al 2020).

The model has recently been upgraded to include
a terrestrial nitrogen and phosphorus cycle. In this
variant called UVic ESCM-CNP the terrestrial nitro-
gen cycle module represents the flow of nitrogen
among three organic pools (litter, soil organic mat-
ter, and vegetation) and two inorganic pools (NH;
and NOj3 ). Inorganic nitrogen inputs consists of bio-
logical nitrogen fixation, atmospheric deposition and
agricultural fertilization. A detailed description of the
model can be found in De Sisto et al (2023).

In the UVic ESCM-CNP (De Sisto et al 2023), the
wetland module determines anoxic fractions for each
soil layer, based on the wetland scheme of Gedney
and Cox (2003). Nzotungicimpaye et al (2021) imple-
mented the determination of inundated soils and sat-
urated layer fraction in the UVic ESCM. The anoxic
fraction, is taken to be the saturated fraction of the
soil layer that is shielded from O,. Denitrification is
only allowed to be estimated in soils with anoxic frac-
tions and is calculated as in equation (1):

[NO3 (av)]

Ran = Kino, fifm CsAs W,

(1)

where R,, is the anaerobic respiration, Kyno, is the
ideal respiration rate via NOs reduction, fy and f, are
temperature and moisture functions, Cs is the con-
centration of organic carbon, At is the anaerobic frac-
tion of the soil layer, K, is the half-saturation of N-
oxides (Li et al 2000).

The determination of Wetlands in our model is
dependent on prescribed topographic indexes and
soil moisture content, corresponding to areas where
the formation of wetlands is possible in nature. As in
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Nzotungicimpaye et al (2021) wetlands are represen-
ted if they satisfy the following condition:

)\min < )\ < )\maxa (2)

where A\, is the lower threshold representing unsat-
urated conditions, and A« represents saturated con-
ditions. Wetland areas are sensitive to changes in
precipitation and evapotranspiration rates. Globally
averaged precipitation increases as a function of
warming temperatures. Evapotranspiration also
increases with higher temperatures, subject to
physiological manipulation by simulated plants.

As N,O and NO are intermediate products of
denitrification and nitrification the complex mod-
elling representation is handled as a ‘leaky-pipe’
conceptualization of soil-nitrogen processes as in
Firestone and Davidson (1989). In this conceptual
model N,O and NO leak out of reactions of one
species of nitrogen into another, during nitrification
(NH4 to NO3) and denitrification (NOj3 to N;). The
size of the holes is determined by the soil processes.
In the UVic ESCM version 2.10 the size of the holes
controlling the amount of gas that can be leaked is
fixed. Using Davidson et al (2000) equation the par-
titioning ratio between NO and N,O changes based
on water filled pore space of the soil layer. The ratio
is estimated as in equation (2):

N;O 2.6Sy—1.66
= 10>V 3
NO ; (3)

where Sy is the waterfilled pore space. Thus, the
model produces a total flux of both NO and N,O for
nitrification and denitrification, which is partitioned
between the two species based on the above relation-
ship. The NO flux is added to the atmosphere and
redeposited as part of the nitrogen deposition flux.
The N, O has a constant lifetime of 100 years. Decayed
N,O is assumed to become part of the atmospheric
N, pool. The implementation of terrestrial N, O in the
UVic ESCM version 2.10 was shown in De Sisto et al
(2023).

The new coupled terrestrial-ocean N,O module
is now able to estimate ocean and terrestrial N,O
emissions. A new model modification also allows
to represent dynamic N,O lifetime decrease. In the
UVic ESCM version 2.10 only the estimation of ocean
N,O was plausible. This new update introduces the
determination of N,O from terrestrial grids. This
modification allows for the accumulation of global
atmospheric N,O concentrations from the most rel-
evant sources of emissions.

2.1.1. Experimental design and forcing data

The CNP version of the UVic ESCM version 2.10
(Mengis et al 2020, De Sisto et al 2023) was coupled
to the ocean N,O module developed by Landolfi
et al (2017). The new coupled terrestrial and ocean
N,O modules were used to run all the simulations
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in this study. The model was spun up for 6000 years
with boundary conditions as outlined in the CMIP6
protocol (Eyring et al 2016) and fixed atmospheric
N, O concentration of 270 ppb. Historical N,O emis-
sions were tuned to match historical observations by
adjusting the denitrification N,O ‘leakage’ hole size
from NOj to N,. Historical temperatures were calib-
rated using aerosol scaling to match historical obser-
vations. Three-dimensional aerosol optical depth can
be scaled by a fraction in the UVic ESCM and was
used in version 2.10 to calibrate aerosol forcing to fit
current values (Mengis ef al 2020).

Given that N, O is closely linked to anthropogenic
inputs and socioeconomically factors, our simula-
tions project emission using Shared Socioeconomic
Pathways (SSPs) to represent different future scen-
arios (Gidden et al 2019). Six SSPs scenarios were run,
we included the following: SSP1-1.9, SSP2-4.6, SSP2-
4.5, SSP3-7.0, SSP5-3.4-OS and SSP5-8.5 ext. SSP4-
3.4 and SSP4-6.0 were excluded from the study due to
lack of nitrogen fertilizers inputs for these scenarios.
These scenarios are the same used in the Coupled
Model Intercomparison Project phase 6 (CMIP6)
(Eyring et al 2016). Artificial and manure fertilizers
data were used in the model simulations. The histor-
ical and SPPs fertilizer data were obtained from the
publicly available CMIP6 data (Tachirii et al 2019).
The datasets represent N fertilization from 1850-
2100.

We have compared our atmospheric N,O con-
centration with the projected by Meinshaussen
et al (2020). In their study Meinshaussen et al
(2020) provided atmospheric N,O concentrations
for long-term climate analysis using the reduced-
complexity climate—carbon-cycle model MAGICC 7.
Meinshaussen et al (2020) used Prather et al (2012)
model to set N,O assumptions and lifetimes to calib-
rate MAGICC 7.

A model sensitivity analysis has been carried for
key N,O parameters and forcing data, including
nitrogen fertilization, denitrification leaky hole size,
and dynamic atmospheric decreasing N,O lifetime
as predicted in Prather et al (2015). In the sensitiv-
ity analysis N, O is dynamic. The lifetime reduction
was determined by using Meinshaussen et al (2020)
factor:

0> n

Ny Oy = <C°
N>O

where N, Oy is the N, O lifetime factor that determ-
ines the reduction of N,O lifetime based on atmo-
spheric N,O burden, Cy , is the N,O burden per
timestep, CONZO is the initial N, O burden, and S0 is
a sensitivity coefficient. The sensitivity coefficient was
set to —0.04 in Meinshaussen et al (2020) study. Here,
we assume sensitivity coefficient of —2 to assess the
model sensitivity, that corresponds roughly to a 20%
decrease of N, O lifetime. This assumption is based on
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the —2.1 £ 1.2% reduction of N, O lifetime reported
by Prather et al (2015).

To understand the role of agricultural fields on
terrestrial N, O emissions in the model, we have com-
pared N fertilization map inputs to terrestrial denitri-
fication cover. This approach help to understand the
model weakness in regards to agricultural N,O emis-
sions and sensitivity to N fertilizers.

To assess the response of temperature to N,O
concentrations between our model structure and
Meinshaussen et al (2020) results, we have pre-
scribed N, O concentrations using Meinshaussen et al
(2020) projected atmospheric N,O into our model
N,O module and compared the resulting temperat-
ure response to our UVic ESCM- CNP with N,O
dynamics. As temperature response varies depend-
ing on model climate sensitivity we have set three
different model variants tuned to have Equilibrium
Climate Sensitivities (ECSs) per doubling of CO, of
2.0 °C, 4.5 °C to represent the ‘likely bounds’ (IPCC
2021), as well as using the emergent climate sensitivity
of the model (3.4 °C) as the central estimate. The cli-
mate sensitivity was tuned using a method designed
by Zickfeld et al (2009) to alter climate sensitivity
in the UVic ESCM by altering the flow of long-wave
radiation back to space. Furthermore, the model sens-
itivity variants serve to assess the impact of climate
sensitivity on our model N,O emissions and hence,
atmospheric N,O concentrations.

3. Results and discussion

3.1. Model sensitivity

The sensitivity simulations shows that the model
is highly sensitive to the leaky hole parameter that
determines the release of N, O from denitrification. A
change of £20% of hole size resulted in a correspond-
ing £5% atmospheric N,O concentration (table 1).
A decline in atmospheric N,O lifetime (—20%) res-
ulted in a reduction of 3% of atmospheric N,O con-
centration. The change in N fertilization shows a N,O
concentration change of 1% for a corresponding
+20% N input. Finally, atmospheric N,O concentra-
tion from different equilibrium climate sensitivities
variants of the models (ECS 2, 3.4 °C and 4.5 °C) did
not show a large difference between lower a high cli-
mate sensitivities as shown in table 1 and figure 7.

As shown in table 1 the main driver of N, O atmo-
spheric concentration changes is the anaerobic frac-
tion in soil. In the UVic ESCM version 2.10, these
fractions are determined by saturation of soil layers.
In the model the accuracy of saturated soil layers is
likely impacted by the lack of dedicated agricultural
dynamics. Figure 1 shows maps representing N fer-
tilizers and denitrification in simulations, showing
regions where denitrification is not utilizing the fer-
tilizer input. Thus, declining the model sensitivity for
fertilizer changes.
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Table 1. Mean SSPs atmospheric N, O concentration percentage change to modified N fertilization, denitrification leaky hole,
atmospheric N, O lifetime (here lifetime is a dynamic value instead of a parameter, that reduces the lifetime by 20% by 2100) and ECS.
The N, O lifetime was only decreased as it is what is projected in literature (Prather et al 2015). The temperature sensitivities are

compared to the base 3.4 ECS of the UVic ESCM version 2.10.

Input-Parameter-Variable =~ —20% change  +20% change ECS2.0 ECS4.5
N fertilization —1% +1% — —
Denitrification leaky hole ~ —5% +5% — —
N, O lifetime —3% — — —
Temperature — — —-03% +0.5%

3.2. Historical and projected N,O atmospheric
concentrations and emissions

The coupled terrestrial and ocean N,O dynamics
from De Sisto et al (2023) and Landolfi et al (2017)
were tuned to match historical atmospheric N,O con-
centrations. Figure 2 shows the N,O concentration
simulated with the UVic ESCM compared to Machida
et al (2015), Lan et al (2023)and Prinn et al (2023).
The model outputs follow observations closely. The
preindustrial atmospheric N,O concentration cap-
tures the ice cores observations from Machida et al
(2015) with high fidelity. After 1945 we observed
a divergence between our increase of N,O concen-
trations and atmospheric measurements. This diver-
gence is likely a consequence of a simplified represent-
ation of agriculture, where in both natural and agri-
cultural fractions of grid cells feed into the same sub-
surface soil column in our model. Despite this lim-
itation the model represents fairly well the historical
trends and magnitudes. For the year 2023 we estimate
a N,O concentration of 335 ppb, close to the NOAA
(Lan et al 2023) measurement of 336 ppb locating our
results close to historical atmospheric N,O concen-
trations. From 2000 to 2005 we simulated an atmo-
spheric N,O growth rate between 0.86 and 0.89 ppb
yr~! similar to the value of 0.73 reported by NOAA
(Hall et al 2007). However, our model lacks the annual
variability of atmospheric growth rate shown in Tian
et al (2020). This lack of variability can be attrib-
uted to the lack of internal variability in the UVic
ESCM and a constant N,O decay prescribed in the
UVic ESCM rather than a dynamic change as shown
in Prather e al (2023). Prather et al (2023) simulated
a reduction of N, O lifetime over the period of 2005~
2100 that indicates that the accumulation of N,O
could be slowed down as N,O is reduced more rap-
idly photochemically from the atmosphere. The lack
of decay dynamics in our model can lead to overes-
timation in our simulations results by the end of the
21st century.

3.2.1. Oceanic N,O emissions

Both terrestrial and oceanic N,O modules simulate
fluxes within the range of uncertainty of other stud-
ies. The ocean N,O is similar to Landolfi et al (2017)
oceanic N, O emissions. Our simulations represents a
decline in ocean N, O emissions from 3.6 to 3.0 Tg N
yr~! from 1850 to 2020 and to 2.7 [2.6-2.8] Tg N yr !

by 2100 (figure 3). The historical results are consist-
ent with the IPCC range of 1.8-9.45 Tg N yr ~! and
other studies such as Martinez-Rey et al (2015) estim-
ating a range of 3.71-4.03 Tg N yr—! (2005), Landolfi
etal (2017) with a value of around 3.2 Tg N yr~! and
Yang et al (2020) with a value of 4.2 +1.0 TgN yr ~1.
For the end of the 21st century, we simulate a reduc-
tion of 0.9 TgN yr~! [0.8—1 TgN yr—!] . This decline
is also shown by Landolfi et al (2017) where by 2100
ocean N,O emissions decline by around 1.1 TgN yr
~! for most simulations from 1850 to 2100 mainly
due to reduced temperature-dependent surface solu-
bility and transport to greater depths. Furthermore,
Martinez-Rey et al (2015) reports a decline between
0.15-0.49 TgN yr ~! from 2005 to 2100. These values
are comparable to our 0.3 TgN yr ~! [0.2-0.4 TgN yr
1] decline simulated from 2020 to 2100.

As in Landolfi et al (2017), the warming-induced
mean reduction of the mixed layer depth of —5%
[—9%-1%] from 1850 to 2100, increases the nutri-
ent limitation by declining the supply of nutrients to
primary producers in tropical latitudes. The reduced
supply increases nitrogen and phosphorus limita-
tion to phytoplankton and hence, reduces ocean pro-
ductivity. On the other hand, the ocean oxygen con-
centration declines overall from 197 to 188 mmol
m~> [186-190] between 1850-2100. Consequently,
this leads to an increase in the size of oxygen defi-
cient zones where water column denitrification and
N,O consumption occur. This increase is overcom-
pensated by the decline in export production and
consequently, the decline of N,O production in
water with high oxygen concentrations via nitrifica-
tion. However, in the high emissions scenario with
highest levels of oxygen decline, marine N,O pro-
duction reaches an inflection point where marine
N, O emissions begin increasing before the year 2100.
This indicates that severe ocean oxygen decline can
eventually drive increased ocean N,O emissions on
long time scales. The reduction of fluxes reduces the
growth rate of N, O concentration in the atmosphere,
but it is rapidly overcome by the terrestrial increase of
N,O due to fertilizer inputs.

3.2.2. Terrestrial N,O emissions

The terrestrial N,O emissions in 2020 was estim-
ated to be 11 TgN yr yr~!. This value is within
the range of 8-12 TgN yr~! reported in Tian et al
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Figure 1. N fertilization for 2020, terrestrial denitrification and N fertilization compared to denitrification coverage. In the
bottom plot, red regions outside blue contour represent locations where denitrification is not estimated.

(2020) and Crippa et al (2021). In preindustrial years, ~emissions seems to represent the preindustrial atmo-
our fluxes underestimate the value of around 6 TgN  spheric N,O concentrations along with the marine
yr~! reported in Tian et al (2020) by 2 TgN yr~!. N,O emissions with high fidelity. After 1945 the
However, as shown in figure 2, this magnitude of increasing nitrogen fertilizers led to the rise of N,O
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Figure 2. Historical atmospheric N,O concentrations, estimated using a terrestrial and ocean N, O modules in the UVic ESCM
version 2.10. Machida et al (2015) measured the concentration of N, O from Antarctic ice cores, the N O measurement covers
1735-1965. AGAGE (Prinn et al 2023) and NOAA (Lan et al 2023) show monthly atmospheric N>O measurements.

emissions and are a key factor for the rise of N, O con-
centrations in the atmosphere. Our model shows a
good fit with concentration measurements, as shown
in figure 2. With decreasing ocean emission rates,
the terrestrial system is primarily responsible for the
future rise of N,O concentrations. We found a his-
torical rise of 6 TgN yr~! between 1850 and 2020.
The total oceanic and terrestrial N,O emissions for
the year 2020 was simulated to be 13 TgN yr~'. This
value falls within the range of uncertainty presented
by the IPCC ARG report and Tian et al (2020).

Our model estimates different terrestrial N,O
emissions for six SSP simulations. There are three
main reasons behind this difference: (1) the change
of temperature that determines the rate of biological
processes, (2) the rate of N fertilizers input, projec-
ted differently based on each scenario narrative, and
(3) the differences in model soil saturated fraction
for each SSP scenario that determines the anaerobic
cover in our model. Among these, the representation
of soil saturated cover area differences is by far the
most important (figure 1) and as shown in our sensit-
ivity analysis. For the year 2050 our model simulates a
mean terrestrial N, O emission of 13 TgN yr—! [12-14
TgN yr—!]. By 2100 we simulated a mean terrestrial
N,O emission of 14 TgN yr—! [12-16 TgN yr—!]
(figure 4). The differences between terrestrial N,O
emissions among SSPs simulations coincide with the
rate of increase or decrease of wetlands areas and con-
sequently the anaerobic fractions in soils estimated
by the model. In the UVic ESCM-CNP the anaer-
obic fraction is estimated from grid inundations given
by a wetland scheme. The wetland cover was expan-
ded in model simulations from 1.9 x 10° km~2 in

1850 to 2.2 x 10°, 2.4 x 10% 2.6 x 10°, 2.8 x 10,
3.2 x 10 and 3.4 x 10°® km~2 by 2100 in SSP1-1.9,
SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-3.4 and SSP5-8.5
correspondingly. These terrestrial aquatic interfaces
simulated by the model peak from around 2030 in
low-emission scenarios and continue to increase in
high-emission scenarios. This feedback gives a clear
hint of a possible reduction of N,O increase in nat-
ural systems in the future due to the reductions of
terrestrial-aquatic interfaces. As our model does not
have a dedicated agricultural subsurface module, the
reduction of N,O emission is likely overestimated as
agricultural irrigation is not accounted for in this sim-
ulation and hence, the anaerobic fractions estimated
here are uncertain. However, it is possible that the
anaerobic respiration in natural systems will reduce
the rate of increase of N,O emissions as aquatic sys-
tems dry.

The observed trend shows an increase of ter-
restrial N, O emissions from tropical and sub-tropical
regions. In low emission SSPs (SSP1-1.9 and SSP1-
2.6) the increase in emissions is especially located in
tropical regions with hotpots in non-desert regions
while in high challenged scenarios, this increase
is spread towards high latitudes and clearly shows
an increase in Eastern Europe and North America
(figure 5). This increase is mainly due to how nitro-
gen fertilizers will develop in different climate scen-
arios. This is in line with Harris et al (2022), where
N,O increase with agricultural demand and is pre-
dicted to mainly be located in tropical regions as N,O
mitigation controls would be in place in developed
countries. Harris et al (2022) identified that non-
desert tropical regions, especially sub-Saharan Africa,
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Figure 3. Ocean N, O relevant variables: ocean N, O emissions, oxygen concentration, NPP and mixed layer depth for each SSPs
simulations. The final two maps show the mean ocean NPP and ocean N, O production from 2090 to 2100 relative to 1850—1860

in SSPs simulations.

southern India, China, and south east Asia would
have the largest increase, agreeing with what is shown
in our results.

3.2.3. Predicted N,O concentration for 2100

Terrestrial N,O emissions are the most important
source of N,O to atmospheric concentrations. Given
that atmospheric temperature, N fertilizers, and
anaerobic fractions vary among SSP narratives our
model simulated different atmospheric N,O concen-
trations by the 21st century (figure 6). Our results are
closer in value than the projected by Meinshaussen
et al (2020), where in year 2100 SSP1-1.9N,0O con-
centration is projected to have a value of 351 ppb

8

and SSP3-7.0N,O concentration of 421 ppb, rep-
resenting the lowest and the highest concentrations.
For 2100 our model projects SSP1-1.9N,0O concen-
tration of 401 ppb and SSP2-4.5N,0O concentration
of 418 ppb representing the lowest and the highest
concentrations. These results show that the differ-
ence between the low to the high range of atmo-
spheric N, O concentration is 67 ppb in Meinshaussen
et al (2020) and 17 ppb for the UVic ESCM-CNP
simulations. Furthermore, our lowest estimate for
future N,O concentration by 2100 is higher than the
value projected by Meinshaussen et al (2020). This
lowest estimate corresponds to low-emission SSPs
scenarios.
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Figure 4. Terrestrial N, O emissions, N, emissions and wetland area for each SSPs simulations from 2010 to 2100.

These results and differences reflect important
dynamics in N,O systems and uncertainties of Earth
system models when simulating N,O emissions. The
first observable dynamic is that N,O concentration
will keep rising until it peaks beyond the 21st-century
timeline, even in low emission scenarios where ter-
restrial N,O emission peaks around the year 2030.
The second dynamic in our model corresponds to
how saturated soils are simulated. Saturated soils
layers provide anoxic conditions needed to produce
N, O, and thus how saturated soils are represented
has a strong impact on simulated N,O production on
land. This means that the representation of anaerobic
soil dynamics in Earth system models is of utmost
importance for accurately estimating N, O concentra-
tion in future simulations. On the other hand, the
high sensitivity to SSPs scenarios in Meinshaussen
et al (2020) might correspond to idealistic assump-
tions for atmospheric N,O concentration projection
that would require a substantial decrease of terrestrial
N, O emissions in our model.

The equation that estimates N,O emission input
used in Meinshaussen et al (2020) is controlled by
the emissions of the specific pollutant per country,
the absence of emission control measures, the reduc-
tion efficiency, and the actual implementation rate
of the considered abatement. Hence, the variables
that determine the N,O emission in Meinshaussen
et al (2020) account for mitigation efforts per SSPs.

Furthermore, Meinshaussen et al (2020) account for
dynamic changes of N,O lifetimes. Both N,O mit-
igations and dynamic lifetime are not accounted for
in our modelling structure. Consequently, the reduc-
tion of atmospheric N,O concentration would likely
come from intensive management practices to reduce
agricultural N,O emissions and a slower increase of
atmospheric N,O concentration due to the projec-
ted decrease of N,O lifetime. Our sensitivity ana-
lysis have shown that for a 20% decrease of N,O
lifetime, atmospheric N,O concentration estimated
is 3% lower. This partially explain the differences
in our estimations with Meinshaussen et al (2020).
However, a large portion of unexplained differences
likely comes from agricultural dynamics lacking by
the UVic ESCM version 2.10, especially those regard-
ing irrigation and denitrification.

The difference between our simulated atmo-
spheric N, O with a dynamic N, O structure and sim-
ulations with Meinshaussen et al (2020) N,O concen-
trations forcing resulted in contrasting global temper-
atures among the SSPs scenarios (figure 8). We report
a range of —0.02 °C to 0.09 °C difference between
the dynamic atmospheric N, O simulated and the pre-
scribed simulations with Meinshaussen et al (2020)
data. In scenarios where our atmospheric N,O con-
centrations were close in value to Meinshaussen et al
(2020) dataset, the temperature difference between
our model and Meinshaussen et al (2020) values was
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Figure 5. Terrestrial N,O flux to atmosphere difference between year 2020 and 2100 for SSPs simulations.

the lowest. Conversely, where large differences of N,O
concentrations were observed, the temperature dif-
ference was larger as a result. Our simulations for low
emission SSP scenarios have higher atmospheric N,O
concentration than Meinshaussen et al (2020), while
our high emission scenarios simulations tend to have
lower N,O concentrations than Meinshaussen et al
(2020). The temperature 1.5 °C and 2 °C targets were
shown to be affected by the concentration of atmo-
spheric N,O. The dynamic structure decreased the
time for our simulations to reach 1.5 °C and 2 °C
among the SSP scenarios by one to two years.

Our results suggest that atmospheric N,O con-
centrations seem to be relatively insensitive to mitiga-
tion efforts among the SSP simulations. The low sens-
itivity can be in part due to a low sensitivity to N fertil-
izer as shown in our sensitivity analysis. Nonetheless,
Meinshaussen et al (2020) results could overestimate

10

the effect of SSPs inputs of N,O by using over-
optimistic mitigation in the approach. For the UVic
ESCM version 2.10 structure, there is a clear need
for a more sophisticated agricultural model struc-
ture. Under idealistic scenarios, the mitigation of N,O
should be targeted directly with proper management
schemes. Future coupled N,O models should take
into account N, O management practices to avoid this
lack of sensitivity. However, global estimates of mit-
igation efficiency and deployment feasibility needs to
be assessed before such mitigation could be part of
N,O dynamic models.

3.3. Model uncertainties

There are many model uncertainties around the
estimation of N,O emission and the atmospheric
chemistry of N, O. In the ocean, N,O production rep-
resentation is sensitive to estimations of productivity,
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oxygen concentration and oxygen minimum zones.
Consequently, the marine biogeochemical uncertain-
ties influencing these variables are crucial for a more
accurate estimation of marine N,O emissions. On
land, the representation of anaerobic dynamics lim-
its the capacity of the utilization of nitrogen agricul-
tural fertilizers. In our model, the lack of agricultural
dynamics constitutes a substantial source of uncer-
tainty. In terms of N,O land emissions, the lack of
agricultural land lowers the accuracy of denitrific-
ation cover representation. This decrease of accur-
acy as shown in the sensitivity analysis can affect
the sensitivity of the model to SSPs scenarios as it
reduces how sensible the model is to changes in
N fertilizers. Furthermore, the lack of N,O mitiga-
tion is a source of uncertainty in future N,O pro-
jections as our simulations show low sensitivity to
the mitigation efforts represented in the SSPs scen-
arios. Among the possible N, O mitigation efforts that
could be included are slow-release fertilizers, nitri-
fication inhibitors, appropriate crop rotations and
schemes, tillage and irrigation practices and the use
of biochar and lime (Hassan et al 2022). The plausib-
ility of the global application of terrestrial N, O mitig-
ation strategies needs to be addressed in future studies
to assess the effectiveness and, consequently, reassess
if these mitigation efforts can be realistically deployed
and added to the SSP mitigation efforts for N,O pro-
jections. Finally, our model lacks dynamic N, O atmo-
spheric chemistry dynamics. Hence, N,O lifetimes
remain constant in our simulation, underestimating
the sensitivity of atmospheric N,O accumulation to
changes if N, O lifetimes.

4. Conclusions

To our knowledge, this study is the first to success-
fully couple an ocean and terrestrial N,O modules
and the resulting model to project atmospheric N,O
concentrations to the end of the 21st century. In the
ocean, we project a decline of N, O emissions from 3.7
to around 2.6 TgN yr~! by 2100. On land, we simu-
lated N, O emission from 4 TgN yr~! in preindustrial
times to between 12-16 TgN yr~! depending on SSP
scenario in the year 2100. In the atmosphere, we pro-
ject an atmospheric N,O concentration between 401
and 418 ppb in six SSPs scenarios. We report at least
49 ppb more atmospheric N,O concentrations than
Meinshaussen et al (2020) by 2100 corresponding to
low-emission scenarios projections. Our results sug-
gest that atmospheric N, O concentrations seem to be
relatively insensitive to mitigation efforts among the
SSP simulations. The low sensitivity can be in part
due to a low sensitivity to N fertilizer as shown in our
sensitivity analysis. Nonetheless, Meinshaussen et al
(2020) results could overestimate the effect of SSPs
inputs of N, O by using over-optimistic mitigation in
the approach. Improving the representations of agri-
cultural model dynamics and cover, as well as, anaer-
obic soil representation in croplands should be prior-
itized to improve the accuracy of terrestrial N, O emis-
sions and atmospheric N, O concentration represent-
ation in simulations. For the UVic ESCM version 2.10
structure, there is a clear need for a more sophist-
icated agricultural model structure. Under idealistic
scenarios, the mitigation of N,O should be targeted
directly with proper management schemes. However,
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global estimates of mitigation efficiency and deploy-
ment feasibility needs to be assessed before such mit-
igation could be part of N, O dynamic models. Overall
we assess that N,O will remain an important green-
house gas for the remainder of the 21st century, with
a potential for larger impacts further into the future.
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