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Global agricultural N2O emission
reduction strategies deliver climate
benefits with minimal impact on
stratospheric O3 recovery

Check for updates

James Weber 1,5 , James Keeble 2, Nathan Luke Abraham 3,4, David J. Beerling 1 &
Maria Val Martin 1

Agricultural nitrous oxide (N2O) emission reduction strategies are required given the potency ofN2Oas
a greenhouse gas. However, the growing influence of N2O on stratospheric ozone (O3) with declining
stratospheric chlorine means the wider atmospheric impact of N2O reductions requires investigation.
We calculate a N2O emission reduction of 1.35 TgN2O yr-1 (~5% of 2020 emissions) using spatially
separate deployment of nitrification inhibitors ($70–113 tCO2e

−1) and crushed basalt (no-cost co-
benefit) which also sequesters CO2. In Earth System model simulations for 2025–2075 under high
(SSP3-7.0) and low (SSP1-2.6) surfacewarming scenarios, thisN2Omitigation reducesNOx-drivenO3

destruction, driving regional stratospheric O3 increases but with minimal impact on total O3 column
recovery. By 2075, the radiative forcing of the combined N2O and CO2 reductions equates to a
beneficial 9–11 ppm CO2 removal. Our results support targeted agricultural N2O emission reductions
for helping nations reach net-zero without hindering O3 recovery.

Nitrous oxide (N2O) is the thirdmost important anthropogenic greenhouse
gas (GHG) after carbon dioxide (CO2) and methane (CH4)

1. On a per
molecule basis N2O is ~273 times stronger than CO2 and ~9 times stronger
than CH4 over a 100-year period (GWP100)

1. Atmospheric mixing ratios of
N2O have risen from ~270 ppbv in the pre-industrial period to 332 ppbv in
2019, causing an effective radiative forcing of 0.21 ± 0.03Wm−2, about 10%
of that from atmospheric CO2 increases

1. The rise in atmospheric N2O has
largely been driven by increases in human-induced emissions over the past
40 years, dominated by agricultural N2O emissions2–4, due to the use of
N-fertilisers.

The potency of N2O as a GHG has led to climate change and net-zero
strategies recognising the importance of reducing N2O emissions alongside
CO2 and CH4

5,6. Given the importance of the agricultural sector in the
growth of N2O emissions, there is an international focus on developing soil
N2O mitigation strategies, including nitrification inhibitors, biochar, and
pH management7,8.

N2O is also an important stratospheric O3-depleting substance9

(Supplementary Eqs. 1, 2), and therefore N2O emission reductions may be

beneficial for both the recovery of stratospheric O3 and from a global
warming perspective10–12. However, the net effect of a sustained reduction in
N2O emissions is also dependent on the wider stratospheric evolution (e.g.,
changing temperatures driven by the particular GHG emission scenario).
Chemical coupling between NOx(=NO+NO2) and other O3-destroying
chemical families (e.g., HOx =H+OH+HO2 and ClOx = Cl+ClO; Sup-
plementaryEqs 5 - 12. 3,4) could alsobe influential forO3destruction

11. This
coupling can change the balance between the active and less reactive
reservoir forms for not only NOx but also within the ClOx and HOx cycles
and thus how much O3 each can destroy. For example, increases in N2O
have been simulated to reduceClOx-drivenO3 destruction asmore chlorine
is sequestered into ClONO2

11,13. These factors complicate the prediction of
the impact of N2O emission reductions on O3. Few studies have explored a
sustained N2O emission reduction within a chemistry-climate model
simulation considering concurrent changes to other influential species (e.g.,
CFCs) across multiple future stratospheric climate scenarios.

Here,we investigate the impactof anN2Oemissions reduction (~5%of
present-day global total emissions and~25%ofdirect agriculture emissions)
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from the spatially separate application of basalt and nitrification inhibitors
to agricultural land, on stratospheric O3 over the next 50 years (Methods).
These two approaches are emerging strategies for reducing N2O emissions
from agricultural soils: application of nitrification inhibitors is a straight-
forward technique while amending soils with crushed basalt which
undergoes chemical weathering in the soil profile increases pH, thus acting
in a similarmanner to liming14–18. Additional benefits of amending soilswith
crushed basalt, a technique known as enhanced rock weathering (ERW),
include CO2 sequestration and improved soil health14,19. Combined, these
techniques are projected to reduce N2O emissions by 1.35 TgN2O yr-1

(Fig. 1a, b)which corresponds to a reduction of 0.37GtCO2e yr
-1 (based on a

GWP100 of 273).
We use the state-of-the-art Earth System model, UKESM1, with

fully interactive tropospheric and stratospheric chemistry20,21 to
simulate the effects of N2O reductions across two stratospheric
futures, SSP3-7.0 (high tropospheric warming, greater stratospheric
cooling) and SSP1-2.6 (lower tropospheric warming, lower strato-
spheric cooling), which are both Montreal Protocol-compliant. The
different tropospheric and stratospheric conditions in SSP3-7.0 and
SSP1-2.6 arise from their diverging emission pathways for GHGs
(Supplementary Fig. 1) and other climate forcers and can influence
stratospheric O3. This allows for a comprehensive examination of
the effect of implementing an N2O emission reduction plan across a
wide window of future trajectories to broaden the applicability of the
results. The temporal evolution of the lower boundary condition
(LBC) of N2O in UKESM1 (effectively N2O’s surface concentration)
is lowered to simulate the sustained emission reduction of 1.35 Tg
N2O yr-1 (Fig. 1(c); Methods). This adjustment is performed in

simulations where all other conditions (e.g., CO2, CH4, other well-
mixed GHG concentrations and anthropogenic and biomass burning
emissions) follow the relevant SSP scenario.

To isolate the impact of N2O emission reductions, we compare the
output from the simulations with lowered N2O LBC, denoted
SSP370_low_N2Oand SSP126_low_N2O (Table 1), to the respective SSP3-
7.0 and SSP1-2.6 simulations performed for the ScenarioMIP part of
CMIP622, denoted SSP370 and SSP126 respectively. Comparison between
the control and low_N2O scenarios are referred to in terms of the back-
ground scenario (e.g., “SSP370 comparison” refers to SSP370_low_N2O vs
SSP370). Since the ScenarioMIP SSP370 and SSP126 simulations did not
output the key stratospheric O3 loss fluxes, a single simulation was per-
formed using the same conditions as SSP370 and SSP126 with these fluxes
output and denoted SSP370_flux and SSP126_flux, respectively (Table 1).
We present first the impact of N2O emission reductions on N2O con-
centrations, then on stratospheric O3 (identifying the drivers of the changes
where possible) and wider stratospheric composition, total column O3

(TCO) and finally the associated radiative forcing from N2O, CO2 and O3

changes. We consider the TCO change over the full 2025-2075 period and
zonal changes inO3 in particular detail for the periods 2040-2050 and 2065-
2075 to examine theprogressive reduction in stratospheric chlorine (Fig. 1d)
and in build-up of the difference in N2O between the control and low_N2O
scenarios (Fig. 1c).

Results
Zonal mean changes in N2O and O3

The reductions in the N2O LBC applied to simulate the 1.35 TgN2O yr-1

decrease in N2O emissions from agricultural sources (Methods) lead to

Fig. 1 | N2O Emission Changes,LBCs and Chlorinated Species. a Change in N2O
emissions from the application of basalt and nitrogen inhibitors and b change in
emissions by regions shown by dashed lines in a from enhanced rock weathering
(ERW) and inhibitor (Inh) contributions. c Control and perturbed N2O lower

boundary conditions used in SSP126/SSP370 and SSP126_low_N2O
/SSP370_low_N2O simulations. d Sum of major CFCs (CFC11 and CFC12) global
mean mixing ratio and ClOx(=Cl + ClO) burden in SSP126 and SSP370. Shaded
regions in (c,d) show periods of particular focus.

https://doi.org/10.1038/s41612-024-00678-2 Article

npj Climate and Atmospheric Science |           (2024) 7:121 2



decreases in low altitude concentrations which propagate vertically as N2O
enters the stratosphere and is destroyed by photolysis and reaction with
O(1D)11. These reductions exceed 5 ppb throughout the low and mid-
stratosphere (2065-2075 mean) in both SSP scenarios, with attendant
reductions in total reactive nitrogen (NOy, Supplementary Fig. 2).

In both low_N2O scenarios, there are increased annual mean strato-
spheric O3 mixing ratios relative to their respective base SSP scenario
around 5-20 hPa across mid-latitudes and tropics (Fig. 2). This increase
persists throughout all seasons (Supplementary Figs. 3–6), with statistical
significance (95% confidence) observed on an annual basis only in the
SSP370_low_N2O vs. SSP370 comparison, where the increase exceeds 100
ppb (~1-1.5%, SupplementaryFig. 7) in2065–2075.UnderbothSSP370and
SSP126 conditions, the O3 increase is more pronounced in 2065–2075 than
in 2040–2050, reflecting the greater reduction in N2O (seeNOx as the main
driver of O3 change). The spatial change in tropical and mid-latitude O3 in
Fig. 2 is largely replicated when the trend in ozone difference from 2025-
2075 is also considered (Supplementary Fig. 8).

Additionally, increased annual mean O3 mixing ratios are modelled
throughout the northern hemisphere (NH) polar stratosphere for 2040-
2050 in the SSP126_low_N2O relative to the SSP126 scenario. This increase
is most pronounced during wintertime (DJF; Supplementary Fig. 3). In
contrast, for the 2065-2075 period, decreased annual mean ozone mixing
ratios are simulated in the same region, with the largest changes also
occurring in DJF. However, we note that neither of these changes are sta-
tistically significant at the 95% confidence level. These variations likely
reflect the large, dynamically induced variability observed in stratospheric
ozone over the Arctic (e.g.23–27,), rather than a direct response to changes
in N2O.

NOx as the main driver of O3 change
To investigate the chemical processes driving the differences in O3 between
the control and low_N2O runs shown in Fig. 2, we first examine changes to
the NO2+O flux, as this is the O3 loss flux most closely linked to the N2O
changes explored in this study. Then, we follow this analysis by considering
changes in the O3 loss from the ClOx and HOx catalytic cycles. Specifically,
we compare the fluxes of the catalytic O3 loss reactions in the three
low_N2O runs (e.g., SSP370_low_N2O) to those in the single control run
with reaction fluxes (e.g., SSP370_flux), since the other control runs did not
have reaction fluxes output. To assess if the single control run is repre-
sentative of the wider control ensemble (e.g., SSP370), we compare in Fig. 3
the zonal mean O3 change between the low_N2O and single control (e.g.,
SSP370_low_N2O vs. SSP370_flux) and the low_N2O and full ensemble
member comparisons (e.g. SSP370_low_N2O vs. SSP370), denoting these
as the “single” and “full” comparisons, respectively. In cases where the O3

change is consistent in sign and magnitude between the “single” and “full”
comparisons, we propose the attribution of O3 changes based on the flux
differences in the “single” comparison also applies to the “full” comparison.

The clearest example is the SHmid-latitudeO3 increase evident in both
the SSP370_low_N2O vs. SSP370 (Fig. 3a) and SSP370_low_N2O vs.
SSP370_flux (Fig. 3b) comparisons at altitudes of around 5–20 hPa for the
2065-2075 period. Examining the SSP370_low_N2O vs. SSP370_flux case
in more detail, the area of increased ozone mixing ratios, along with
neighbouring O3 decreases, shows spatial anticorrelation with changes in
NOx-driven O3 destruction, specifically the flux of NO2+O (Fig. 3c). This

Table 1 | UKESM1 simulations

Scenario (no. of ensemble
members)

N2O LBCs Background
conditions***

SSP126* (16) Base SSP1-2.6 SSP1-2.6

SSP126_flux** (1)

SSP126_low_N2O (3) Lowered SSP1-2.6
(2025-2075)

SSP370* (15) Base SSP3-7.0 SSP3-7.0

SSP370_flux** (1)

SSP370_low_N2O (3) Lowered SSP3-7.0
(2025-2075)

*Performed for ScenarioMIP.
** Copy of one ScenarioMIP ensemble member run for 2040-2050 and 2065-2075 to generate
control reaction fluxes in this study.
*** CO2, CH4 and other well-mixed GHG LBCs, anthropogenic and biomass burning emissions,
crop and pasture fraction, nitrogen deposition.

Fig. 2 | O3 Changes. Zonal mean change
in O3 mixing ratio averaged over 2040-
2050 for a SSP370_low_N2O - SSP370
and b SSP126_low_N2O - SSP126 and
2065-2075 for c SSP370_low_N2O - SSP370
and d SSP126_low_N2O - SSP126. Stippling
shows regions of statistical significance
(95% confidence) and the grey line show
s mean tropopause location.
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Fig. 3 | Changes to O3 and NOx-driven O3 Loss. Zonal mean change in annual mean O3 between a SSP370_low_N2O and SSP370 (same as 2c), b SSP370_low_N2O and
SSP370_flux and c annual mean change in NO2+O flux between SSP370_low_N2O and SSP370_flux. Stippling shows regions of statistical significance (95% confidence).

Fig. 4 | TCO and radiative forcing. a TCO time-
series for control and low_N2O simulations. TCO
timeseries for 75-90 S for October (lowest historical
TCO) for b SSP370 and SSP370_low_N2O and
c SSP126 and SSP126_low_N2O. Shading in
a–c shows standard deviation and values in square
brackets show regression slope ± error (95% con-
fidence). d Radiative forcing from changes to N2O
and CO2 (from ERW’s associated 2 GtCO2 yr

-1

CDR) in 2050 and 2075. Text on bars shows change
in CO2 concentrations (in ppm) required to achieve
the same radiative forcing.
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provides evidence that these local ozone changes represent a direct response
to changes inNOx-driven loss and thusN2O.While the consistency ofmid-
latitude O3 changes in the full and single comparisons is weaker on an
annual basis for 2040–2050 (Supplementary Fig. 9), there is greater con-
sistency on a seasonal level (e.g.,MAM; Supplementary Fig. 10), with spatial
anticorrelation persisting between O3 changes and NOx-driven O3

destruction.
For the SSP126 scenarios, mid-latitude O3 changes also exhibit con-

sistency between the full (SSP126_low_N2O vs. SSP126) and single
(SSP126_low_N2O vs. SSP126_flux) comparisons in 2065-2075, particu-
larly during DJF and MAM, and display anticorrelation with NOx-driven
O3 destruction changes (Supplementary Fig. 11). By contrast, mid-latitude
O3 changes are less consistent between the full and single comparisons for
SSP126 at 2040-2050, even on a seasonal basis, hindering attribution.

The increase of O3 in response to reduced N2O is in line with prior
studies28,29 which simulated reductions to stratospheric O3 following
increases to future N2O concentrations. While this study only employs a
single model (UKESM1), the robustness of our results is supported by
reference to studies where UKESM1 (or its atmospheric chemistry and
aerosols component, UKCA) was compared to other chemistry-climate
models running the same experiments designed to examine the impact of
changing N2O on stratospheric O3. Specifically, O3 in the lower and mid-
stratosphere (Fig. 2) showed similar sensitivity to changes in surfaceN2O in
UKCA and most of the models involved in the CCMI project30 and
AerChemMIP31.

We next consider the impact of NOx changes to the ClOx (Supple-
mentary Eqs. 5, 6) and HOx (Supplementary Eqs. 7–10) catalytic cycles via
chemical coupling (Supplementary Eqs. 3, 4). We find the anti-correlation
between changes in O3 and ClOx-drivenO3 destruction (specifically ClO+
O) is weak (Supplementary Fig. 12). There is some anti-correlation between
changes in O3 and HOx-driven O3 destruction (HO2+O and HO2+O3;
Supplementary Fig. 13) underSSP1-2.6 conditions, but thismostly occurs in
regions where the change in O3 is not consistent between the “full” and
“single” comparisons (Supplementary Fig. 10), making assessment of this
signal’s robustness difficult. Overall, our findings suggest the impact of
cross-family coupling (i.e. changes in NOx driving changes in ClOx or HOx

and thus O3) is small relative to impact of direct changes to NOx-driven O3

loss. This small impact is consistentwith prior studieswhich identified these
interactions as having small significant effects; for example Meul et al.15

found that interactions between chlorine and N2O and methane products
increased O3 by 2.5% (relative to simulations where coupling was
prevented).

For the SSP126 northern high latitude O3 changes (Fig. 2b, d), con-
sistency is observed between the SSP126_low_N2O vs. SSP126 and
SSP126_low_N2O vs. SSP126_flux comparisons, particularly for DJF.
However, attributing the drivers presents a challenge. Neither NOx- nor
ClOx-driven O3 destruction correlates well with changes to O3. As stated
above, polar regions exhibit greater dynamical variability, and the fact that
the NH high latitude O3 changes are dominated by winter (DJF) changes,
suggests these statistically non-significant changes are unlikely to be a direct
response to changes in N2O emissions.

Wider atmospheric chemistry response
N2O can affect the HOx and ClOx cycles by perturbing the partitioning
between their active and reservoir species (Supplementary Eqs. 3, 4).
Althoughwefind the effect of this cross-family coupling onO3 is limited, we
extend our analysis to examine the response of wider atmospheric com-
position. This includes the families involved in catalytic O3-destruction
(ClOx, NOx andHOx) and the reservoir species (ClONO2 andHONO2), all
of which are considered in our simulations. Having already identified a lack
of clear coupling between NOx and ClOx/HOx in the context of O3

destruction (Supplementary Figs. 9, 10), we find the changes in the global
vertical profiles of NOx, ClOx, HOx, and ClONO2 below 2% and nearly all
fall within ±1 standard deviation (σ) of the control ensemble mean (Sup-
plementary Figs. 12, 13). Changes in HNO3 exceed 1 σ, but remain below

2%. This small signal relative to the control ensemble is consistent at both
poles (75–90 latitude) in winter and summer, with only HNO3 regularly
exceeding1σ fromthe control ensemblemean (SupplementaryFigs. 14, 15).
Overall, this suggests the N2O emissions reduction considered here is
unlikely to alter wider stratospheric composition, with the background
climate scenario (i.e. SSP) exerting a more pronounced influence.

Total column O3 response to N2O mitigation
Previously, we considered vertically resolved stratospheric O3 changes in
response to reductions in N2O emissions. When considering the impact of
N2O mitigation on O3 recovery, we must consider total column O3 (TCO,
the amount of O3 in a vertical column from the surface to the edge of space)
as well, since this is often used to evaluate future projections of O3 recovery
(e.g., O3 return dates are calculated using TCO values32. This is also
important from a human health perspective as TCO has a direct relation to
the attenuation of harmful ultraviolet solar radiation. Although we report
local, and in some instances statistically significant, changes in stratospheric
O3 concentrations (Fig. 2), there are no significant differences between the
control and low_N2O scenarios for TCO on a global annual basis (Fig. 4a)
or in the high latitude band 75–90 S in October (historically the period and
region with lowest TCO) (Fig. 4b, c). Future TCO projections are more
dependent on the wider climate scenario than N2Omitigation. The greater
stratospheric cooling (Supplementary Fig. 16) (which increases O3 as the
odd-oxygen loss reaction in the Chapman cycle slows; Supplementary Eqs.
13–1628) and higher tropospheric O3 burden seen in SSP3-7.0 projections
contribute to higher TCO values in this scenario when compared to
SSP1-2.632.

The time evolution of the TCO difference between the control and
low_N2O simulations also displays no clear trend when decomposed lati-
tudinally (Supplementary Fig. 17). At high northern latitudes, several per-
iods during 2040–2050 exhibit anomalously large TCO increases in
SSP126_low_N2O relative to SSP126, while this trend is reversed for
2065–2075, in line with the zonal mean changes in Fig. 2b, d) which we
attribute to dynamical variability.

Radiative impact of N2O, CO2 and O3 changes
The reduction in N2O emissions from agricultural lands, and attendant
lower atmospheric N2O concentrations, leads to a radiative forcing of−10
(−18) and −12 (−22) mWm−2 at 2050 (2075) relative to the con-
temporaneous SSP370 and SSP126 controls (Methods). The values at 2075
are equivalent in magnitude to 11% and 13% of the multi-model pre-
industrial to present day forcing from N2O increases33. Despite exhibiting
very similar reductions in global mean N2O concentrations, the associated
forcing is smaller in the SSP370 case. This is primarily because CO2 and
CH4, whose absorption of LW outgoing radiation partially overlaps with
that of N2O, are present at higher concentrations in SSP370 than SSP126.
The predicted net 2 Gt CO2 yr

-1 removal by ERW19 from the basalt appli-
cation to croplands considered here yields atmospheric CO2 concentrations
which are 4.3 (8.6) and 4.1 (7.4) ppm lower at 2050 (2075) than those of the
SSP370 and SSP126 controls, respectively (Methods). Combined, these
relatively modest changes are equivalent to reductions of 10.9 ppm for
SSP370 and 9.4 ppm for SSP126, approximately 4% and 22% of the
respective increases in CO2 over 2025–2075 (Fig. 4d).

O3 itself also acts as a GHG but is most potent in the mid and upper
troposphere and much weaker in the stratosphere34 where most of the
change occurs in this study. While stratospheric O3 changes can affect
tropospheric O3 via stratosphere-troposphere exchange and photolysis, we
donotfind a robust radiative forcing fromO3 changes under either scenario
or time period (Supplementary Fig. 18; Methods).

Discussion
The stratospheric O3 layer is critically important to protecting life on Earth
from harmful ultraviolet radiation. Consequently, any climate change
mitigation strategy which could perturb it must be rigorously evaluated.
Nitrous oxide is an important stratospheric O3 depleting substance in the
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21st Century10,11, thus emission abatement strategies, critical to limiting
anthropogenic warming, warrant detailed investigation from an O3

perspective.
Our simulation of N2O emissions reductions over five decades within

two climatic futures captures the effect of concurrent changes to N2O and
other important variables. Our findings suggest the TCO recovery is pro-
tected, both globally and at high latitudes, with modest, and in places sta-
tistically significant, O3 increases inmid-latitude stratospheric regions likely
driven by reductions in NOx-driven O3 destruction. Although the wider
stratospheric conditions complicate the influence of N2O on stratospheric
O3, we capture these effects in our Earth System model simulation experi-
ments. Increasing concentrations of atmospheric CO2 will cool the strato-
sphere due to the radiative balance between the heating from solar radiation
absorption by O3 and the cooling from the emission of infra-red radiation
from CO2 (and H2O). This CO2-driven stratospheric cooling, combined
with higher CH4 concentrations which drive greaterHOx concentrations, is
more pronounced in the scenarios with greater tropospheric warming (e.g.,
SSP3-7.0) thanwith lowerwarming (e.g., SSP1-2.6). Consequently, this dual
effect reduces the efficiency of the NOx-driven O3 destruction. In contrast,
the long-term decline of stratospheric chlorine following the Montreal
Protocol has the opposite effect, increasing the efficiency of N2O in
destroying O3 as less NOx is sequestered into its less reactive reservoir
forms35. However, theminimal impact onTCO is consistent in both climate
scenarios, suggesting such N2O emission abatement strategies would not
hinder the existing, carefully planned international policies that facilitateO3

recovery (e.g., theMontreal Protocol) under abroadwindowof atmospheric
composition and climate futures.

Furthermore, there are substantial climatic and ecological co-benefits
from efforts to curb agricultural N2O emissions. Reducing N2O emissions
yields lower atmospheric concentrations, thus providing a climatic benefit
(i.e., negative radiative forcing relative to the control). This reinforces the
importanceof reducing emissions identified inmultiplenet zero andclimate
changemitigationplans (e.g.6,36,37). The applicationof nitrification inhibitors
can reduce nitrate leaching into water courses and natural habitats (e.g.38,39),
and therefore, reduce the negative impacts of excessive nitrogen burdens on
ecosystems and human health.

We highlight an important economic distinction between N2O miti-
gation strategies considered here. For ERW practices involving amending
agricultural soils with crushed basalt for CO2 removal purposes, N2O
mitigation (0.47 TgN2O yr-1) is a cost-free co-benefit18. When converted to
CO2 equivalents, N2O emissions reductions fromERW(19; Table 1) reduce
abatement costs by between 2.3% (North America) and 9% (China). In
contrast, the application of nitrification inhibitors to farmland incurs spe-
cific additional costs. Application at $28–45 ha−1 40 to the 600 Mha of
agriculture soils considered in this study for nitrification inhibitors
(Methods) would cost $17–27 billion annually. The associated abatement
(0.87 TgN2O yr-1) corresponds to $70–113/tCO2e.

Unlike CO2 emissions, which are projected to reach net-zero by
2035–2070 for scenarios with 1.5 °C warming, emissions of CH4 and N2O
are predicted to remain positive given the challenges of complete
abatement41. The use of nitrogen fertilisers and manure in agriculture
constitutes the largest anthropogenic source of N2O, making both practices
the focus of mitigation via agricultural practices and policies in efforts to
reachnet-zero40. Suchpolicies include, for example, incentivised targeting of
increased cropland N-use efficiency (i.e., increasing yields with the same
amount of N input)42. Our analysis of possible worldwide efforts to deliver
sustained reductions in agricultural N2O emissions for five decades in two
diverging future climatic scenarios (SSP3-7.0 and SSP1-2.6) suggests such
effortswill not disruptTCOrecovery. Thebenefit of ERWis it delivers a cost
saving of $8.5–$13 billion a year for comparable N2O reductions obtained
with nitrification inhibitors.Our analyses further emphasise the importance
of N2O mitigation for delivering co-benefits for climate and sustainable
agriculture (with no additional costs in the case of ERW), and thus the
requirement for urgent exploration of the wide-scale deployment of N2O
mitigation schemes. This will be particularly important in future decades as

the drive to reach net-zero emissions, and pressures to increase food pro-
duction to feed a rising human population, intensify.

Methods
Agriculture soil N2O emission reduction
To develop a mitigation scenario for direct agricultural soil N2O emissions,
we used the agriculture emissions from the global N2O multimodel inter-
comparison project (NMIP43). This dataset was derived from seven process-
based terrestrial biosphere models in natural and crop ecosystems and
formed thebasis of the IPCC2021 soilN2Obudget estimates44.As abaseline,
we used the averaged direct N2O emissions from nitrogen additions in the
agricultural sector from all seven models in 2010–16, with a spatial dis-
tribution of 50 × 50 km horizontal resolution and monthly temporal
resolution.

For abatement strategies, we considered enhanced rock weathering
(ERW) and fertilizer nitrification inhibitors. Following Val Martin et al.15,
we implemented ERW by considering the impact of basalt amendments in
croplands on soil N2O emissions. This involved a reduction in soil N2O
emissions resulting from increases in soil pH from basalt amendments,
strategically applied across five main agricultural regions (North America,
Brazil, Europe, India, and China) to achieve a targeted removal of 2
GtCO2yr

-1 19. This resulted in a reduction of direct agriculture soilN2O from
5.19 to 4.69TgN2Oyr-1with basalt applied across 400Mhaof cropland soils.

For fertiliser nitrification inhibitors, we implemented this strategy in
agriculture grid cellswithout ERW, considering a 50% reduction in soilN2O
emissions (ref. 40; 8). Given the high cost of fertiliser nitrification inhibitors
(28-45 $ ha−1; 40), applicationwas limited to agricultural regions in countries
in the global north. This strategy was applied to about 600 Mha of agri-
culture soils, leading to a further reduction of total soil N2O crop emissions
from 4.69 to 3.84 TgN2O yr−1.

The integration of these two mitigation strategies yielded a substantial
N2O reduction of 1.35 TgN2O yr-1, constituting about 40% reduction in our
primary agricultural regions and a 25% reduction in global direct agri-
cultural N2O emissions. This approach reflects a moderate nitrogen reg-
ulation scenario, strategically focusing on specific countries and agricultural
areas while considering economic feasibility. The spatial distribution of the
changes in soil agriculture N2O emissions is illustrated in Fig. 1(a).

UKESM1 model setup
All simulations were conducted using the fully coupled configuration of
UKESM1.020, with a horizontal resolution of 1.25° × 1.9° with 85 vertical
levels up to 85 km, as used in CMIP6. This setup considers all aspects of the
Earth System, including the atmosphere, land surface, ocean, and cryo-
sphere, and allows them to interact.

The atmosphere is simulated with fully interactive stratospheric and
tropospheric chemistry21 and the GLOMAP‐mode aerosol scheme, which
simulates sulfate, sea‐salt, black carbon, organic matter, and dust but not
currently nitrate aerosol45. While a nitrate scheme is now available in
UKESM46, it wasnot available forCMIP6 and, as the runs performed for this
study used the same model version as those done specifically for CMIP6,
nitrate aerosol was not used here either.

Emissions of well‐mixed greenhouse gases, including N2O, CH4, and
CO2,were not explicitly simulated; rather lowerboundary conditions (LBC)
were applied which evolved over time to represent the concentrations
assumed by the SSP1-2.6 and SSP3-7.0 pathways47. The LBCs of N2O were
adjusted as described below.

Anthropogenic and biomass burning time series emissions, nitrogen
deposition, and crop and pasture fraction constraints for the appropriate
scenario were supplied as input.

UKESM1 simulations
This study considered four scenarios, including standard SSP3-7.0 and
SSP1-2.6 alongside two perturbed scenarios, SSP370_low_N2O and
SSP126_low_N2O (Table 1). The perturbed scenarios are identical to their
corresponding SSP, but consider an adjusted lower boundary condition
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(LBC) of N2O to simulate an annual emission reduction of 1.35 TgN2O yr-1

(Fig. 1c) (see LBC Adjustment).
Simulations SSP370_flux and SSP126_flux, identical to the control

SSP3-7.0 and SSP1-2.6 but with the inclusion of important reaction flux
diagnostics, were also performed.

All simulations used the sameUKESM1model version and setup as the
UKESM1 simulations performed for ScenarioMIP, to ensure comparability.

We compared model output from 16/15 ensemble members for both
SSP1-2.6 and SSP3-7.0 performed in UKESM1 for ScenarioMIP to output
from three ensemble members each for SSP370_low_N2O and
SSP126_low_N2O. The SSP370_low_N2O and SSP126_low_N2O were
initialised at 2025 from three different members of the corresponding base
SSP at 2025 and run for 51 years (2025-2075 inclusive).

To increase confidence in our findings, we chose to perform simula-
tions of three ensemble members with a sustained emission reduction of
1.35 TgN2O yr-1, considering the computational expense and variability of
fully coupled simulations.

All simulations used a fully-coupled setup with interactive ocean and
land surface,with the land surface constrainedonly by SSP-specific cropand
pasture fractions for each grid cell. SSP-specific time-dependent LBCs of
other well-mixed greenhouse gases (CO2, CH4, CFC12, and HFC134a),
nitrogen deposition, and anthropogenic and biomass burnings from
Input4MIPs remained consistent across all simulations based on the same
SSP. For example, SSP370 and SSP370_low_N2O had the same LBC time
series forCH4 and anthropogenic and biomass-burning emissions, differing
only in their N2O LBC.

Reaction fluxes were calculated online during the model runs and
output as total flux through a reaction inmoles per second for each grid cell.
Fluxes were divided by grid cell volume to normalise for the varying cell
volume and allow for comparison of flux between different regions of the
atmosphere (e.g. Fig. 3).

LBC Adjustment
To ensure comparability with the simulations performed for ScenarioMIP
(where N2O concentrations were controlled using LBCs rather than emis-
sions), the reduction of N2O emissions here was implemented by altering
N2O LBC.

Total simulated N2O emissions for SSP3-7.0 and SSP1-2.6 were first
extracted from Meinshausen et al.47 where anthropogenic emissions are
time-dependent (Fig. 2 in 47) and natural emissions are fixed over time. The
concentration of N2O can be expressed as in Eq. 1.

dN2O
dt

¼ EðtÞ � N2O
τðN2OÞ

ð1Þ

where EðtÞ are the time-dependent N2O emissions and the lifetime of N2O,
τðN2OÞ, is a function of N2O concentration (Eq. 2) (Meinshausen et al.47).

τðN2OÞ ¼ 139
Ct
N2O

C0
N2O

� ��0:04

ð2Þ

where C0
N2O andCt

N2O aremixing ratios of N2O in the pre-industrial period
(273 ppbv) and the time of interest, respectively.

To calculate the impact of the emission reduction, EðtÞ is reduced by
1.35 TgN2O yr-1, and Eq. 1 solved to yield a new N2Omixing ratio. Finally,
these mixing ratios are scaled by 1.033 to reflect the fact that the N2O LBC
value in UKESM1 is consistently 3.3 ± 0.1% higher than the global mean
N2O concentrations for both SSP3-7.0 and SSP1-2.6 up to 2100.

FAIR Simulation for atmospheric CO2 estimates
To estimate the effect of a sustained 2 GtCO2 yr

-1 removal on atmospheric
CO2mixing ratio, we used the FAIRmodel v2.1.048with theAR6 calibration
(https://zenodo.org/record/7545157#.Y85wwC-l30o; last accessed 24th

Jan 2023).

We conducted four simulations: control SSP3-7.0 and SSP1-2.6 simu-
lations, and perturbed simulations identical to the respective control, except
that from 2025 onward, CO2 emissions were lowered by 2 GtCO2 yr

-1. For
example, the perturbed SSP3-7.0 simulation had identical forcing and
emissions as the control SSP3-7.0, except that at 2025, its CO2 emissions
were reduced by 2 GtCO2 yr

-1.
These simulations were run with every configuration of FAIR to span

assessment of the IPCC AR6 (ECS best estimate 3 °C, 5–95% range
2 °C–5 °C) along with several other assessed ranges from the IPCC AR6
including historical warming, transient climate response, and aerosol
radiative forcing. The average difference in atmospheric CO2 concentration
between the respective control and perturbed simulations at 2075 was then
considered as the impact of the sustained 2 GtCO2 yr

-1 removal.

Radiative forcing calculations
The radiative forcing from changes to N2O and CO2 were estimated using
the radiative kernel from Etminan et al.49 with scenario- and time-
appropriate background concentrations.

The radiative forcing from changes to O3 was calculated by taking the
difference between themean controlO3field (e.g. SSP370 at 2040-2050) and
mean low_N2O O3 field (e.g. SSP370_low_N2O at 2040-2050) and
applying this to the radiative kernel of Rap et al.50) updated for the whole
atmosphere as described in Iglesias-Suarez et al.51.

Data availability
Model output from simulations performed for this study is freely available
on the Zenodo repository https://doi.org/10.5281/zenodo.10401772 with
accompanying explanatory documentation. Output from model simula-
tions performed for CMIP6 are available on the Earth System Grid Fed-
eration website and can be downloaded from there (https://esgf-index1.
ceda.ac.uk/search/cmip6-ceda/, ESGF, last accessed 10th January 2024).

Code availability
Input emissions from SSP3-7.0 and SSP1-2.6 are available from the
input4MIPs repository (https://esgf-node.llnl.gov/projects/input4mips/)
maintained by ESGF. Due to intellectual property right restrictions, we
cannot provide either the source code or documentation papers for the
Unified Model/UKESM. The Met Office Unified Model/UKESM is avail-
able for use under licence. For further information on how to apply for a
licence, see https://www.metoffice.gov.uk/research/approach/modelling-
systems/unified-model (last accessed 1st August 2023). Suite numbers for
the runs are listed in the README which accompanies the UKESM1 data
repository on Zenodo.
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