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The implementation of anthropogenic N,0 abatement measures could result in: AU D I E N C E AN D FOC U S

4 OO/ AVOID THE EQUIVALENT OF
° 6 Y E A R S This Global Nitrous Oxide Assessment is the first
REDUCTION IN international report focused solely on nitrous

oxide in more than a decade. It sheds new light
:IT;HERS rsoscigh:g OF CU RRE NT C02 EMISSION S on a super pollutant and is intended as a resource

for policymakers, civil society, the private sector,
F R o M Fo S S I L F U E L the scientific community and others. An in-depth
BY 2 o 5 0 analysis of the nitrogen challenge (of which nitrous
BELOW 2020 LEVELS B U R N I N G BY 21 o o oxide is a part) will be outlined in the forthcoming
International Nitrogen Assessment and a roadmap

for action in the agri-food sector is the focus of
a forthcoming CCAC assessment. The Global

T H E ozo N E Nitrous Oxide Assessment is a combination of new
modelling, using state-of-the-art Earth system,

BENEFITS PROVIDED BY THE

atmospheric and health impact models to quantify
ACCELERATED HCFC PHASE-OUT PR EMATU R E D EATH S the effects of nitrous oxide on climate, air quality
UNDER THE MONTREAL PREVENTED THROUGH IMPROVED and ozone. It also synthesises the most recent

PROTOCOL BY 2100 AIR Q UALITY BY 2050* peer-reviewed literature on nitrous oxide budgets,

scenarios and abatement options. The findings of
this Assessment have been peer reviewed by more

than 40 external reviewers.
The chemical industry presents a key opportunity for fast and cost-effective

action: ambitious abatement could avoid 2.5 billion tonnes of carbon dioxide
equivalent and 160,000 tonnes of CFC-11 equivalent emissions.

F

*as a result of nitrous oxide abatement under a sustainable nitrogen approach that would concurrently
reduce emissions of harmful particulate matter and tropospheric ozone precursors
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Nitrous oxide, considered to be

a super pollutant, is the third
most important greenhouse

gas and the most significant
ozone-layer depleting substance
emitted today. Its human-induced
emissions, which primarily
originate from the agricultural
use of synthetic fertilisers and
manure, are increasing faster
than previously projected. This
Assessment identifies abatement
measures available today that
could reduce these emissions

by more than 40 per cent below
current levels. Transformations
in food production and societal
systems could lead to even
deeper reductions.

Nitrous oxide is part of the
nitrogen cycle — nitrogen is
essential to all life on Earth and
the global food system. The
abatement of its anthropogenic
emissions must be grounded in a
sustainable nitrogen management
approach which would also
reduce the loss of other nitrogen
compounds to the environment.
Ambitious action using this
approach could move the world
closer to meeting its 1.5° Celsius
temperature goal, protect the
stratospheric ozone layer, and
improve air and water quality,
while protecting food security,
ecosystems and human health.
This approach is an important

part of a super pollutant
multi-benefit strategy, which,
alongside efforts to achieve net
zero carbon dioxide emissions
by mid-century, is necessary to
put the world on a sustainable
path to meeting long-term
climate goals.

OPPORTUNITY

Nitrous oxide is a long-lived greenhouse gas
approximately 270 times more powerful than
carbon dioxide per tonne of emission at warming
the Earth. Its anthropogenic emissions are
responsible for approximately 10 per cent (around
0.71° Celsius) of net global warming to date since
the industrial revolution. It is also an ozone-layer
depleting substance. Although nitrous oxide is not
controlled under the Montreal Protocol, its current
anthropogenic emissions are a larger threat to the
ozone layer than any chemical controlled under
this protocol. Ambitious action to reduce nitrous
oxide emissions could move the world closer to
meeting a wide range of global climate, ozone and
other environmental and human health goals.

é’k’é‘FLRe‘y“/Pexels
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OZONE LAYER
PROTECTION

CLIMATE BENEFITS

If nitrous oxide emissions continue to

increase at their current rate, there is no  Nitrous oxide is currently the most significant

plausible pathway to limiting global warming
to 1.5° Celsius in the context of sustainable
development, as defined in the Paris
Agreement. (Section 4.1.2)

Even keeping current nitrous oxide emissions
constant would constrain society’s capacity to
limit global warming to 1.5° Celsius and require
much greater and costlier reductions of carbon
dioxide and methane emissions.(Section4.1.2)

Ambitious nitrous oxide abatement could
avoid the equivalent of up to 235 billion tonnes
of carbon dioxide emissions by 2100, which is
approximately 6 years of current carbon
dioxide emissions from fossil fuel burning.
(Section 4.1.2)

A sustainable nitrogen management approach
to agricultural nitrous oxide emissions could
also significantly reduce emissions of short-
lived nitrogen compounds — other nitrogen
oxides and ammonia — which would rapidly
improve air quality but cause additional
near-term warming primarily due to the
reduced cooling effect of aerosols. Due to
nitrous oxide’s long lifetime, the net effect of a
sustainable nitrogen management approach
would reduce warming in the longer term.
This is well justified by the health benefits of
improved air quality. By contrast, reductions
in industrial nitrous oxide emissions provide
climate benefits across all time scales.
(Section 4.1.2)

ozone-layer depleting substance being
emitted to the atmosphere. The destructive
capacity of today’s nitrous oxide emissions
approximately equals the sum of all other
current ozone-depleting substance emissions.

Through 2050, ambitious nitrous oxide
abatement could provide roughly the same
ozone benefits as the 2007 Montreal Protocol
agreement to accelerate the phase-out of
hydrochlorofluorocarbons. Through 2100,

the benefits could accumulate to more than
five times those of the accelerated phase out.
(Sections 4.2.1,4.2.3)

Ambitious nitrous oxide abatement could avoid
a 0.2-0.8 per cent increase in cataract cases
and a 2-10 per cent increase in skin cancers by
2080-2090, depending on latitude.

(Section 4.2.5)

The lowest levels of ozone this century and
beyond are expected to occur if nitrous oxide
emissions continue unabated and carbon
dioxide and methane are abated consistent
with climate goals. In such a future, by the end
of the century much of the world’s population
could be exposed to ultraviolet levels larger
than peak ozone depletion in 1995-2005.
(Sections 4.2.4)
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SAVING LIVES BY
IMPROVING AIR
QUALITY, PROTECTING
FOOD SECURITY AND
ALLEVIATING OTHER
ENVIRONMENTAL
IMPACTS

Abatement of nitrous oxide emissions
under a sustainable nitrogen management
approach would significantly improve air
quality through the concurrent abatement
of ammonia and nitrogen oxide emissions
that form harmful fine particulates and
ground-level ozone. This would have
multiple health benefits, especially for

the most vulnerable in society, ultimately
avoiding approximately 20 million premature
deaths globally by 2050, of which roughly

4 million would be saved in the next decade.
(Section 4.1.3)

GLOBAL NITROUS OXIDE ASSESSMENT
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A sustainable nitrogen management approach
would deliver significant additional benefits
for water quality, soil health and the structure
and functioning of ecosystems. Reducing
nitrogen run-off would, for example, lower
the risk of eutrophying water bodies and
contaminating drinking water supplies, while
reducing such associated human health
impacts as decreasing the risk of colon
cancer. These impacts are further discussed
in the forthcoming International Nitrogen
Assessment.

Nitrous oxide abatement measures could be
implemented while simultaneously meeting
future food demand, consistent with existing
food security goals. Achieving this will require
significant efforts to increase the efficiency of
agricultural nitrogen use and reduce excessive
nitrogen application in many parts of the
world. (Section 4.1.4)
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NITROUS OXIDE: HOW
FAST ARE EMISSIONS
INCREASING AND FROM
WHERE DO THEY COME?

While nitrous oxide emissions have both natural
and anthropogenic sources, this Assessment
focuses on the abatement of anthropogenic ones.
These anthropogenic emissions have

increased globally by 40 per cent since 1980,
with approximately 75 per cent originating from
the agricultural use of synthetic fertilisers and
manure. This Assessment projects that, without
abatement, global anthropogenic nitrous oxide
emissions will increase by approximately

30 per cent over 2020 levels by 2050.

(Sections 2.1, 2.2, 3.2.1; Figure 3.1)

Anthropogenic nitrous oxide emissions
have grown steadily since the pre-industrial
era and have accelerated since the Green
Revolution. Between 1980 and 2022,
atmospheric concentrations increased from
301 to 336 parts per billion. Agriculture is
currently the source of 75 per cent of those
emissions, of which approximately 90

per cent comes from the use of synthetic
fertilisers and manure on agricultural soils
and 10 per cent from manure management.
(Sections 2.1,2.2)

+ Industrial sources account for approximately
5 per cent of current anthropogenic nitrous
oxide emissions. The dominant sources are
the production of adipic acid, primarily used
in synthetic fibres and foam, and nitric acid,

GLOBAL NITROUS OXIDE ASSESSMENT

mainly used in the manufacture
of fertilisers, munitions and adipic
acid. (Section 2.2)

+  The remaining 20 per cent of
anthropogenic nitrous oxide
emissions come from fossil
fuel combustion, wastewater
treatment, aquaculture,
biomass burning, and other
sources. (Section 2.2)
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HOW TO REDUCE
NITROUS OXIDE
EMISSIONS

A variety of technologies and practices to reduce
anthropogenic nitrous oxide emissions exist
across all major sectors with a range of costs.

+ This Assessment identifies currently available
abatement measures that could reduce global
anthropogenic nitrous oxide emissions by
more than 40 per cent below current levels.
This Assessment evaluates the impacts by
2050 of their implementation. (Section 3.2)

+ Industrial emissions provide an opportunity
for rapid nitrous oxide abatement. There are
a number of cost-effective technologies that
can effectively eliminate industrial nitrous
oxide emissions and do not require significant
changes to existing production processes.
Ambitious abatement in these sectors alone
could reduce emissions by approximately 2.5
billion tonnes of carbon dioxide equivalent
and 160,000 tonnes of CFC-11 equivalent.
(Sections 5.2, 6.2)

GLOBAL NITROUS OXIDE ASSESSMENT

The ozone-layer and climate
benefits of nitrous oxide
emissions abatement, as well as
other ecosystem and health co-
benefits, can only be delivered
through ambitious action in
agriculture. A sustainable
nitrogen management approach
that reduces nitrous oxide
emissions could simultaneously
enhance the resilience of food
systems. (Section 3.2)

There is an array of available
technological, behavioural

and structural measures that

if implemented could reduce
nitrous oxide emissions from
agriculture and the broader food
system by about 40 per cent
below current levels emissions
by 2050. These measures have
been developed by farmers, the
fertiliser industry and research
institutions and are increasingly
being implemented across the
agri-food system. These include
controlled-release fertilisers or
formulations that inhibit nitrogen
losses, the more selective use of
fertilisers aided by soil-nitrogen
testing, improved manure
management, and behavioural
changes such as lowering the
consumption of animal protein
in some populations. (Sections
3.2,5.3,5.4)

There are a number of
regulatory, economic, social
and cultural barriers to
abating agricultural nitrous
oxide emissions that need
to be addressed to ensure
lasting farmer adoption of
abatement practices and
technologies, and enable
more transformative societal
changes. (Sections 5.2, 5.3)

Agricultural nitrous oxide
emissions vary enormously
around the world as a result of
large differences in synthetic
fertiliser and manure use.
Some regions do not use
enough fertiliser, legumes or
other nitrogen fixing crops,

or manure to guarantee food
security, while regions with
high application rates, above
crop needs, offer the greatest
potential for total nitrous
oxide abatement. (Sections
5.3,5.4)

Opportunities to reduce
other sources of nitrous
oxide emissions include
improving wastewater
treatment, while also
reducing biomass burning
and fossil fuel combustion.
(Sections 3.2, 5.6)

23



GLOBAL NITROUS OXIDE ASSESSMENT

Table ES.1 Overview of example nitrogen abatement measures by sector that could significantly reduce nitrous

oxide emissions. (Section 3; Table 3.4)

GLOBAL NITROUS OXIDE ASSESSMENT

Nitrogen testing: Soil and plant nitrogen testing

Nitrogen application: Split application using controlled-release
fertilisers; urease and nitrification inhibitors; reduced application
rates; and increased manure recycling

AGRICULTURAL

Crop management: Integrating nitrogen-fixing crops in rotations;
reduced tillage; and the use of cover crops

SECTOR

Livestock diets: Optimising protein intake

Grazing: Rotational grazing

Manure storage/process: Solid/slurry separation; storage under
dry conditions and rapid drying; anaerobic digestion.

Drainage control: Buffer strips

Planning: Integration of crop and livestock production

Adipic acid production: Catalytic reduction and thermal destruction

CHEMICAL SECTOR

Nitric acid production: Catalytic reduction and thermal destruction

WASTE SECTOR

Wastewater: Process optimisation to increase the N,/N,0 ratio

24

AVOID TRADE-OFFS

Several emerging decarbonisation measures
could result in increased nitrous oxide emissions.

« There is a considerable risk that increasing
the use of ammonia as a fuel for marine
shipping and biofuels derived from fertilised
crops could produce significant nitrous oxide
emissions, partially or completely offsetting
their intended climate benefits. For example,
recent studies suggest that nitrous oxide
emissions from the use of ammonia as a
shipping fuel could, if not managed properly,
exceed agricultural nitrous oxide emissions.
(Section 6.3.3)

« The trade-offs between carbon dioxide,
methane and nitrous oxide abatement in all
sectors need to be better understood so that
technologies can be improved and policies
developed to manage the risks. (Section
6.3.3)

Photo: Magnifier/Adobe Stock
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MULTILATERAL
OPTIONS FOR ACTION
ON NITROUS OXIDE

Nitrous oxide’s impacts on the ozone layer and
climate, coupled with its close links to other
nitrogen compounds, means that it falls under
the remits of several multilateral environmental
agreements, including the Paris Climate
Agreement and the Vienna Convention for the
Protection of the Ozone Layer. (Section 6.4)

Moreover, an integrated approach through
sustainable nitrogen management including
ambitious nitrous oxide abatement would
enable associated reductions in other nitrogen
compounds and contribute to achieving several
other international targets. These include:

« Target 7 of the Global Biodiversity Framework:
at least halving nutrient losses to the
environment by 2030;

The Gothenburg Protocol targets on ammonia
and nitrogen oxides under the Convention on
Long Range Transboundary Air Pollution;

GLOBAL NITROUS OXIDE ASSESSMENT
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Number of the Sustainable Development
Goals, notably including:

Goal 2: End hunger, achieve food security and
improved nutrition, and promote sustainable
agriculture;

Goal 6: Ensure availability and sustainable
management of water and sanitation for all;

Goal 12: Ensure sustainable consumption
and production patterns;

Goal 13: Take urgent action to combat
climate change and its impacts by regulating
emissions and promoting developments in
renewable energy.

Ultimately, the successful implementation of
any multilateral effort to reduce nitrous oxide
or nitrogen losses more broadly will require
concerted action at national and sub-national
scales.

27
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CHAPTER 1:
o INTRODUCTION TO THE

ASSESSMENT FROM
THE CO-CHAIRS

- \;h Co-Chairs of the Global Nitrous Oxide Assessment:

David R. Kanter and A.R. Ravishankara
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Anthropogenic nitrous oxide,

an unintended byproduct of

many human activities, is a
significant threat to climate

and the ozone layer. Its dual
properties as a greenhouse gas
and an ozone-layer depleting
substance have been known to the
scientific community for decades.

And yet nitrous oxide has been
consistently overlooked by the
international climate and ozone
conventions. While the Vienna
Convention to Protect the Ozone
Layer has long listed it as a
substance that can potentially
modify the chemical and physical
properties of the ozone layer, it is
not currently a controlled substance
under the Montreal Protocol. And
though it is listed as one of the
greenhouse gases in the basket

of the United Nations Framework
Convention on Climate Change
(UNFCCC), there has been minimal
action taken in any nationally
determined contributions (NDCs).

This new Global Nitrous Oxide
Assessment — a joint effort

by the Climate and Clean Air
Coalition (CCAC), a United

Nations Environment Programme
(UNEP) convened initiative, the
International Nitrogen Management
System (INMS) and the Food and
Agricultural Organization of the
United Nations (FAO) - highlights
the important opportunities and
benefits of ambitious nitrous oxide
abatement, as well as the serious
risks of continued inaction.

The CCAC is an initiative of more
than 160 partner countries and
organisations to reduce short-lived
climate pollutants (SLCPs), such as
methane and hydrofluorocarbons.
Nitrous oxide is not short lived,

it has a lifetime of approximately
120 years, and is a powerful
greenhouse gas, approximately
270 times more powerful

than carbon dioxide on a
molecule-for-molecule basis.

Its abatement has important

consequences for air pollution
given that other nitrogen
compounds co-emitted with it are
key air pollutants. Consequently, the
CCAC was tasked in March 2024
with rapidly developing the new
Global Nitrous Oxide Assessment
with a view to enabling more
ambitious climate and ozone
abatement efforts.

The International Nitrogen
Assessment (INA) is a product of
the Towards International Nitrogen
Management System project

and will be published in 2025. It
examines all the components

of the nitrogen cycle, including
nitrous oxide, ammonia, nitrogen
oxides, nitrate and other nitrogen
compounds that can be lost to

the environment. It looks across
all major world regions, the
environmental and human health
impacts of nitrogen pollution,

and the economic and political
implications of more sustainable
nitrogen management. It evaluates

GLOBAL NITROUS OXIDE ASSESSMENT
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nitrogen’s role in food security
and sustainable development.

This Assessment supplements the
INA with new modelling and analysis
specific to nitrous oxide. It also
applies several of its approaches,
including the use of three nitrogen-
specific scenarios and a sustainable
nitrogen management approach to
nitrous oxide abatement. Such an
approach is critical as it increases
the likelihood of generating
significant co-benefits from the
reductions of other nitrogen
pollutants and minimises the risk
of abatement action reducing
nitrous oxide emissions while
inadvertently increasing the loss
of other nitrogen compounds.
Readers interested in this Global
Nitrous Oxide Assessment are
strongly encouraged to engage
with the forthcoming INA, given

its much broader focus on the
multiple, complex facets of the
nitrogen challenge.
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This Global Nitrous Oxide
Assessment builds on the work
done and synthesised for the latest
Intergovernmental Panel on Climate

Change (IPCC) assessments and the

World Meteorological Organization
(WMO)/UNEP ozone assessments,
as well as the last global nitrous
oxide assessment published by
UNEP in 2013. That assessment
included an examination of nitrous
oxide's ozone and climate impacts,
a sector-by-sector analysis of
emissions budgets and abatement
options, and an analysis of global

policy options. This new Assessment

presents an updated emissions
budget, new projections of ozone,

climate and air quality impacts under

different scenarios, and the most
recent evaluations of effectiveness
and costs of abatement measures
across all major sectors. It also
introduces some of the potential
risks of new decarbonisation
technologies, including ammonia
as a fuel for marine shipping, on
nitrous oxide emissions. In short,
it is a succinct, one-stop shop

for stakeholders to find essential
information on nitrous oxide.

Some vital new findings should

be noted. Ambitious nitrous oxide
abatement could avoid emissions
equivalent to 235 billion tonnes of

carbon dioxide by the end of century.

Ambitious abatement could also
generate ozone benefits equivalent
to five times the accelerated
hydrochlorofluorocarbon (HCFC)

phase-out carried out under the
Montreal Protocol. Nitrous oxide
abatement’s air quality benefits
are a significant advantage with
near-term benefits, avoiding 20
million premature deaths by 2050.
The long lifetime of nitrous oxide
means that the ozone and climate
benefits of reducing emissions
now will endure for decades

and centuries. Finally, industrial
emissions of nitrous oxide are a
key low-hanging fruit for action
with low abatement costs.

Over the past decade, the world
has seen notable progress in
international ozone and climate
governance: the Paris Climate
Agreement was signed in 2015,
and the Global Methane Pledge
was established in 2021;in 2016,
the Montreal Protocol passed the
Kigali Amendment to phase down
the production and consumption
of hydrofluorocarbons (HFCs).
During this same period, there
has been no meaningful action
on nitrous oxide. Moreover,
despite some of the progress
made in policy pledges and new
legislation, much more needs to
be done to reduce greenhouse gas
emissions in line with the Paris
Climate Agreement'’s temperature
goals and continue the recovery
of the ozone layer. The central
finding of this Global Nitrous Oxide
Assessment is that if the

GLOBAL NITROUS OXIDE ASSESSMENT

international community is
serious about meeting not just its
international climate and ozone
commitments but many of its

sustainable development objectives —

from clean air and water to improved
health and food security — then
ambitiously abating nitrous oxide

is essential.

We sincerely hope this Assessment
spurs more scientific and policy
interest in nitrous oxide and nitrogen
pollution. We hope it motivates all
stakeholders — from policymakers
through civil society to the private
sector — to address nitrous oxide
with the seriousness it deserves.
Ambitious abatement would
facilitate meeting many of our
planetary commitments and
increase the likelihood of a safe(r)
planet for future generations.

Photo: Pixabay/Pexels
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Atmospheric abundance of nitrous oxide has increased
by more than 20 per cent since the pre-industrial era due
to human activities.

Atmospheric abundance of nitrous oxide is increasing at an
accelerating rate. The mean annual growth rate over the past
five years (2017-2021) was 1.2 parts per billion a year and
was nearly twice that of the early 2000s (2000-2004).

-

The increase in nitrous oxide abundance is
primarily being driven by globally increasing
emissions from agriculture.

Nitrous oxide’s current contribution to warming is about
0.1° Celsius (C), and it is growing. Because it has a long
atmospheric lifetime (around 120 years), its warming
effect accumulates and will last a long time.

Nitrous oxide is currently the most significant
ozone-depleting substance emitted and poses a
serious threat to stratospheric zone.

Photo: Nicolasveithen/Pexels
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2.1

" Nitrous oxide is measured by the Global Monitoring
Laboratory network of National Oceanic and Atmospheric
Administration (NOAA) and by the Advanced Global
Atmospheric Gases Experiment (AGAGE) network.

2 In this Assessment, emissions are given as the mass of
nitrogen oxide. However, in some scientific literature the
emissions are given in mass of nitrogen. To convert the
emissions from mass of nitrogen to mass of nitrogen
oxide one needs to multiply by 44/28.
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INTRODUCTION

Nitrous oxide levels in the atmosphere have
risen from between 270 and 280 parts per
billion in pre-industrial times to more than
336 parts per billion in 2024.

Nitrous oxide (N,O) levels in the atmosphere have
risen from between 270 and 280 parts per billion
(ppb) in pre-industrial times (Machida et al. 1995)
to more that 336 ppb in 2024 (NOAA GML; Lan

et al. 2024) (Figure 2.1). The rate of increase has
accelerated since 2000, and the mean annual
growth rate over the past five years (2017-2021)
was 1.2 parts per billion per year (ppb/yr) while the
mean in 2000—-2004 was 0.68 ppb/yr. Prior to the
1970s, when direct sampling of the atmosphere
began, the record was based on measurements
made on samples of air extracted from firn and ice
cores. Since the late 1970s, nitrous oxide has been
measured directly in the atmosphere, starting with
approximately five sites distributed globally,

to more than 100 sites today (Prinn et al. 1990;
Lan et al. 2024) and is measured by two
independent global networks™ with very good
agreement between them.

Based on atmospheric records and an estimate of
its average lifetime in the atmosphere, the global
total nitrous oxide source can be determined
(Figure 2.2). Throughout at least the last two
millennia and up to the industrial revolution, the
amount of nitrous oxide in the atmosphere, and
thus also emissions, changed little (MacFarling
Meure et al. 2006; Rubino et al. 2019). For the
pre-industrial period up to the mid-19th century,
emissions were stable at around 17.4 megatonnes
of nitrous oxide per year? (Mt N,0/yr) as derived

GLOBAL NITROUS OXIDE ASSESSMENT

from atmospheric observations.
This estimate is quite consistent
with inventory-based estimates
of around 18.2 Mt/yr (Syakila
and Kroeze 2011). Pre-industrial
nitrous oxide emissions were
predominantly from natural
sources, primarily due to
microbial processes in tropical
soils and in the coastal and
open ocean, which according to
Syakila and Kroeze amounted to
around 17.4 Mt/yr. In addition,
there was a small source, of

0.8 Mt/yr, from agriculture due
to the production and use of
animal manure as well as the
planting of nitrogen (N) fixing
crops, such as legumes. Overall,
the pre-industrial source was
balanced by the sink of nitrous
oxide in the stratosphere and
the atmospheric level was stable
(Kroeze et al. 1999; Syakila and
Kroeze 2011).

From the end of the 19th century
and into the beginning of the

20th century, anthropogenic
nitrous oxide emissions increased
gradually, due largely to the
expansion and intensification of
agriculture (Syakila and Kroeze
2011). Following the development
of the Haber-Bosch process in
1910 to produce ammonia (NH,)
on a large-scale, akey stepin
producing synthetic nitrogen
fertilisers, nitrous oxide emissions

grew more rapidly. The nitrous
oxide emission rate increased
further in the second half of the
20th century, largely as a result
of the rising use of synthetic
fertilisers, and total emissions
reached approximately

28.3 Mt/yr in 2020 based on
atmospheric observations
(calculation made for this
Assessment). This estimate is
very consistent with modelling-
based estimates for the same
year of 29.1 Mt/yr (Tian et

al. 2024). For 2010-2019,
anthropogenic sources
contributed 35 per cent to

total global emissions, while
natural sources contributed

65 per cent. Emissions from
natural sources have changed
only a little since pre-industrial
times, and today amount to

around 18.5 Mt/yr (Tian et al 2024).

Anthropogenic emissions
have increased approximately
10-fold and are almost
exclusively responsible for
the increase in atmospheric
nitrous oxide.
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Figure 2.1 The top graph shows trends in atmospheric nitrous oxide levels derived from ice core

or firn air (triangle) and ambient air (circle) measurements shown for the northern (dark blue) and
southern (light blue) hemispheres, parts per billion by volume. The ambient air data are shown as
annual means. The lower graph shows estimated global emissions and uncertainties based on the
atmospheric levels assuming a constant lifetime of nitrous oxide of 11649 years, nitrous oxide and

carbon dioxide equivalent, megatonnes per year.

Sources: Machida et al. 1995; Ishijima et al. 2007; Park et al. 2012; Prokopiou et al. 2017 and 2018§;

Lan et al. 2024.
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Increasing levels of nitrous

oxide in the atmosphere have
contributed to approximately 0.1°C
(uncertainty range 0.07-0.14° C)
of warming in 2019 relative to
1750, making nitrous oxide the
third most important well-mixed
anthropogenic greenhouse gas after
carbon dioxide (CO,) and methane
(CH,) (IPCC 2021). Although its
contribution to warming is currently
still modest compared to carbon
dioxide and methane, nitrous oxide
has a very high global warming
potential (GWP) - it contributes
273 times more to radiative forcing
on a per-mass basis compared to
CO, over a time period of 100 years
(IPCC 2021) - and has a lifetime
of approximately 120 years so that
the warming due to nitrous oxide is
committed to for a long time.

In addition, nitrous oxide is a
significant driver of stratospheric
ozone (0,) destruction as it is

the primary source of nitrogen
oxides (NO,) — nitric oxide (NO)
and nitrogen dioxide (NO,) — in the
stratosphere, which catalytically
destroy ozone (Crutzen 1970;
Johnston 1971; Ravishankara et al.
2009) (Figure 2.2). Nitrogen oxides
are formed in the stratosphere
through the destruction of nitrous
oxide by photolysis and reaction
with oxygen radicals). As emissions
of chlorofluorocarbons (CFCs),
such as trichlorofluoromethane

(CFC-11), have decreased
following the adoption of

the Montreal Protocol on
Substances that Deplete the
Ozone Layer (UNEP 1987) in
1987, anthropogenic emissions
of nitrous oxide have become
the most significant emissions
of ozone-depleting substances
(ODS) and are likely to remain

so throughout the 21st century
(Revell et al. 2015). The increase
of these emissions, which is still
accelerating, has already been
recognised by the Montreal
Protocol’s Scientific Assessment
Panel as a serious threat to
stratospheric ozone (WMO 2022).

Nitrous oxide emissions are also
often associated with emissions
of ammonia and nitrogen

oxides to the atmosphere,

which respectively leads to the
formation of ammonium (NH,*)
and nitrate (NO,) aerosols in the
atmosphere (Figure 2.3). These
aerosols affect air quality and
thus human health (de Vries
2021) but have a cooling effect
on climate (Quaas et al. 2022).

In addition, nitrogen oxides play

a major role in the formation of
tropospheric ozone, which further
affects air quality, plant growth
and human health, and is a
greenhouse gas (Emberson 2020;
Nguyen et al. 2022). On the

other hand, nitrogen containing
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aerosols, when deposited on

land where ecosystems are
nitrogen-limited, can increase

tree growth and thus enhance the
uptake of carbon dioxide from the
atmosphere, but at the same time
may reduce biodiversity (de Vries
2021). The use of nitrogen fertilisers
and manure in agriculture, a
dominant source of anthropogenic
nitrous oxide emissions, not only
leads to nitrous oxide emissions but
is also associated with increased
concentrations of ammonium

and nitrate in inland and coastal
waters, due to nitrogen runoff and
leaching, which impacts the quality
of drinking water and aquatic
biodiversity (de Vries 2021).
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Nitrification and denitrification
are the two key microbial
processes controlling nitrous
oxide production (Firestone and
Davidson 1989; Butterbach-
Bahl et al. 2013; Caranto et al.
2016; Kuypers et al. 2018), and
occur in soils and inland waters,
as well as in the coastal and
open ocean, which together
make the largest contribution
to global nitrous oxide
emissions. Abiotic processes
also produce nitrous oxide

but play a minor role. Biogenic
nitrous oxide emissions from
land are determined by multiple
environmental factors, including
soil moisture, temperature,
oxygen status, acidity (pH),
vegetation type, topography,
atmospheric carbon dioxide
concentration, and soil nitrogen
and carbon (C) availability
(Butterbach-Bahl et al. 2013;
Tian et al. 2019; Yu et al. 2022).
These environmental factors
cause nitrous oxide emissions
to vary strongly in space and
time, making the up-scaling of
field measurements to regional
and global scales challenging.
Ongoing environmental
changes, such as ocean
warming and associated
changes in stratification and
ice cover; decreasing pH (i.e.,
ocean acidification); loss of
dissolved oxygen (O) (i.e.,
deoxygenation);

and eutrophication, due to
anthropogenic input of nutrients
through rivers and atmospheric
deposition of nitrogen aerosols,
might significantly alter the
production and consumption
of nitrous oxide in the upper
ocean. Ultimately, these
changes may affect emissions
to the atmosphere (Bange et al.
2019, 2022; Wilson et al. 2020),
exerting a small but uncertain
feedback on global warming

in the long term (Battaglia and
Joos 2018; Forster et al. 2021).

Figure 2.2 Impacts of anthropogenic nitrogen on nitrous oxide emissions, stratospheric ozone, as well as air

and water quality.
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BOX 2.1

Matural Photochernical sink
NITROUS OXIDE EMISSION ESTIMATION TECHNIQUES QD wemipsanin t+1ﬂ-2 T
Nitrous oxide flux between the Earth’s surface and the atmosphere is defined as positive e G o ki DO g
when it is to the atmosphere (a source) and negative when it is to the surface (a sink). Kb ol crlind <y g L
The term emission is used to describe a net positive flux to the atmosphere. Methods to '%L:' “ﬂ%"ﬂ:“‘“ e
estimate nitrous oxide emissions can be assigned to one of two overarching approaches: a EEN E‘é’%“m. ' _
bottom-up or top-down approach. More detail on emission estimation methods is given in et —
the supplementary information (S 2.1). - mee ST iR g

+0.2

Bottom-up approaches entail estimating emissions at relatively small spatial scales, which
are then integrated to give a regional or national estimate. The emissions can be estimated
based on small-scale flux measurements that are scaled up using empirical models or
inventories, which rely on the relationship of nitrous oxide flux to various environmental and/
or land management parameters, such as soil temperature, soil moisture and nitrogen input
(Butterbach-Bahl et al. 2013). Alternatively, small-scale flux measurements can be used to
develop and/or calibrate process-based models, which parameterise nitrous oxide fluxes as
a function of various environmental parameters (Tian et al. 2019), and these estimates can
likewise be integrated to give regional or national estimates.

Top-down approaches use measurements of nitrous oxide in the atmosphere and a model Figure 2.3 Nitrous oxide sources and sinks, megatonnes of nitrous oxide per year. Values shown are the mean
of the relationship between changes in atmospheric concentration and fluxes, namely, an for2010-2019.

atmospheric chemistry transport model (Huang et al. 2008; Saikawa et al. 2014; Thompson Source: Adapted from Tian et al. 2024.

et al. 2014). The spatial and temporal distribution of nitrous oxide in the atmosphere
informs the magnitude and distribution of the fluxes. Top-down approaches can also give
spatially and temporally resolved estimates of the fluxes, which again can be integrated
to give regional or national estimates.

Both estimation approaches are associated with their own distinct sources of uncertainties.
In general, bottom-up approaches are more accurate on small scales but their uncertainties
increase with integration over space and time while top-down approaches are more
accurate on larger scales and their uncertainties decrease with integration. The approaches
can thus be said to be complementary (Tian et al. 2024). More detail on uncertainties in
emissions estimation is given in the supplementary information (SI 2.1).
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ANTHROPOGENIC
EMISSIONS BREAKDOWN

A recent assessment of the global nitrous oxide
budget (Tian et al. 2024) estimated that global
anthropogenic emissions were 10.2 megatonnes
per year in the 2010s — 35 per cent of total nitrous
oxide emissions in the period. In the past four
decades, global anthropogenic emissions
increased by 40 per cent from 7.6 Mt/yr in 1980
to 10.7 Mt/yr in 2020.

Anthropogenic emissions can be defined as
direct and indirect emissions from different
anthropogenic sources (Table 2.1; Figure 2.4).
Table 2.1 presents recent estimates of
anthropogenic emissions for five major
categories and their associated sources,
including mean, minimum and maximum
values (Tian et al. 2024).
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2.2.1 Direct agricultural
emissions

Direct agricultural emissions are
defined as those from nitrogen
additions in the agricultural sector.
These consist of four components:
i) direct soil emissions from the
direct application of synthetic
nitrogen fertiliser and manure on
cropland; ii) manure left on pasture;
iif) manure management; and iv)
aquaculture. Process-based and
empirical models estimate that
direct agricultural emissions of
nitrous oxide were 5.7 Mt/yr in

the 2010s, 56 per cent of the total
anthropogenic emissions in that
period. The largest component of
this source was from direct soil
emissions, 3.1 Mt/yr, followed

by 2.0 Mt/yr from manure left on
pasture, 0.4 Mt/yr from manure
management and 0.2 Mt/yr from
aquaculture (Tian et al. 2024).

Between 1980 and 2020, direct
agricultural emissions grew from
3.5Mtin 1980 to 6.1 Mt in 2020. All
four sources within the agricultural
sector increased, with the largest
contribution from direct soil
emissions, increasing from 1.7 Mt
in 1980 to 3.3 Mt in 2020, followed
by emissions from manure left

on pasture, 1.4-2.2 Mt; manure
management, 0.38-0.41 Mt; and
aquaculture, 0.02—-0.2 Mt over the
same period (Tian et al. 2024).

2.2.2 Indirect emissions
from anthropogenic nitrogen
additions

Indirect anthropogenic emissions
result from nitrogen from human
sources being deposited on

land and ocean, as well as from
nitrogen leaching and runoff from
soils into streams, and inland and
coastal waters.

In the 2010s, total indirect
emissions contributed 19 per cent
to the total with a decadal mean of
1.9 Mt/yr, of which 1.1 Mt/yr was
from land; 0.6 Mt/yr from inland,
estuary and coastal waters; and
0.2 Mt/yr from the open ocean.

Over the past four decades, total
indirect nitrous oxide emissions
steadily increased from 1.4 Mt in
1980 to 2.0 Mt in 2020. Emissions
from nitrogen deposition on land
made the largest contribution
with an increase of 0.5 Mt/yr or
60 per cent compared to 1980
levels. Anthropogenic emissions
from inland, estuary and coastal
waters showed a small but
significant increase of 0.2 Mt/yr
or 33 per cent relative to 1980
levels, while emissions from
nitrogen deposition on the open
ocean remained unchanged
(Tian et al. 2024).
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Total agricultural and related
emissions are the sum of direct
and indirect emissions, and
currently amount to approximately
75 per cent of anthropogenic
emissions.

2.2.3 Non-agricultural
emissions (direct from
industry, fossil fuel
combustion, landfills and
wastewater)

Sources of non-agricultural

direct emissions include i) fossil
fuel combustion; ii) chemical
industry; iii) landfills; and iv)
wastewater. Emissions from non-
agricultural sources made the
second largest contribution to
the total anthropogenic emission,
with a decadal mean of 2.2 Mt/yr
in the 2010s. Over the past four
decades, the net emissions from
this category showed 21 per cent
increase from 1.9 Mt in 1980 to
2.3 Mt in 2020. Fossil fuel
emissions, however, increased
significantly, by 175 per cent from
0.4 Mtin 1980 to 1.1 Mt in 2020.
Conversely, industrial emissions
decreased, by 46 per cent from
1.3 Mtin 1980 to 0.7 Mt in

2020. This decrease in emissions
has been driven primarily by

the installation of abatement
technology in certain Organisation
for Economic Co-operation and
Development (OECD) countries.
However, emissions are also

reported to be increasing in
other countries as demand for
nitric and adipic acid continue
to increase (Davidson and
Winiwarter 2023).

2.2.4 Emissions from
burning biomass

Nitrous oxide emissions from
burning biomass include those
related to human activities as

well as wildfires and it is difficult
to separate them, but in total
these emissions amounted to

1.3 Mt/yrin the 2010s. There are,
however, large uncertainties in the
magnitude and temporal trend of
emissions from burning biomass,
a substantial portion of which are
not directly associated with human
activities (Tian et al. 2024).

2.2.5 Nitrous oxide flux
perturbations due to
climate, carbon dioxide and
land-use/land-cover change

Nitrous oxide fluxes are also
affected by land-use/land-cover
changes and anthropogenic
perturbations to climate and
atmospheric carbon dioxide. These
changes in fluxes are referred to as
perturbation fluxes. In terrestrial
ecosystems, perturbation fluxes
are caused by increasing carbon
dioxide concentrations; climate
change, for example, warming-
induced thawing of permafrost;
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and land-use/land-cover change.
Increased carbon dioxide levels
can boost plant growth and
nitrogen uptake, potentially
leading to the more efficient
use of nitrogen and reduced
nitrous oxide emissions. The
relationship between carbon
dioxide and nitrous oxide
emissions is, however, complex
and influenced by multiple
factors including changes in
plant growth, soil moisture and
temperature. Climate effects
encompass all processes by
which climate changes directly
and indirectly influence nitrous
oxide emissions. When forest

is cleared, especially tropical
forest with a significant natural
nitrous oxide source, there is an
initial pulse of high emissions,
called a post-deforestation pulse
effect. Following deforestation,
the long-term effect can be either
an increase or a decrease in
natural nitrous oxide emissions
depending on the type and
outcome of the land-use change
(Tian et al. 2024.). Deforestation
followed by conversion to
cropland, particularly with the
use of nitrogen fertilisers, can
lead to increased nitrous oxide
emissions.

In the 2010s, these perturbations
led to net negative nitrous oxide
emissions of -0.8 Mt/yr, as the
emissions reduction from

deforestation of -2.2 Mt/yr

and increasing carbon dioxide
concentrations of -1.1 Mt/yr

were partially offset by increased
emissions of 1.1 Mt/yr due to the
climate effect and 1.4 Mt/yr from
the post-deforestation pulse effect.
Perturbation fluxes became more
negative over the past four
decades, from -0.6 Mt/yr of
nitrous oxide in 1980 to -1.0 Mt/yr
in 2020 (Tian et al. 2024).
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2.3

NATURAL EMISSIONS
AND SINKS

Natural emissions are defined in this Assessment
as those that would occur in the absence of human
perturbations, such as anthropogenic nitrogen input
and land-use/land-cover change. The largest natural
source is from soils, which contribute 10 Mt/yr of
nitrous oxide, approximately 54 per cent of the total
natural source (Tian et al. 2024). Tropical rainforests
have the largest rates of natural soil emissions due
to moist soils, high rates of decomposition and soill
nitrogen availability (Werner et al. 2007; Meurer et
al. 2016; Parn et al. 2018). There is a lot of variation
between tropical forests, however, with the Amazon
Basin having significantly larger emissions and

the Congo Basin significantly smaller emissions
(D’Amelio et al. 2009; Barthel et al. 2022). There is
variation between years, driven largely by changes in
annual rainfall (Werner et al. 2007), and likely related

Photo: Mike/Pexels

Photo: Andrii Chagovets/Adobe Stock

to climate variations such as El
Niflo Southern Oscillation (ENSO)
(Ishijima et al. 2009; Thompson
et al. 2014). Temperate and high
latitude soils emit significantly
less nitrous oxide than tropical
rainforests owing to lower
temperatures, lower rates of
decomposition of organic
matter and thus lower overall
annual availability of mineral
nitrogen. High rates of nitrous
oxide emissions have, however,
been observed from thawing
permafrost peatlands, where
bare soil is exposed to the
atmosphere and is thought to
result from the absence of soil
nitrogen uptake by plants, high
nitrogen mineralisation rates and
favourable soil moisture

(Repo et al. 2009; Maruschak

et al. 2011; Voigt et al. 2017).

It is thought that areas with

high probability for nitrous
oxide emissions cover 25 per
cent of the Arctic and thus
these emissions may amount
to 0.2 Mt/yr globally (Repo et al.
2009) but the uncertainty in this
estimate is

very high because of the sparsity
of measurements and the
uncertainty about the area of
bare soil surfaces in permafrost
peatlands (Voigt et al. 2017).
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Table 2.1 Global anthropogenic nitrous oxide emissions, 1980, 2010-2019 and 2020, megatonnes per year
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deposition on land

Atmospheric N
depositionon
ocean
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mean | min.

Direct soil
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980 2010 - 2019

max. | mean | min. | max. | mean | min. | max.
17 1.5 1.9 31 25 3.8 3.3 27 41
1.4 0.8 2.0 2.0 1.3 2.8 2.2 1.4 3.0
04 0.3 04 04 0.3 0.5 0.5 0.3 0.5
0.0 0.0 0.0 0.2 0.0 0.5 0.2 0.0 0.5
3.5 2.6 44 5.7 41 7.5 6.1 44 8.0
1.3 1.3 1.3 0.7 0.6 0.8 0.7 0.6 09
04 04 04 1.0 0.9 1.1 1.1 0.8 1.3
0.2 0.2 0.2 0.5 0.5 0.5 0.5 0.5 0.5
19 19 19 2.2 2.0 2.4 2.3 19 2.7
04 0.2 0.5 0.6 0.2 0.8 0.6 0.2 0.9
0.8 0.7 09 1.1 09 1.3 12 09 14
0.2 0.1 0.3 0.2 0.2 0.3 0.2 0.2 0.3
1.4 1.0 1.7 19 1.3 2.4 2.0 1.3 2.7
1.3 0.8 19 1.3 0.8 1.6 1.2 0.8 1.4
-06 | -1.0 0.3 -1.1 24 | 05 1.2 | 25 0.5
0.5 0.1 1.6 11 0.3 19 1.4 0.6 2.8
1.3 1.0 1.7 1.4 0.6 20 12 0.6 2.0
-1.8 16 | 21 22| 20| 25 24| 22 | 25
-06| 15| 15| -08| -3.5| 1.9 -1.0 | -35 2.8
7.6 48 | 114 | 10.3| 47 | 157 | 10.6| 4.9 17.6

* Biomass burning emissions include both natural and human-caused fires, with a significant portion of these

emissions not linked ot human activities

Note: The total number may not always match the sum of all individual numbers due to rounding.
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Photo: Tomasz Zajda/Adobe Stock

Oceans, including coastal shelves
and the open ocean, are the
second largest natural source of
nitrous oxide, contributing 7.5
Mt/yr, about 37 per cent of the
total natural source (Tian et al.
2024). The ocean emissions of
nitrous oxide are, similar to soils,
due to the microbial processes

of nitrification and denitrification
occurring below the surface
(Manizza et al. 2012). Emissions
from the ocean fluctuate from year
to year, largely due to the impact
of ENSO on ocean upwelling in
the eastern Pacific (Nevison et

al. 2005, Ishijima et al. 2009,
Thompson et al. 2014).

The remaining natural sources

of nitrous oxide only contribute a
small fraction to the total source.
Inland waters, including rivers,
lakes and estuaries, emit

0.13 Mt/yr, of which rivers
contribute the most, around

0.06 Mt/yr (Tian et al. 2024).
Termite mounds are also a source
of nitrous oxide and can have very
high emission rates; rates of up to
100 times the surrounding soils
have been observed (Brimmer et
al. 2009). It is largely unknown,
however, how much termites
contribute to natural emissions
globally owing to a lack of
observations.
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The atmosphere is also a small

but uncertain source of nitrous 2.4 REGIONAL EM ISSIONS
oxide (Dentener and Crutzen 1994,

Kohlmann and Poppe 1999; WMO BREAKDOWN AN D

2022). The atmospheric production TREN Ds

of nitrogen oxides due to lightning

is an indirect source of nitrous oxide Nitrous oxide emission trends and sectoral

(Schumann and Huntrieser 2007 contributions are examined for 10 regions,

Nault et al. 2017). In total, the direct which encompass all countries. The regions

and indirect atmospheric sources were defined considering the similarity of the

are estimated to contribute 0.9 Mt/yr country-level nitrous oxide emission trends and

(Tian et al. 2024). economic development, while keeping each region
contiguous (Figure 2.4). The estimates and trends

The primary sink of nitrous oxide is are based on the comprehensive estimates of the

through photochemical reactions Global Carbon Project (Tian et al. 2024). More detail

in the stratosphere — a process on the regions, and included countries, is given in

that also leads to the production the supplementary information (Sl 2.2).

of nitric oxide and contributes

to stratospheric ozone depletion
(Crutzen 1970; Minschwaner et al.
1993). Globally, this sink amounts
to 21.0 Mt/yr resulting in a mean
atmospheric lifetime of nitrous
oxide of about 11649 years (Prather
et al. 2015; Prather et al. 2022). In
addition, uptake of nitrous oxide by
soils has been observed and mostly
occurs in wetlands and peatlands,
but global estimates of this sink
vary widely from <0.1-0.5 Mt/yr
(Chapuis-Lardy et al. 2007; Syakila
et al.2011; Schlesinger 2013).
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Figure 2.4 A Ensembles of regional anthropogenic nitrous oxide emissions, 1980-2020, megatonnes of nitrogen
per year.

Note: Different y-axis scales are used to highlight the small emissions from the three regions: Australasia,
Central America, and Northern Eurasia.
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Figure 2.4 B Ensembles of regional anthropogenic nitrous oxide emissions, 1980—2020, megatonnes of nitrogen
per year.

Note: Different y-axis scales are used to highlight the small emissions from the three regions: Australasia,
Central America, and Northern Eurasia.

57



58

2.4.1 North America

The total emissions from North
America are estimated to be

on average 1.72 Mt/yr for the
2010s, of which natural sources
contribute 0.88 Mt/yr. The

net anthropogenic emissions
were 0.84 Mt/yr, which was the
balance of direct and indirect
emissions (1.11 Mt/yr) as well
as a negative contribution from
changes in land-use/land-cover,
carbon dioxide and climate
(-0.28 Mt/yr).

Direct agricultural emissions
were the most important
anthropogenic source
contributing 0.53 Mt/yr to the

net anthropogenic emissions,
emissions from fossil fuels,
industry, landfills and wastewater
together contributed 0.33 Mt/yr,
while indirect emissions from
anthropogenic nitrogen additions
contributed 0.20 Mt/yr. Emissions
from biomass burning made a
relatively small contribution of
0.06 Mt/yr.

Total anthropogenic nitrous
oxide emissions decreased by
0.05 Mt/yr from 1980 to 2020,

equivalent to a decrease of

10 per cent, with most of the
reduction occurring after the late
1990s. This decrease was primarily
from reductions in fossil fuel,
industry, landfill and wastewater
emissions, which decreased by
0.16 Mt/yr. A small decrease

of 0.02 Mt/yr was also seen in
indirect emissions but these were
largely offset by increases in

direct agricultural emissions which
increased by 0.13 Mt/yr. Changes
in climate, carbon dioxide and land-
use/land-cover change remained

relatively stable with a mean of -0.30

Mt/yr for the period 1980-2020.
2.4.2 Central America

Total nitrous oxide emissions from
Central America were estimated to
be 0.49 Mt/yr in the 2010s, of which
natural sources contributed 0.27
Mt/yr andnetanthropogenic sources
0.22 Mt/yr. Direct agricultural
emissions were the most important
anthropogenic source contributing
0.17 Mt/yr. The remaining
anthropogenic sources were small
in comparison, with emissions from
fossil fuels, industry, landfills and
wastewater contributing to 0.03
Mt/yr, indirect sources contributing

0.03 Mt/yr, and biomass burning
0.02 Mt/yr. Changes in climate,
carbon dioxide and land-use/
land cover had an overall negative
effect on nitrous oxide emissions
with a mean value of -0.03 Mt/yr.

Overall anthropogenic
emissions increased between
1980 and 2020 with direct
agricultural emissions driving
this trend with an increase of
0.06 Mt/yr, equivalent to

40.8 per cent. Emissions from
fossil fuels, industry, landfills
and wastewater increased

by 0.02 Mt/yr, while indirect
emissions, emissions from
biomass burning, and perturbed
fluxes from changes in climate,
carbon dioxide and land cover
have remained relatively stable
over the last four decades.

2.4.5 South America

Total nitrous oxide emissions
from South America were 3.43
Mt/yr in the 2010s. Natural
sources contributed 2.65 Mt/yr
during this period while the net
anthropogenic contribution was
0.78 Mt/yr. Tropical forest soils in
South America were the largest

Photo: Borishamer/Pexels

natural source of nitrous oxide.
Emissions from agriculture were
the most important direct source
contributing 0.77 Mt/yr, while indirect
sources and biomass burning each
contributed 0.14 Mt/yr. Emissions
from fossil fuels, industry, landfills
and wastewater only contributed
0.08 Mt/yr. Changes in climate,
carbon dioxide, and land use/

land cover had an overall negative
effect on nitrous oxide emissions,
with the mean value of -0.35 Mt/yr.

Anthropogenic emissions of
nitrous oxide increased by 0.25
Mt/yr between 1980 and 2020,
an increase of 61.3 per cent. This
was driven by direct agricultural
emissions, which increased

by 0.42 Mt/yr while indirect
emissions played a more minor
role increasing by 0.06 Mt/yr. On
the other hand, emissions from
biomass burning, fossil fuels,
industry, landfills and wastewater
were relatively stable. Changes
in climate, carbon dioxide and
land cover a resulted in a larger
negative emission of -0.42 Mt/yr

in 2020, compared to -0.19 Mt/yr
in 1980.
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2.4.4 Europe

European nitrous oxide emissions in

the 2010s amounted to 1.6 Mt/yr, of
which natural sources made a relatively
minor contribution of 0.41 Mt/yr. Direct
agricultural emissions were the largest
anthropogenic source contributing 0.60
Mt/yr, followed by emissions from fossil
fuels, industry, landfills and wastewater,
and indirect emissions contributing

0.30 Mt/yr and 0.20 Mt/yr, respectively.
Biomass burning was an almost
negligible source at 0.06 Mt/yr. Changes
in climate, carbon dioxide and land cover
had an overall positive effect on nitrous
oxide emissions with a mean value of
0.03 Mt/yr.

Between 1980 and 2020,
anthropogenic emissions decreased
by 0.71 Mt/yr, a decrease of 38.8

per cent. Non-agricultural direct
emissions decreased by 0.52

Mt/yr, the largest contribution to

the trend, driven largely by a decrease in
industrial emissions. Direct agricultural
emissions and indirect emissions also
decreased by 0.13 Mt/yr and 0.06
Mt/yr, respectively. The decreasing
trend in direct agricultural emissions
has, however, levelled off since 2000.
Emissions from changes in climate,
carbon dioxide and land use/land
cover varied from year to year with no
significant trend between 1980 and
2020.

2.4.5 Northern Eurasia

Northern Eurasian nitrous oxide
emissions were 1.41 Mt/yr for
the 2010s. Natural sources
contributed 0.82 Mt/yr during
this period, while emissions from
direct agricultural sources were
0.19 Mt/yr; indirect sources, 0.11
Mt/yr, and biomass burning, 0.09
Mt/ yr; and emissions from fossil
fuels, industry, landfills and
wastewater, 0.09 Mt/yr. Changes
in climate, carbon dioxide and
land use/land cover had an
overall positive effect on nitrous
oxide emissions with a mean
value of 0.11 Mt/yr.

Total anthropogenic nitrous
oxide emissions deceased by
0.05 Mt/yr from 1980 to 2020,

a decrease of 6 per cent. Direct
agricultural emissions decreased
from 0.25 Mt/yr in 1980 to

0.14 Mt/yr in 2003, then
increased to 0.22 Mt/yr in

2020. Emissions from fossil
fuels, industry, and waste and
wastewater decreased by

0.08 Mt/yr between 1980 and
2020. Emissions from biomass
burningand perturbation fluxes
from changes in climate, carbon
dioxide and land use/land cover
had large interannual variabilities
with no clear trend over the last
four decades.

GLOBAL NITROUS OXIDE ASSESSMENT

2.4.6 East Asia

East Asian nitrous oxide emissions
were 2.39 Mt/yr in the 2010s.
Natural sources contributed 0.50
Mt/yr to the total emissions. Direct
agricultural emissions were the
dominant source, contributing

to 1.11Mt/yr, almost 60 per cent
of anthropogenic emissions.
Emissions from indirect sources
contributed 0.39 Mt/yr and

fossil fuels, industry, landfills

and wastewater emissions

0.42 Mt/yr while emissions from
biomass burning contributed

less than 0.02 Mt/yr. Changes in
climate, carbon dioxide and land
cover had an overall negative
effect on nitrous oxide emissions
with a mean value of -0.05 Mt/yr.

Total anthropogenic nitrous

oxide emissions increased by
0.97 Mt/yr from 1980 to 2020, an
increase of 117.3 per cent. Direct
agricultural emissions made the
largest contribution, increasing by
0.64 Mt/yr from 1980 to 2016 but
then decreased by 0.09 Mt/yr to
2020 due to decreased nitrogen
fertiliser application, particularly
in China. Both indirect emissions
and emissions from fossil fuels,
industry, landfills and wastewater
increased continuously by 0.24
Mt/yr and 0.25 Mt/yr, respectively.
Perturbed fluxes from changes

in climate, carbon dioxide and

land cover did not show a
significant trend.

2.4.7 South and Southeast
Asia

Total nitrous oxide emissions from
South and Southeast Asia, amounted
to 3.30 Mt/yr in the 2010s, of which
natural sources contributed 1.43
Mt/yr. Emissions from direct
agricultural sources were the most
important anthropogenic source
contributing 1.18 Mt/yr, while

indirect sources and emissions from
fossil fuels, industry, landfills and
wastewater contributed to 0.41Mt/yr
and 0.28 Mt/yr, respectively.
Biomass burning contributed only
0.09Mt/yr. Changes in climate,
carbon dioxide and land use/land
cover had an overall small negative
effect on nitrous oxide emissions
with a mean value of -0.09 Mt/yr.

Total anthropogenic nitrous

oxide emissions increased by

1.37 Mt/yr from 1980 to 2020,
equivalent to an increase of

172 per cent. Direct agricultural
emissions increased by 0.88

Mt/yr over the period and were the
majordriver of the increase in the
region. Emissions from fossil fuels,
industry, landfills and wastewater,
and indirect emissions also
continuously increased, by

0.21 Mt/yr and 0.30 Mt/yr,
respectively. Changes in climate,
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carbon dioxide and land use/

land cover led to a minor increase
of 0.01 Mt/yr. Emissions from
biomass burning decreased by
0.03 Mt/yr, though with significant
interannual variability.

2.4.8 Australasia

Total nitrous oxide emissions were
0.67 Mt/yr in the 2010s, of which 0.39
Mt/yr were from natural sources.
Direct agricultural emissions were
the largest anthropogenic source
amounting to 0.14 Mt/yr, while
emissions from indirect sources
were 0.02 Mt/yr; 0.11 Mt/yr from
biomass burning; and 0.03 Mt/yr
from fossil fuels, industry, landfills
and wastewater. Changes in climate,
carbon dioxide and land cover had

an overall negative effect on nitrous
oxide emissions with a mean value of
-0.02 Mt/yr.

Total anthropogenic nitrous

oxide emission decreased by

0.04 Mt/yr between 1980 and 2020,
a decrease of 12 per cent. During the
last four decades emissions changed
little: direct agricultural emissions
increased by 0.02 Mt/yr and there
were negligible alterations in
emissions from biomass burning

or from changes in climate, carbon
dioxide and land use/land cover,
although there was significant
interannual variability in these last
categories.

2.4.9 North Africa and the
Middle East

Total nitrous oxide emissions
from North Africa and the

Middle East were 1.59 Mt/yr in
the 2010s, of which natural
sources accounted for 0.57 Mt/yr.
Direct agricultural sources were
the largest anthropogenic source
contributing 0.55 Mt/yr. Emissions
from fossil fuels, industry, landfills
and wastewater provided

0.22 Mt/yr, while indirect sources
and biomass burning were
significantly smaller, contributing
0.11 Mt/yr, and 0.09 Mt/yr,
respectively. Changes in

climate, carbon dioxide and

land use/land cover had an
overall positive effect on nitrous
oxide emissions with a mean
value of 0.05 Mt/yr.

From 1980 to 2020, there was

a considerable increase in
anthropogenic emissions of

0.55 Mt/yr, 96 per cent, largely driven
by direct agricultural emissions, which
increased by 0.36 Mt/yr. Emissions
from fossil fuels, industry, landfills and
wastewater increased by 0.16 Mt/yr,
and indirect emissions also increased
by 0.06 Mt/yr. In contrast, emissions
from biomass burning decreased

by 0.06 Mt/yr while emissions from
changes in climate, carbon dioxide
and land use/land cover in the region
remained relatively stable.

GLOBAL NITROUS OXIDE ASSESSMENT

2.4.10 Sub-Saharan Africa

Emissions from Sub-Saharan
Africa were 3.14 Mt/yr in the
2010s, with natural sources
making the largest contribution

of 2.12 Mt/yr. Of anthropogenic
emissions, direct agricultural
sources contributed 0.41 Mt/yr,
while indirect sources, contributed
about 0.13 Mt/yr. Emissions from
fossil fuels, industry, landfills and
wastewater contributed only 0.08
Mt/yr. Biomass burning emissions
accounted for 0.62 Mt/yr, however,
which includes emissions from
both natural and human-caused
fires. Changes in climate, carbon
dioxide and land use/land cover
had an overall negative effect on
nitrous oxide emissions with a
mean value of -0.22 Mt/yr.

From 1980 to 2020, total
anthropogenic emissions
increased by 0.24 Mt/yr,

29 per cent, with direct agricultural
emissions increasing by 0.28
Mt/yr and thus drove the trend
(Omotoso and Omotayo 2024).
Emissions from fossil fuels,
industry, landfills and wastewater
increased by 0.05 Mt/yr, and
indirect emissions increased by
the same amount. Emissions from
biomass burning decreased by
0.08 Mt/yr, while perturbed fluxes
from changes in climate, carbon
dioxide and land use/land cover
did not alter significantly but had
large interannual variability.
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* KEY MESSAGES

I ‘
&
ASSESSMEN

-

1 . Three scenarios evaluate the impacts of future
nitrous oxide emissions, based on representative
concentration/shared socioeconomic pathway (RCP/SSP)
combinations and nitrogen-specific scenarios developed .
1{s]3 the forthcoming International Nitrogen Assessment.
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Under the reference scenario, which assumes a continuation

of current trends in nitrogen proguctlon consumption and

loss, nltrgus-bxlde emissions increase by approximately
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the technical reductions and societal change scenario, which
considers additional transformative changes including dietary
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emissions decrease by approximately 40 per cent by 2050
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3.1

INTRODUCTION

This chapter outlines the scenario framework
underpinning this Assessment. Scenarios are
an opportunity to explore a range of possible
futures. Nitrogen is at the heart of many
environmental scenarios given its multiple
impacts as a pollutant and its key role in food,
energy and industrial production (Bouwman et
al. 2009; van Vuuren et al. 2011; UNEP 2013;
Bodirsky et al. 2014; Mogollon et al. 2018).

Photo: REC and ROLL/Adobe Stock

This Assessment adopts the widely
used Representative Concentration
Pathways and Shared Socioeconomic
Pathways (RCPs/SSPs) combinations
as the foundation for the 2020-2100
impact analysis detailed in chapter 4
(Popp et al. 2017; Riahi et al. 2017, Rao
et al. 2017). The SSPs are one of the
most important and widely applied
scenario frameworks in environmental
science and policy — a set of five
storylines describing a range of societal
trajectories defined by socio-economic,
demographic, technological, lifestyle,
policy, institutional and other drivers
(Riahi et al. 2017). Combined with the
four RCPs which span a range of
radiative forcing futures and thus
greenhouse gas emission trajectories
(Moss et al. 2010), they form the
backbone of the climate projections
used in the Intergovernmental Panel
on Climate Change's (IPCC) Fifth and
Sixth Assessment Reports (IPCC 2014;
IPCC 2021). The broad basis of the SSP
framework enables their application
across a range of other environmental
issues including ozone layer protection,
air pollution, ecosystem services, land
use and water (e.g. Mouratiadou et al.
2016; Popp et al. 2017; Rao et al. 2017,
Mogollon et al. 2018; van Puijenbroek
et al. 2019). While the RCP/SSPs do not
include nitrogen-specific measures and
interventions, they do account for the
major drivers of nitrogen production,
consumption and loss, including
food, feed and fibre, fossil fuels

and wastewater.

For the period 2020—2050, this
Assessment supplements the
RCP/SSP scenarios with nitrogen-
specific scenarios, which lay out the
additional effects of implementing
nitrogen-specific abatement action
sector by sector (Kanter et al. 2020).
They represent low, moderate and
high levels of nitrogen policy

ambition that require increasingly
stringent implementation of a range
of nitrogen-specific interventions

and measures. They cover all major
nitrogen compounds, including nitrous
oxide, and were developed for the
forthcoming International Nitrogen
Assessment (INA). Their singular
focus on nitrogen allows for the
consideration of abatement action
directly concentrated on nitrogen
pollution and nitrous oxide to 2050,
thereby presenting a more concrete set
of medium-term futures for scientists,
policymakers and other stakeholders.

Beyond 2050, this Assessment relies
solely on the RCP/SSP combinations
detailed below. Assessing impacts to
2100 is critical because it enables the
evaluation of the short- to medium-
term effects of a sustainable nitrogen
management approach to nitrous
oxide mitigation on air quality, as well
as the longer-term effects on climate
and the stratospheric ozone layer. The
other nitrogen-related impacts of these
scenarios, including the impacts on
water quality and ecosystem health,
are evaluated extensively in the INA.
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3.2

Table 3.1 Summary of the composition of the three scenarios underpinning this Assessment

SCENARIO

Reference Technical reductions Technical reductions
and societal change

TIMEFRAME 2020-2050

3.2.1 Scenario overview protocol

SCENARIOS

This Assessment evaluates three broad scenarios,

covering 2020-2100, that capture a wide envelope

of potential nitrous oxide emissions trajectories.

They are referred to throughout this Assessment as

the reference, technical reductions and technical
reductions and societal change scenarios. The
scenarios are summarised in Table 3.1 and

illustrated in Figure 3.1.

2050-2100

2020-2050

2050-2100

2020-2050

2050-2100

GLOBAL NITROUS OXIDE ASSESSMENT

RCP/SSP RCP 4.5/
COMBINATION SSP 2

NITROGEN

POLICY Low
AMBITION
(TO 2050)

RCP 7.0/ | RCP 4.5/ RCP 2.6/ RCP 2.6/ RCP 1.9
SSP3 SSP 2 SSP 1 SSP 1
N/A High N/A High + N/A
dietary
change

Note: The scenarios specifications underpinning the climate and ozone layer impacts are detailed in chapter

4. The RCP/SSP combinations used under “technical reductions and societal change” scenario are slightly

different for the evaluation of ozone and climate impacts, respectively. For the ozone impacts, this assessment

uses RCP 2.6/SSP1, and for the climate impacts it uses RCP 1.9.
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For the reference scenario, which assumes a
continuation of current nitrogen production,
consumption and loss trends, the RCP/SSP
combination is RCP 4.5/SSP 2 from 2020 to 2050
coupled with low nitrogen-policy ambition, and RCP
7.0-SSP 3 from 2050 to 2100. For the technical
reductions scenario, which assumes that all
improvements in nitrogen management and nitrous
oxide abatement that could be implemented using
existing technologies and practices are indeed
implemented, the RCP/SSP combination is RCP 4.5/
SSP 2 coupled with a high nitrogen-policy ambition
from 2020 and 2050, continuing with RCP 2.6/SSP1
from 2050-2100. For the technical reductions and
societal change scenario, which adds dietary change
and other transformative changes beyond 2050, the
RCP/SSP combination is RCP 2.6/SSP 1 coupled
with high nitrogen-policy ambition and dietary
change from 2020 to 2050, and RCP 1.9 from 2050
through 2100. Figure 3.1 shows the overall emissions
trends of these three different scenarios. In order

to isolate the effect of nitrous oxide on climate,

this Assessment holds all other non-carbon dioxide
emissions to their RCP 4.5/SSP 2 trajectories across
the three scenarios.
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Figure 3.1 Emissions trends for the three scenarios evaluated as part of this Assessment

Note: The jump in emissions in the reference scenario between 2045 and 2050 is due to the transition
from the RCP 4.5/SSP 2 with low policy ambition combination from 2020 to 2050 to the RCP 7.0/SSP 3
combination for 2050-2100. This assessment uses the IIASA emissions trajectories for the INA scenarios,
which only go to 2050. For the 2050-2100 period we use RCP-SSP combinations only, which are slightly
different, hence the jump in emissions seen in 2050.
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3.2.2 Scenarios: from present
day to 2050

The nitrogen-specific scenarios

t0 2050 used in this Assessment
were developed by the International
Nitrogen Management System?®
series of processes and projects
and form the basis of the

analysis of nitrogen impacts in

the forthcoming International
Nitrogen Assessment (Kanter et

al. 2020). For this Assessment,

the scenarios were implemented

by the International Institute for
Applied Systems Analysis (IIASA)
Greenhouse Gas and Air Pollution
Interactions and Synergies (GAINS)
model, an integrated assessment
model that estimates abatement
costs and potentials for air pollution
and greenhouse gas mitigation
(Winiwarter et al. 2018). The technical
specifications associated with

each scenario and how they were
implemented in the IASA GAINS
model are described in Table 3.3,
while the nitrous oxide emissions
associated with each scenario to
2050 are listed in Table 3.2. Table 3.4
summarises the major abatement
measures that would need to be
implemented for the more ambitious
scenarios to be realised. For further
information on these abatement
measures see Sutton et al. (2022),
Brownlie et al. (2024) and Chapter
24 of the forthcoming International
Nitrogen Assessment.

PhotoiAkos Szabo/Pexels

Shttps://inms.international/
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GAINS bases its analysis on
its own emissions inventory
and abatement data that IIASA
has collected and analysed
(Winiwarter et al. 2018),

but it should be noted that
considerable differences in
emissions estimates exist for
some sectors and countries.
Estimates in the GAINS

model of industrial nitrous
oxide emissions in China for
2010-2020, for example, are
approximately 50 per cent
lower compared to a recent
Chinese study (Liang et al.
2024). Reconciling these
differences is a key research
priority outlined in Chapter

6 of this Assessment. An
evaluation of how the GAINS
implementation of the INMS
Scenarios compare with the
IMAGE and MAgPIE integrated
assessment models is provided
in Chapters 13 and 27 of the
forthcoming International
Nitrogen Assessment.

The nitrogen-specific scenarios
use the RCP/SSP paired
scenarios as a foundation, and
then build on them by adding
low, moderate and high levels

of nitrogen-policy ambition that
require increasingly stringent
implementation of a range of
nitrogen-specific interventions and
measures. While several different
combinations of RCP/SSPs and
nitrogen-policy ambition levels

are evaluated in the forthcoming
International Nitrogen Assessment,
this Assessment uses low ambition
policy for the reference scenario
and high policy ambition for both
the technical reductions and
technical reductions and societal
change scenarios (Table 3.1).

High ambition policy represents
the frontier of technical feasibility
in a timeframe largely consistent
with the Sustainable Development
Goals (SDGs), which run until
2030, while low ambition
represents either no improvement
or a continuation of current
trends, which can be negative, for
example, decreasing nitrogen-use
efficiency (NUE). Given country
differences in economic and
agronomic circumstances, the
nitrogen-specific scenarios use
three country groups, defined by
their economic wellbeing and
nitrogen-use intensity, with three
corresponding sets of nitrogen

policy trajectories:

i) Organisation for Economic
Co-operation and Development
(OECD) countries; ii) non-OECD
countries with moderate to high
nitrogen use, defined as an
annual nitrogen surplus (i.e., the
balance between nitrogen inputs
and outputs) greater than 50
kilograms of nitrogen per hectare
(kg N/ha); and iii) non-OECD
countries, with low nitrogen use,
defined as an annual nitrogen
surplus of less than 50 kg N/ha,
based on data from Zhang et al.
(2015).

For crop production, the nitrogen-
specific scenarios use NUE to
measure progress. Nitrogen-use
efficiency is the ratio of nitrogen
in harvested crop biomass

to total nitrogen inputs from
synthetic fertiliser, manure,
biological nitrogen fixation and
atmospheric nitrogen deposition.
This ratio can be increased

by either reducing nitrogen
surpluses and/or improving
plants’ nitrogen uptake. For the
purposes of the scenarios, each
country has a national-level

NUE target taken from Zhang et
al. (2015), which is consistent
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with returning or keeping crop
nitrogen surpluses within a
proposed nitrogen planetary
boundary (Richardson et al.
2023). The different nitrogen-
policy ambition levels represent
different years and/or economic
development levels in which
these national NUE targets are
achieved, for example, 2030 for
OECD countries in the high policy
ambition scenario. National

NUE targets range from 0.6 to
0.75 (Zhang et al. 2015) and

can be achieved using a range
of existing technologies and
practices, including precision
agriculture, split application and
enhanced-efficiency fertilisers.
They do not prescribe or assume
a particular combination of
technologies or practices

given the vast heterogeneity

of agricultural nitrogen levels
and management across the
world. Indeed, this heterogeneity
means that some countries have
very high nitrogen surpluses

and low NUE, leaving ample
opportunity for reducing nitrogen
losses from agriculture, while
other countries have close to
zero nitrogen surpluses and

high NUE, often exceeding 1.0,
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indicating that more nitrogen

is removed in harvests than

is replaced by inputs. For the
latter, agricultural soils are

being depleted of nitrogen due
to insufficient nitrogen inputs,
causing low yields, as is the case
in much of Sub-Saharan Africa.
In these cases, nitrogen inputs
can and should be increased

to improve productivity even if
this is accompanied by small
increases in nitrogen losses to the
environment (GEOBON 2022).

For livestock production, the
nitrogen-specific scenarios

use both excretion per unit of
animal product (kilograms of
nitrogen excreted per tonne
meat, milk or eggs) and manure
recycling rates. Improving the
latter requires increasing and
improving manure capture,
storage, treatment and utilisation,
while excretion rates can be
reduced through improvements in
animal breeding, feed quality and
management, animal health and
herd management (UNEP 2013).
Under high ambition policies,
OECD countries reduce excretion
rates by up to 30 per cent by
2050 and achieve 90 per cent
recycling for manure that

GLOBAL NITROUS OXIDE ASSESSMENT

can feasibly be collected by 2030 or double recycling
rates by 2050, depending on the country context (see
Kanter et al. (2020) for details). Non-OECD countries
achieve similar targets at later dates depending on
economic development trends.

For dietary change and food loss and waste, the
technical reductions and societal change scenario
adopts the most ambitious projections from
Springmann et al. (2018): by 2050 food loss and
waste is reduced by 75 per cent from current levels,
and a shift towards diets based on strict limits for

red and white meat as well as dairy, and high minimum
amounts of legumes, nuts and vegetables (Willett et al.
2019). Given that these transitions depend as much on
changes in consumer behaviour as they do on technical
developments, such as better farm storage facilities,
these scenarios apply the assumption of Springmann
et al. (2018) that these targets and timelines apply
equally across all countries.

For industrial nitrous oxide emissions, by 2050, the
[IASA GAINS implementation of the technical reductions
and technical reductions and societal change scenarios
assumes the following by 2050: that all nitrous oxide
emissions from global adipic acid production are

99 per cent abated, and that nitrous oxide from all
OECD-based nitric acid production and half of
non-OECD based production is 95 per cent abated.
Finally, for wastewater, the IASA GAINS implementation
of the technical reductions and technical reductions

and societal change scenarios assumes that by 2050

all wastewater in OECD countries and half of wastewater
in non-OECD countries is processed to minimise nitrous
oxide losses, resulting in 40 per cent lower nitrous oxide
emissions than untreated wastewater.
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3.2.2 Scenarios: from 2050
to 2100

In order to assess the impacts of
nitrous oxide emissions beyond
2050, the reference, technical
reductions and technical
reductions and societal change
scenarios in this Assessment use
RCP/SSP combinations without
additional nitrogen-specific
interventions from 2050 to 2100.
The reference scenario uses the
RCP 7.0/SSP 3 storyline, which
has the highest reference marker
emissions for nitrous oxide. The
technical reductions scenario
uses RCP 2.6/SSP 1, while
technical reductions and societal
change uses RCP 1.9, with the
latter developed specifically for
the IPCC’s assessment of the
1.5° C temperature goal.

Nitrous oxide emissions
reductions beyond 2050 in

the technical reductions and
societal change scenarios are
approximately 20 per cent lower
than can be achieved by 2050,
relative to 2020. These additional
reductions can likely only be
achieved by more transformative
changes in global food, industrial,
transport and social systems
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(see Chapter 5). These kinds of transformations would
likely have multiple co-benefits, as well as additional
abatement costs and societal barriers (see Chapter 5),
enhancing the likelihood of achieving a number of
Sustainable Development Goals (Kanter and Brownlie
2019), including SDG 2 (End hunger), SDG 6 (Clean
water for all), SDG 12 (Sustainable consumption and
production) and SDG 13 (Climate action).
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Table 3.2 Nitrous oxide emissions by sector for the three INA scenarios to 2050, by sector, tonnes per year

Reference Reference Technical Technical
scenario 2020 scenario 2050 reductions 2050 reductions and
SECTOR emissions emissions emissions societal change
(tN,O/yr) (tN,O/yr) (tN,O/yr) 2050 emissions
(tN,O/yr)
ADIPIC AND
NITRIC ACID 470,000 649,000 46,000
LIVESTOCK
AND MANURE 799,000 1,013,000 1,013,000 693,000
CROPLANDSAND
GRASSLANDS 6,593,000 8,660,000 4,860,000 3,546,000
WASTEWATER 774,000 975,000 547,000 547,000
TOTAL
(INCLUDING 9,669,000 12,442,000 7,540,000 5,444,000
SECTORS NOT
LISTED)

Note: The total is the sum of all sectors, including sectors, such as heating, transport, medical and food uses,
not directly evaluated in this Assessment.

* This estimate is about 8 per cent lower than that of Tian et al. (2024), which is summarised in Chapter 2,
because it excludes biomass burning, climate change feedbacks, land-use change effects, and indirect nitrous
oxide emissions from N deposition.
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Table 3.3 The assumptions underpinning the IIASA GAINS implementation of the nitrogen-specific scenarios

developed for the forthcoming International Nitrogen Assessment and used for this Assessment in the
scenarios for 2010-2050

SCENARIO

Reference

Technical
reductions

Technical
reductions
and societal
change

REPRESENTATIVE
CONCENTRATION |[SOCIOECONOMIC
PATHWAY

SHARED

PATHWAY

CHANGE IN
FERTILISER

CONSUMPTIONBY| NUMBERS BY

2050 OVER 2010
(%)

CHANGES
IN ANIMAL

2050 OVER
2010 (%)

NITROGEN
POLICY
AMBITION:
DIET

INDUSTRIAL
N,0

WASTEWATER
N,0

Moderately | Emission Emission
meat- and trends trends
dairy-rich as| follow follow
dictated by | industrial | population
SSP 2 gross growth as
domestic | dictated by
product SSP 2
(GDP) as
dictated by
SSP 2
RCP 4.5 SSP 2 -41 45 Same as |Adipic acid: All
reference AlIN,O wastewater
scenario | emissions in OECD
99% abated| and half of
by 2050 | wastewater
Nitric in non-
acid: N,0 OECD
emissions | countries is
from all processed
OECD and | to minimize
half of N,O
non-OECD | emissions
production| by 40% by
95% abated 2050
by 2050
RCP 2.6 SSP 1 -47 -7 Transition | Same as Same as
towards the| technical technical
EAT-Lancet | reductions | reductions
diet? for scenario scenario
all world
regions by
2030

@ https://eatforum.org/eat-lancet-commission/the-planetary-health-diet-and-you/
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Table 3.4 Overview of example nitrogen abatement measures by sub-sector and measure

sub-category that could significantly reduce nitrous oxide emissions

GLOBAL NITROUS OXIDE ASSESSMENT

MEASURE EXAMPLE RELIABILITY TECHNICAL
SUB-SECTOR SUB- MEASURE(S) REQUIREMENTS
CATEGORY
N testing Soil and plant Robust High
nitrogen testing
N application Split application Robust Intermediate
rates Controlled-release
fertilisers; urease
and nitrification
Cropland inhibitors; reduced
ropian application rates;
increase manure
recycling
Crop Integrate N-fixing Robust Basic
management | crops in rotations;
reduced tillage;
cover crops
Livestock Livestock diets | Optimise protein Robust Basic
intake
Grazing Rotational grazing Robust Basic
Manure Solid/slurry Promising High
storage/ separation; Robust Intermediate
processing Storage under dry
conditions and
rapid drying;
Anaerobic
digestion
Landscape Drainage control Buffer strips Promising Basic
Planning Integration of .
crop and livestock Promising Basic
production
Adipic acid Catalytic reduction; Robust High
production Thermal
destruction
Nitric acid Catalytic reduction; Robust High
production Thermal
destruction
Process Robust High

optimisation to
increase NZ/NZO
ratio
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3.2.4 Limitations of current
scenarios

A significant limitation of the
nitrous oxide scenarios used in
this Assessment and elsewhere
is that current anthropogenic
nitrous oxide emissions and
atmospheric concentrations
exceed even the highest
emissions scenario (Figure
3.2). Consequently, the range of
possible nitrous oxide futures
evaluated in this Assessment
are likely too narrow and future
scenario efforts need to develop
new storylines that significantly
expand the scope of possible
anthropogenic nitrous oxide
emissions trajectories. This

is further underlined where
scenarios continue to assume
low nitrogen application rates
in such as regions Sub-Saharan
Africa out to 2100 but without
significant increases in nitrogen
use efficiency. This points to the
need for further development of
future scenarios that account
for both changing nitrogen
application rates and nitrogen
use efficiency rates, especially
given large projected regional
population growth and food
production needs.

In addition, scenario development

is frequently constrained by the
capacity of different models,

whether integrated assessment,
earth systems, crop or other
models, to implement the different
storylines. with sometimes
limited integration with social
and behavioural models. This is
especially the case with more
transformative changes, such

as the reintegration of crop and
livestock production in many parts
of the world, genetic engineering
of plants, novel sources of
nitrogen in animal feed, greatly
improved manure recycling,

and agroecology/regenerative
agricultural approaches. Such
transformative changes, which
should also account for the
different effects on gender where
possible, need to be integrated
into future scenarios and models
in order to provide stakeholders a
clearer understanding of the full
range of options available and
their environmental and
socioeconomic implications.
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Figure 3.2 Observed anthropogenic nitrous oxide emissions (smoothed; teal) compared with the reference
scenario (red) evaluated in this Assessment
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Finally, it is critical to enhance the quantification and assessment of the
impacts of emerging decarbonisation technologies on nitrogen use and
nitrous oxide emissions, especially given the increasing push for these
technologies. The carbon dioxide and methane mitigation benefits of
some decarbonisation technologies and practices could be partially or
even completely offset by increases in nitrous oxide emissions if pre-
emptive policy and technical action is not taken (Bertagni et al. 2023).

A review of existing literature identified five major decarbonisation
strategies that could have a profound impact on nitrogen use, several of
which are likely to increase nitrogen use and consequently nitrous oxide
emissions (Figure 3.3; Zhang et al. in press). Utilising ammonia as a fuel,
for instance, could lead to an increase in nitrogen inputs, with values
ranging between 0.5 and 14 kilograms of nitrogen input per kilogram of
carbon dioxide mitigated. Therefore, replacing 44 per cent of the fossil
fuels used in marine shipping with ammonia-based fuels, as evaluated
by the International Energy Agency (IEA), could lower carbon dioxide
emissions by up to 380 million tonnes annually, but would necessitate
an additional 212 million tonnes of new ammonia production annually

GLOBAL NITROUS OXIDE ASSESSMENT

(IEA 2023). Depending on the proportion of nitrous oxide and nitrogen
oxides emitted during ammonia combustion, using ammonia as a
marine shipping fuel could have a carbon footprint comparable to other
renewable energy sources or higher than coal (Bertagni et al. 2023). In

a similar vein, achieving carbon dioxide mitigation of 0.7 (¢ 0.3) billion
tonnes of carbon dioxide equivalent per year through the use of biofuels
would necessitate an additional 21-42 million tonnes of nitrogen being
applied annually to croplands. These initial assessments are subject to
considerable uncertainty, and the associated risks are not represented in
current nitrous oxide scenarios, underscoring the need for these issues to
be addressed in future nitrogen scenarios.

Carbon dioxide mitigation potential Potential impacts of nitrogen inputs

DS1a. Lower
Carbon Intensity

| DS1b. Less fertiliser | |
application

I - DS2 Biofuel - |

DS3.NH, as fuel |- | ]

1 | DS4, Soilcarbon |
sequestration
-3.4
- D85 Land-Cover |
Change
| I 1 1 | 1 i i 1 | 1 1 ;I
-6,500 -3,000 -2,000 -1,000 500 O 045 -0150 0.1% 045 0.5 1.05 14
Mt CO,eq kg N input per kg CO, mitigation

Figure 3.3: The impacts of five decarbonisation strategies for reducing carbon dioxide emissions and nitrogen
inputs per kilogram of carbon dioxide reduction. The left panel illustrates the carbon dioxide mitigation potential
of each decarbonisation strategy. In the right panel, negative values indicate reduction in nitrogen inputs
associated with a kilogram of carbon dioxide reduction

Note: Uncertainty ranges of carbon dioxide mitigation potential (Mt CO,eq/yr) and nitrogen impacts (kilograms
of nitrogen input per kilogram of carbon dioxide mitigation) are shown in dashed gray box with averaged impact
highlighted using a black line. Two solid lines in DS3 correspond to average values for ammonia produced
from solar (blue) and wind (black) energy, respectively. Positive nitrogen impacts (right panel) suggest that
the nitrous oxide emissions from nitrogen use could offset or even exceed the climate benefits of carbon
dioxide mitigation (left panel). The actual net impact on climate depends on the nitrous oxide emission
factors, which remain highly uncertain.

Source: Left panel: IPCC 2022; IEA 2021, 2023; Rosa and Gabrielli 2023; Zhang et al. 2015: Right panel:
Zhang et al. in press
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4.1

The new analysis in this assessment focuses on the
direct effects of nitrous oxide on climate change and
ozone layer depletion, as well as the indirect effects on
air quality of other nitrogen compounds that are often
co-emitted with nitrous oxide. This assessment does
not generate new quantitative estimates of the other
indirect effects of nitrous oxide emissions, notably the
effects on water quality or ecosystem health. More
information on all of the major impacts of nitrogen
pollution can be found in the forthcoming International
Nitrogen Assessment.

IMPACTS ON CLIMATE
AND AIR QUALITY

4.1.1 Introduction

Anthropogenic emissions of nitrous oxide
come primarily from agricultural sources, with

a smaller contribution from waste and industry.
There has been limited progress on mitigating
anthropogenic nitrous oxide emissions even
though it is the third strongest driver of global
warming to date, and, as it has an atmospher-
ic residence time of more than a century, early
action is essential to avoid a long-term buildup
of concentrations in the atmosphere (Forster et
al. 2021). The agricultural practices that lead to
nitrous oxide emissions also drive emissions of
nitrogen oxides and ammonia, often referred to
as co-emissions. Industrial and waste sector
nitrous oxide emissions are not associated with
substantial amounts of ammonia but there are
small co-emissions of nitrogen oxides.

Analysis of the effects of policies to reduce ni-
trous oxide emissions therefore requires assess-
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ment of the impacts of both the nitrous oxide changes and the changes

in climate drivers resulting from the co-emitted species. Nitrogen oxides
emissions lead to multiple changes in climate drivers in the troposphere,
including increased tropospheric ozone, which causes warming; reductions
in methane, due to increased formation of the oxidising hydroxyl radical,
that causes cooling; and increases in both nitrate and secondary organic
aerosols, which cause cooling.Ammonia emissions lead to increases in
aerosols as well, causing cooling. Hence, while the direct impact of nitrous
oxide reductions would be cooling, given that nitrous oxide is a powerful
greenhouse gas, decreases in co-emissions primarily cause warming,
often described as unmasking of greenhouse gas-induced warming due to
reductions in cooling aerosols. In response to changes in emissions, the
aerosols, ozone and methane responses would be rapid whereas changes
in nitrous oxide would take place slowly over a century. Prior analyses of
the near-present-day net climate impact of increases in species contain-
ing nitrogen relative to their preindustrial levels indicate that it is cooling,
primarily as a result of the large impact of cooling aerosols (Forster et

al. 2021; Gong et al. 2024). Those aerosols, however, degrade air quality,
contributing to adverse public health impacts, as do the increases in sur-
face-level ozone caused by nitrogen oxides emissions. Hence the effects of
policies to reduce nitrous oxide may lead to tradeoffs between climate and
air quality goals, which may also vary over time given the markedly different
residence times of nitrous oxide and aerosols or ozone.

Impacts of the nitrogen scenarios on climate and air quality were evaluated
with a suite o models including a set of three-member ensemble simula-
tions of composition and climate with the Goddard Institute of Space Stud-
ies (GISS)-E2.1-G model, a single simulation of composition and climate
with the Community Earth System Model (CESM) 2 model, and composi-
tion simulations with the Goddard Earth Observing System (GEOS)-Chem
model (SI3).

Analysis of climate and air pollution responses to the technical reductions
and technical reductions and societal change policy scenarios described in
Chapter 3 included the effects of changes in both nitrous oxide and nitrous
oxide emissions: agriculture, waste and chemical industry. Changes in
methane emissions from the agricultural sector due to changes in livestock
numbers required to achieve the nitrogen goals of the scenarios were also
included in additional analyses.
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4.1.2 Climate Change

Radiative Forcing

Radiative forcing is a measure of the changes

in the Earth’s energy balance with space that
provides a useful indicator of what the eventual
climate response will be and of the relative
importance of different climate change drivers.
An ensemble of climate model simulations for
this Assessment were driven with changes in
concentrations of nitrous oxide and emissions

of nitrogen oxides and ammonia as noted in
section 4.1.1 and included changes in ozone

and aerosols in response to those emissions and
concentration changes, providing diagnostics

of radiative forcing for all these compounds.
Additional changes would also take place which
would affect climate, including changes in
methane in response to altered oxidation capacity
and changes in carbon dioxide in response to
the effects of altered surface ozone and nitrogen
deposition on ecosystems. These factors were
not included in the model due to computational
constraints (coupled methane and carbon cycles
are more expensive to model) but were evaluated
separately. In addition, nitrogen measures in the
agricultural sector would also lead to changes in
methane emissions from that sector. The climate
impact of changes in methane from livestock
associated with nitrogen measures has also been
evaluated separately using a simple model of the
methane cycle.

In the simulations using the GISS model, the
change in radiative forcing under the scenarios
with increasingly ambitious nitrogen policies is
dominated by the response of aerosols, which
greatly outweighs the response of greenhouse
gases (Table 4.1).
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Table 4.1 Radiative forcings, 2040-2050, watts per square metre

Technical reductions versus T:ggirgtcaailcrﬁ;l#ggegfs?gd
reference scenarios reference scenarios
_0‘024 i- 0.008 _0.030 i- 0.008
Aerosols (all sky) 0.131+0.013 0.181+0.014
Aerosols (clear sky) 0.166 £ 0.018 0.229 +0.025
Nitrous Oxide -0.020 + 0.003 -0.027 £ 0.004
Total in climate modelling 0.087 +0.015 0.124 +0.017
Methane lifetime response 0.032 +0.009 0.039+0.010
Methane emissions from -0.019 £ 0.004 -0.088 £ 0.018
livestock

Both nitrate and secondary
organic aerosols would be
expected to decrease because
of the emissions reductions,
the former due to a decrease in
precursor nitrogen species and
the latter due to a reduction in
atmospheric oxidation capacity
in response to cuts in nitrogen
oxides. There are also small
decreases in sulphate aerosols
as their formation also slows in

response to decreased oxidation

capacity. Cloud changes offset
part of the direct aerosol
effects in this model, but only
modestly. Hence reductions in
these scattering aerosols lead
to positive net radiative forcing
(warming) as they outweigh the
radiative forcing decreases due
to declines in the greenhouse

gases nitrous oxide and ozone.
Qualitatively similar results
with aerosol responses greatly
outweighing ozone responses
were reported previously for
land-use changes largely
associated with agriculture
(Heald and Geddes 2016) and
for all nitrogen species changes
from preindustrial times to

the present day although
uncertainties in aerosol forcing
are large (Forster et al. 2021;
Gong et al. 2024).

As noted, the aerosol changes
would be predominantly driven
by changes in emissions from
the agricultural sector, which
is responsible for around 95
per cent of the reduction in
ammonia emissions that
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dominates aerosol forcing. In
contrast, emissions reductions

in the industrial sector targeting
nitrous oxide would not be
expected to drive substantial
aerosol changes though they are
responsible for about two-thirds

of the reductions in nitrogen oxide
emissions that dominate the
ozone response. Radiative forcing
responses in the CESM2 model are
consistent with those in the GISS
simulations. However, with a single
simulation completed in time for
this Assessment and the CESM2
model exhibiting larger interannual
variability than the GISS-E2.1-G
model, their uncertainty range

is too large to provide a robust
constraint. The forcing under the
technical reductions scenario
relative to the reference case, for
example, is 0.03 (+ 0.13) watts per
square metre (W/m?2) even using
an extended 2030-2050 period for
analysis.

Though not included in the
modelling, which used prescribed
methane concentrations from
SSP2-4.5, the lifetime of methane
would also increase due to the
reduced oxidation capacity owing
to the reduced nitrogen oxide
emissions. In these simulations,
methane’s lifetime is increased
by around 4 per cent under the
technical reductions and societal
change scenario relative to the

reference scenario by 2050.
This increase in concentration
(burden) relative to SSP2-4.5
(1,789 ppb in 2050) would lead to
0.032 (+ 0.005) W/m? additional
positive forcing with a slightly
smaller value of 0.026 (+ 0.004)
W/m? for technical reductions
scenario relative to the reference
scenario. The decrease in nitrous
oxide concentrations would
also lead to a small increase in
methane’s lifetime additional

to that driven by changes

in nitrogen oxide emissions
(Forster et al. 2021), resulting

in additional forcing of 0.006 +
0.001 and 0.007 £ 0.001T W/m?
under the technical reductions
and technical reductions and
societal change scenarios,
respectively. The decrease

in methane emissions from
livestock due to the nitrogen
measures was also evaluated
by IIASA. Those decreases in
methane emissions represent
reductions of 1.8 per cent and
8.0 per cent of total 2040-2050
emissions for the technical
reductions and technical
reductions and societal change
scenarios, respectively.

The respective forcings
from these changes are
-0.019 (£ 0.004) W/m? and
-0.088 (+ 0.0018) W/m2.
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Hence accounting for the methane
lifetime response to the nitrogen
species emissions changes would
boost the net positive forcing

and hence warming response in
these scenarios by around 30-35
per cent. Including reductions

in livestock methane emissions

in this Assessment’s technical
reductions scenario would return
the forcing to almost what was
included in the climate modelling
for that scenario. In contrast,
including reductions in livestock
methane emissions in the technical
reductions and societal change
scenario would reduce forcing

by about 40 per cent, bringing

that scenario much closer to the
technical reductions case.

Looking out to longer timescales
and assuming other factors

are constant after 2050, at the
levels of the technical reductions
and societal change scenario,
comparing the technical reductions
scenario (SSP1-2.6) with the
highest nitrous oxide baseline
among the marker SSP scenarios
(SSP3-7.0), the nitrous oxide
forcing becomes -0.20 (+ 0.03)
W/m?2 by 2100, driving the total
2100 radiative forcing to near zero.
Turning to very low emission long-
term scenarios, those in the Sixth
Assessment Report of the United
Nations Intergovernmental Panel
on Climate Change (AR6) database

that are consistent with extension
of the technical reductions

and societal change scenario
(Methods in Sl 4.1) were examined
to extend the technical reductions
and societal change scenario.
Using the mean of those scenarios
(comparable to RCP 1.9 scenarios)
relative to the reference case, the
2100 anthropogenic nitrous oxide
forcing is -0.24 (+ 0.04) W/m?2.
Accounting for the small additional
methane lifetime feedback
associated with continued nitrous
oxide changes after 2050, the net
in this case becomes negative in
the 2090s even without methane
reductions from livestock, whereas
it becomes negative around 2070
if those methane reductions are
included (Figure 4.1). Hence the
near-term increased warming

due to nitrogen management
measures is likely to be replaced
by longer-term reductions in
warming although the timing and
magnitude of such a transition

is dependent upon the assumed
reference case, the degree of
nitrous oxide reductions achieved,
and the timing and magnitude of
continued reductions in ammonia
emissions after 2050.
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Figure 4.1 Estimated radiative forcing as a function of time by component (dashed) and for the net (solid)

under the technical reductions and societal change scenario relative to the reference scenario, 2025-2095,

watts per square metre

Note: Values for ozone, aerosols and methane lifetime changes through hydroxyl oxidation are based on

decadal means from the climate model simulations through 2050 and constant thereafter. Uncertainties are

presented in Table 4.1.
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Given previous positive forcing and
the time lag between forcing and
response, under this Assessment’s
scenarios net cooling is only likely
to be achievable this century if the
methane reductions associated with
livestock measures are taken into
account.

Climate Response

The net positive radiative forcing
from those factors included in the
model leads to mid-century warming
overall, 0.12° (+ 0.07°) C for the
global mean annual average under
the technical reductions and societal
change case versus the reference
scenario and about half that for
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the technical reductions scenario
versus the reference case

(0.06° (+ 0.08°) C). Values are higher
in the Arctic in both cases, with
warmings of 0.46° (+ 0.32°) C and
0.67° (x 0.25°) C, respectively.
Values are higher in the Arctic

in both cases, with warmings

of 0.46° (+ 0.32°) C and

0.67° ( 0.25°) C, respectively.
Values are statistically significant
across the ensemble of simulations
for much of the northern
hemisphere (Figure 4.2).

This result is qualitatively
consistent with prior results
showing a net warming resulting
from reductions in agricultural
sector nitrogen oxides and
ammonia associated with improved
nitrogen use efficiency and
technical improvements (Lund et al.
2020), though substantially larger.
Seasonal changes in precipitation
are seldom statistically significant
over land areas and changes are
generally small. Accounting for

the methane lifetime increase in
response to the nitrogen species
emissions changes would boost
these responses by about

25-30 per cent. Including
emissions reductions in livestock
methane associated with nitrogen
measures in that sector on top

of the methane lifetime changes
would lead to warming in the
technical reductions case about

10 per cent greater than that in

these simulations. In the technical
reductions and societal change
scenario, it would reduce the
warming to about 55 per cent of
that seen in these simulations,
bringing those results very close

to those reported here for the
comparison of technical reductions
case as opposed to the reference
scenario.

In summary, without considering
reductions in livestock methane
emissions, in comparison with

the reference case, the technical
reductions scenario would lead to
around 0.08° C of warming by 2050
with a return to about 0° C by 2100,
whereas the technical reductions
and societal change scenario would
cause roughly 0.15° C of warming
by 2050 and again a return to about
0° C by 2100 (Figure 4.3). Both
scenarios would provide cooling
relative to the reference scenario
beginning early next century in

that case. Including the effects of
the methane emissions reductions
associated with the decrease in
livestock numbers that is required
to meet the sustainable nitrogen
management goals, both scenarios
would lead to about 0.06-0.07° C
of warming by 2050 with a cooling
approaching 0.1° C by 2100 under
the technical reductions and
societal change scenario

(Figure 4.3).
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Figure 4.2. Annual average surface temperature and seasonal (December-February C-D, and
June-August, E-F) precipitation changes between Technical Reductions Scenario versus the
Reference case (A,C and E) and Technical Reductions and Societal Change versus the Reference
case (B, D and F) 2040-2050, degrees Celsius and millimetres per day.

Note: Hatching indicates that changes are statistically significant at the 95 per cent confidence
interval. Global mean values are presented below each panel.
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Figure 4.3 Global mean temperature response to the technical reductions and societal change scenario
relative to the reference scenario, 2015-2100, degrees Celsius

Note: Estimated using a multi-model mean climate response function (Geoffroy et al. 2013) and
showing values both incorporating methane emissions changes from livestock associated with
nitrogen management and excluding livestock-related methane emissions changes. Uncertainties
are £ 0.08° C.

Nitrous oxide reductions as carbon dioxide equivalent
emissions

As nitrous oxide is long-lived, changes in nitrous oxide
emissions can be readily translated into changes in
carbon dioxide-equivalent emissions using the nitrous
oxide global warming potential over 100 years (GWP100)
of 270 (Forster et al. 2021).
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In the case of the scenarios
examined here, which assume an
integrated approach to nitrogen
management, ammonia emissions
decrease by around 30 per cent
in 2050 relative to 2010, which
may be much more than in many
reference projections. Those
decreases would potentially
offset much of the benefit of
nitrous oxide reductions in terms
of avoided carbon dioxide-
equivalent emissions. However,
in comparison with a situation in
which policymakers put in place
policies to reduce ammonia, for
example, to meet air quality-
related commitments such as
those under the Gothenburg
Protocol, while not reducing, or
even increasing, nitrous oxide
emissions, the avoided carbon
dioxide-equivalent emissions
reported here would not be offset
by associated ammonia changes
but might even be larger.

The nitrous oxide reductions
under the technical reductions
scenario leads to avoided carbon
dioxide-equivalent emissions of
177,000 Mt in comparison with the
reference case. The nitrous oxide
reductions under the technical
reductions and societal change
scenario leads to avoided carbon
dioxide-equivalent emissions

of 235,000 Mt carbon dioxide

by 2100 in comparison with the
reference case. Even by 2050,

when the measures as a whole
cause warming, the nitrous oxide
reductions will lead to avoided
carbon dioxide-equivalent
emissions of around 30,000—
55,000 Mt CO,eq/yr. As noted,
some of the avoided carbon
dioxide-equivalent emissions
may be offset by the removal

of cooling aerosols depending
upon the reference assumptions,
particularly the projections of
ammonia emissions in the latter
part of the century, which are
highly uncertain.

4.1.3 Air pollution

Fine particulate matter

As noted in the Introductory
Section 4.1.1, reductions in co-
emitted ammonia and nitrogen
oxides will cause decreases in
nitrate and secondary organic
aerosols, both of which are
components of fine particulate
matter (PM, ). The health effects
of exposure to fine particulate
matter is examined using the
Global Exposure Mortality Model
(GEMM) risk functions (Burnett
et al. 2018; see Methods in SI).
Under the scenarios used in this
Assessment, it was found that
technical reductions scenario
leads to approximately 400,000—
450,000 avoided premature
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deaths per year by the
2045-2050 period, whereas

the technical reductions and
societal change scenario leads
to about 550,000 avoided
premature mortalities per year
based on the GISS and CESM
model simulations (Table 4.2).
These reductions stem primarily
from decreases in agricultural
ammonia emissions. The results
seem qualitatively reasonable
given that, for example, this

is similar to the fraction
attributed to increased ammonia
emissions in China associated
with changing diets, primarily
increased meat consumption)

over 1980-2010 (Liu et al. 2021).

Results using the GEOS-Chem
model are similar but larger than
those in the GISS and CESM
models both for the absolute
number of fine particulate
matter-attributable deaths and
the changes under the scenarios
(Table 4.2). The GEOS-Chem
results are fairly similar to

those reported in a recent study
using that model with very
similar scenarios and the same
exposure-response function for
fine particulate matter, though
that study did not include
changes in meteorology over
time (Guo et al. 2024). These
reductions represent decreases
of around 4-9 per cent of

the total premature deaths

attributable to fine particulate
matter as that total is very large
averaged over 2045-2050 due
to both projected population
growth and aging in the SSP2-
4.5 scenario (Samir and Lutz
2017; Yang et al. 2023; Im et al.
2023; Shindell et al. 2024).

At the regional scale, benefits
are large in many highly
populated parts of the world,
including and are similar across
the models (Figure 4.4). Turning
to deaths as a function of time,
improved nitrogen management
clearly rapidly leads to air
quality-related health benefits,
with values growing over time
and modestly greater benefits
under the technical reductions
and societal change scenario
than the technical reductions
case (Figure 4.5). It should be
noted that the near-present day
health effects of PM, . exposure
based on these models are
similar to those in the literature
using the same risk functions
(Methods in SI 4.1), indicating
that the models are credible.
Impacts evaluated using the
newer GEMM risk function are
substantially larger than those
obtained using older functions
(Burnett et al. 2018).
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Table 4.2 Fine particulate matter-attributable annual deaths under the scenarios in the models

. . Technical reductions and
Reference Technical reductions "
societal change
GISS model

2045-2050 PM, -attributable annual
premature deaths (millions)

Reduction relative to reference case N/A 410,000 (360,000-490,000) 550,000 (450,000-620,000)

CESM model

2045-2050 PM, -attributable annual
premature deaths (millions)

Reduction relative to reference case N/A 440,000 (290,000-580,000) 550,000 (400,000-690,000)

GEOS-Chem model

10.7 (9.3-12.2) 10.3 (8.9-11.7) 10.2 (8.8-11.6)

10.0 (8.6-11.3) 9.5 (8.2-10.8) 9.4 (8.1-10.7)

2045 PM, .-attributable annual
premature deaths (millions)

11.5 (10.0-13.1) 10.9 (9.4-12.4) 10.6 (9.1-12.0)

Reduction relative to reference case N/A 640,000 (570,000-710,000) 940,000 (830,000-1,050,000)

Note: Ranges shown here are based on uncertainties in the exposure-response function, which dominates the
total, and for GISS and CESM these also include modelling of fine particulate matter, with the latter represented
by interannual variability in the model simulations. The GEOS-Chem model simulations include projected
climate change under SSP2-4.5 from the GISS model.
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Figure 4.4 Changes in 2045-2050 average fine particulate matter-attributable deaths under the
technical reductions (A, C and E) and the technical reductions and societal change (B, D and F)
scenarios relative to the reference case in the GISS model (top row) and the CESM model (bottom
row) along with the 2045 changes in the GEOS-Chem model (middle row), annual deaths per

0.5° x 0.5° grid box.
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Technical Reduction and Societal
Change Scenario

Technical Reduction Scenario

Figure 4.5 Cumulative avoided fine particulate matter-attributable premature deaths under the indicated
scenarios relative to the reference scenario based on the GISS model, 2020—2050, million deaths.
Note: Uncertainties are based on uncertainties in the exposure-response function.

Surface ozone

The decrease in tropospheric
ozone described in the climate
change section of this chapter is
similarly present at the surface
(Figure 4.6). Ozone decreases
are broadly similar across the
three models, with the largest
reductions in the GISS model and
the smallest in CESM, with GEOS-
Chem in between at the global
scale. Model-to-model differences
can be large at the regional scale,
however. The large decreases in
ozone, for example, over India
and Nigeria seen in the GISS and
GEOS-Chem models do not occur
in the CESM model (Figure 4.6).
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Figure 4.6 Changes in surface ozone (parts per billion by volume) using the annual average
maximum daily 8-hour exposure metric simulated in the GISS model (top row), the GEOS-Chem
model (middle row), and the CESM model (bottom row) showing the spatial pattern for 2045 under
the technical reductions (A, C and E) and technical reductions and societal change (B, D and F)
scenarios relative to the reference scenario (bottom)

Note: Global mean values are presented below each panel.
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Reductions in ozone are driven

by the decreases in emissions

of nitrogen oxides in the
scenarios and are fairly similar

in the two nitrogen mitigation
scenarios though, as expected,
the decreases are slightly larger
under the technical reductions and
societal change scenario.

The estimation of
ozone-attributable premature
deaths is based upon
epidemiological analysis using the
American Cancer Society Cancer
Prevention Study-ll cohort, one of
the largest studies to date (Turner
et al. 2016). As with particulate
matter, ozone impacts evaluated
using this newer risk function are
several times larger than those
obtained using older functions
(Seltzer et al. 2018). Although
ozone data is not available
globally, the GISS model performs
reasonably well in comparison
with observations over areas

with high-quality measurements,
although it tends, as in most
models, to have a modest high
bias (Methods in Sl 4.1).

Examining the change in ozone
exposure under the scenarios used
in this Assessment, it was found
that technical reductions scenario
leads to approximately 770,000
avoided premature deaths per year
by 2045-2050 based on the GISS

model, whereas the technical
reductions and societal change
leads to about 850,000 annually
(Table 4.3). Values are roughly
half as large based on the CESM
model, consistent with its smaller
overall response and with a much
weaker response in that model
over several highly populated
regions (Figure 4.6). Total ozone-
related premature deaths are
predicted to grow substantially
by the 2045-2050 period due

to both projected population
growth and population aging in
the SSP2-4.5 scenario, as was the
case for fine particulate matter-
attributable premature deaths),
and these reductions represent
decreases of about 20 per cent.
Also similar to particulate matter-
related deaths, improved nitrogen
management clearly leads

to rapid ozone-related health
benefits, with values growing
over time with modestly greater
benefits under the technical
reductions and societal change
than the technical reductions
scenario (Figure 4.7). For both
fine particulate matter and
ozone, air pollution reductions
due to decreased emissions of
precursors outweigh any climate
penalty on air quality due to
warming in simulations for this
Assessment.
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Table 4.3 Ozone-attributable annual mortality under the scenarios in the GISS model.

GISS model

2045-2050 ozone-attributable
annual premature deaths
(millions)

Difference relative to low-nitrogen
regulation case

CESM model

2045-2050 ozone-attributable
annual premature deaths
(millions)

Difference relative to low-nitrogen
regulation case

Reference Technical reductions Technical reductions and
societal change

4.7 (2.8-6.4) 3.9 (2.3-5.4) 3.8(2.3-5.3)

N/A 770,000 (460,000—-1,020,000) 850,000
(510,000-1,130,000)

4.1 (2.4-5.6) 3.8 (2.2-5.2) 3.7 (2.1-5.1)

N/A 330,000 (180,000—470,000) 390,000 (210,000-550,000)

Note: Ranges shown here are based on uncertainties in the exposure-response function, which dominate the

total, and modelling of ozone with the latter represented by interannual variability in the model simulations.

These health impacts of ozone are much larger than
those reported in another study using very similar
scenarios (Guo et al. 2024). The difference is largely
attributable to this Assessment’s inclusion of multiple
causes of death, including cardiovascular diseases and
multiple respiratory diseases, whereas the other study
included only chronic obstructive pulmonary disease. A
smaller portion of the difference stems from the stronger
ozone response in the GISS model relative to the GEOS-
Chem model, especially over several highly populated
areas (Figure 4.6).
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Cumulative O, respiratory deaths

Valuation of health impacts

The economic valuation of avoided premature deaths
can be examined using standard measures of the value
of a statistical life (Methods in Sl 4.1). The total air
quality-related benefits are estimated to have a valuation
of around USD 1.5-2 trillion per year for 2045-2050
based on results of the GISS model. Particulate matter-
related valuations would be around 50-70 per cent larger
using results from the GEOS-Chem model, and nearly
identical using results from the CESM model, whereas
the ozone-related valuation would be substantially
smaller using the CESM results. Avoided morbidities
provide additional benefits.

Million deaths

2020 2025 2030 2035 2040 2045 2050

Cumulative O, deaths

Table 4.4 Annual values of avoided premature deaths and their valuation (2018 USD) during 2045-2050 based
on results from the GISS model.

Million deaths

2020 2025 2030 2035 2040 2045 2050

Technical Reduction and Societal
Change Scenario

= Technical Reduction Scenario

Figure 4.7 Cumulative avoided ozone-attributable premature deaths under the indicated

scenarios relative to the reference scenario for (top) respiratory diseases only and (bottom)

including the less certain impacts on cardiovascular diseases and diabetes along with

respiratory diseases.
Note: Uncertainties are based on uncertainties in the exposure-response function.

Avoided mortalities
(deaths/yr)

Global value (USD
billions/yr)

Technical reductions
versus reference

scenarios

Particulate matter

Technical reductions
versus reference
scenarios

Ozone

Technical reductions
and societal change
versus reference
scenarios

Particulate matter

Technical reductions
and societal change
versus reference
scenarios

Ozone

410,000
(360,000-490,000)

770,000
(470,000-1,010,000)

550,000
(450,000-620,000)

850,000
(520,000-1,120,000)

690 (610-820)

920 (560-1,210)

920 (750-1,040)

1,030 (630-1,360
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4.1.4 Carbon cycle and crop-yield
changes

The output of the GISS and GEOS-
Chem simulations are used to
evaluate the effects of the nitrogen
scenarios on the terrestrial carbon
sink. Surface ozone impacts the
growth of vegetation by affecting
photosynthesis and stomatal
conductance, leading to damage

of vegetation and changing the
carbon cycle. Atmospheric nitrogen
deposition can supply essential
nutrients for terrestrial ecosystems
by adding nitrogen, which promotes
plant growth and sinks, particularly
in nitrogen-limited regions. Excessive
nitrogen deposition can also have
adverse effects on ecosystems, such
as causing soil acidification and
reducing biodiversity. All simulations
show that future improved nitrogen-
management scenarios lead to
reduced nitrogen deposition and
reduced surface ozone. The net
impact is an estimated decrease in
the global terrestrial carbon sink as
reduced ozone concentrations only
partially offset the loss of terrestrial
carbon sinks caused by reduced
nitrogen deposition. Results are
similar using GISS or GEOS-Chem
simulations of ozone and nitrogen
deposition changes, consistent
with their fairly similar responses
(Figure 6, Figure Sl 4.1 and Figure
SI4.2). Results are sensitive to the
model used to represent ecosystem
responses to ozone exposure
(Methods in SI 4.1) and to the
specific scenario, but not greatly so.

12

Reductions in net ecosystem
productivity in megatonnes carbon
per year are approximately

40 Mt C/yrin 2030, 80 Mt C/yr

in 2040 and 110 (60) Mt C/yrin
2050 averaged across models and
scenarios. These differences lead

to increases in atmospheric carbon
dioxide concentrations of about

0.2 ppm in 2050, which would lead to
additional positive radiative forcing of
around 0.002 W/m? in 2050, and the
same in 2070. nitrogen deposition to
ecosystems also leads to modelled
decreases in nitrous oxide emissions
from terrestrial ecosystems, of about
0.85 Mt N,O/yr under the technical
reductions case and about

1.15 Mt N,O/yr under the technical
reductions and societal change.
These would drive additional negative
forcings of -0.005 W/m2 in 2050.

The net effect of these ecosystem
responses is small compared with the
forcing from ozone or aerosols
(Table 4.71) but would provide a very
modest climate benefit.

Crop-yield changes were also
evaluated (Sl 4.1). This initial study
did not include the effects of altered
nitrogen cycling, The reduced surface
ozone exposure leads to increased
crop yields, while increased warming
generally reduces yields. In the end,
the net changes due to these two
factors alone are typically small and
so are not discussed in detail here,
though they can be substantial in
some regions.
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4.2

NITROUS OXIDE,
STRATOSPHERIC
OZONE DEPLETION
AND ITS IMPACTS

4.2.1 Introduction

The stratospheric ozone layer is critical to protecting
life on Earth from harmful ultraviolet (UV) radiation.
Manufactured emissions of halogenated chemicals,
such as CFCs, have caused substantial stratospheric
ozone depletion over the last several decades, putting
humans and the ecosystem at risk. The Montreal
Protocol, its amendments and adjustments have
significantly reduced manufactured emissions

of halogenated ozone-depleting substances by
implementing production and consumption controls.
Even though halogenated ODS can last many decades
in the atmosphere once emitted, this action has led to
a slow but steadily decrease in the abundance of these
chemicals in the atmosphere. Because of the success
of this international treaty, global-mean stratospheric
ozone levels are expected to return to pre-1980 levels
sometime around 2040 (WMO/UNEP 2022) with the
Antarctic ozone hole recovering somewhat later.

‘Photo: JR-50/Adobe Stock
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a slow but steadily decrease in the
abundance of these chemicals in the
atmosphere. Because of the success
of this international treaty, global-
mean stratospheric ozone levels are
expected to return to pre-1980 levels
sometime around 2040 (WMO/UNEP
2022) with the Antarctic ozone hole
recovering somewhat later.

Nonetheless, unregulated emissions
of gases that deplete the ozone layer
continue. Nitrous oxide is emitted at
the Earth’s surface and is transported
to the stratosphere, where it depletes
the stratospheric ozone layer. Nitrous
oxide currently is the most significant
ozone-layer depleting substance
being emitted to the atmosphere;

as its anthropogenic emissions

are increasing, and the Montreal
Protocol has succeeded in controlling
emissions of other long-lived ozone-
depleting substances (Figure 4.8).
Here, the effect of nitrous oxide on
the ozone layer is quantified and it

is shown to deplete the ozone layer
no matter which greenhouse gas
scenario is considered.

In addition to halogenated ODS and
nitrous oxide, emissions of carbon
dioxide and methane affect the future
evolution of the stratospheric ozone
layer, through chemical, radiative
and dynamic feedbacks (Fleming
etal 2011; Portmann et al. 2012;
Revell et al. 2012, Stolarksi et al.
2015; Keeble et al. 2021). The net
effect on the ozone layer, as well

as its associated UV radiation and

health impacts, is thus strongly
dependent on which greenhouse
gas pathway is followed (Butler et
al. 2016). It is thus necessary to
investigate how the ozone layer
changes under various emission
scenarios of carbon dioxide,
methane and nitrous oxide. A
potentially important, but not
typically investigated, scenario

is one in which carbon dioxide
and methane are mitigated to
reach the 1.5-2° C global mean
temperature goals set by the Paris
Agreement while nitrous oxide
emissions continue unabated.
Current climate change mitigation
strategies have prioritized the
reductions of carbon dioxide and
methane but not nitrous oxide,
despite it being the third most
potent greenhouse gas. This
Assessment that this scenario
results in globally-averaged ozone
levels that are lower than pre-
ozone depletion historical levels,
and they incur additional negative
health impacts.
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Figure 4.8 Comparison of the ozone-depleting potential-weighted global anthropogenic emissions of

nitrous oxide with those of gases controlled under the Montreal Protocol, 2016, in megatonnes of CFC-11
equivalent per year.

Note: It is evident that nitrous oxide is the largest ozone-depleting potential weighted emission, roughly equal to
the sum of all other controlled substances. Ozone-depleting substances with a 2019 ozone-depleting potential
weighted anthropogenic emission of less than 5 Mt/yr are not shown. CCl, = carbon tetrachloride
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4.2.2 Methods

Understanding the future evolution of the ozone
layer requires numerical atmospheric modelling
that includes time-varying ODS and greenhouse
gas abundances, which in combination drive
changes in atmospheric circulation, temperature,
and chemical composition (Section 4.2.4). In this
Assessment, specially designed model simulations
are used to examine the interplay between nitrous
oxide, methane, and carbon dioxide in determining
stratospheric ozone evolution. Two comprehensive
chemistry-climate models, CESM version 2 and the
Canadian Middle Atmosphere Model (CMAM) and
a simpler, but more computationally efficient, two-
dimensional model, the National Aeronautics and
Space Administration Goddard Space Flight Center
two-dimensional model (GSFC2D) were used. The
CESM allows testing of the sensitivity of ozone to
varying nitrous oxide abundances in a subset of
state-of-the-art chemistry-climate models. Due to
its low computational cost, the CMAM allows the
exploration of a fuller range of emission scenarios.
Details of the different models can be found in the
Supplementary Information.
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Figure 4.9 Projected global-mean surface concentrations of nitrous oxide (top panel), carbon dioxide (middle
panel), and methane (bottom panel) according to the RCP and SSP 2020-2100, parts per billion.

Note: In this assessment scenarios are built using combinations of RCP and SSP scenarios shown in (Table 3.1).
This figure shows the trajectories of N,O, CH, and CO, that were systematically varied to understand the interaction
of N,O with the ozone layer.

Source: Meinhausen et al. 2020
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In these simulations, greenhouse

gas trajectories are taken from

the SSP scenarios (Figure 4.9)
(Meinhausen et al. 2020). Ozone-
depleting substances are assumed to
change according to an expectation
of adherence to the Montreal
Protocol (WMO/UNEP 2022), and

do not strongly vary across the SSP
scenarios. Even though these are
ambitious nitrous oxide mitigation
strategies, they only reduce its

levels in the atmosphere relative to
unmitigated scenarios by a small
amount in the next two decades. Even
if all its anthropogenic emissions

of nitrous oxide were immediately
stopped, nitrous oxide concentrations
would fall only a few percent by 2040
or even 2050 compared with today’s
concentration. Critically, this means
that the benefits of mitigating nitrous
oxide to the ozone layer are much
greater by the end of the century than
in the near-term. For this reason, the
Assessment focuses on changes

to the ozone layer at the end of the
21st century. The two SSP scenarios
with the largest difference in nitrous
oxide at the end of the Century are
SSP1-2.6, a high mitigation scenario
in which the surface concentrations
of nitrous oxide increase by just

25.7 ppb between 2015-2100; and
SSP3-7.0, a high emission scenario
in which the nitrous oxide surface
concentrations increase by 93.6 ppb
over the same period.

By systematically varying individual
greenhouse gas trajectories shown
in Figure 4.9 in model simulations, it
is possible to (i) isolate the impact
of nitrous oxide on the ozone layer
and quantify the magnitude of

this effect on the trajectories of
other greenhouse gases (Section
4.2.3); (i) explore the net effect

on ozone evolution due to a broad
range of possible greenhouse gas
trajectories (Section 4.2.4); and

(iii) consider a specific scenario

to quantify by how much ozone
changes if carbon dioxide and
methane are abated, i.e., they
follow an SSP1-2.6 trajectory, but
nitrous oxide emissions are not, i.e.,
it follows the SSP3-7.0 trajectory.
By comparing this simulation with
the SSP1-2.6 scenario, the effect
of abated nitrous oxide emissions
on ozone can be isolated and

the associated health impacts
quantified (Section 4.2.5).

4.2.3. Nitrous oxide depletes the
stratospheric ozone layer

Nitrous oxide in the atmosphere
comes from natural and
anthropogenic sources (Chapter 2).
In this chapter, only the atmospheric
effects of anthropogenic nitrous
oxide emissions are considered. It
is assumed that natural nitrous
oxide is in a steady state in the
atmosphere since the amount of
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nitrous oxide abundance does not
affect its atmospheric lifetime to a
first approximation. Almost half of
the nitrous oxide emissions in recent
years are anthropogenic in origin
(WMO/UNEP 2020; Chapter2). Even
though anthropogenic emissions
are now comparable in magnitude
to natural emissions, the long
atmospheric lifetime of nitrous
oxide, roughly 120 years, means

a greater fraction of its current
atmospheric burden is still natural

in origin. Its lengthy atmospheric
lifetime also means that it takes a
long time for the anthropogenic to
reach a steady state, even if such
emissions were constant. The
abundance of anthropogenic nitrous
oxide continues to increase in the
atmosphere, with the current growth
rates exceeding some of the highest
projections (Chapter 2).

Nitrous oxide is an ODS
(Ravishankara et al. 2009); its ozone-
depletion potential (ODP), a metric
for the potency of a unit mass
emission on ozone relative to that
of CFC-11, has been calculated to
be 0.017 (Ravishankara et al. 2009;
WMO/UNEP 2022). Even though
this absolute ODP value is small
compared to CFCs, for example the
ODP of CFC-11, by definition, and
that of CFC-12 are both 1, the
ODP-weighted emission of
anthropogenic nitrous oxide

currently is larger than those of
any of the ODSs controlled under
the Montreal Protocol (Figure
4.8). In addition, the ODP

value of nitrous oxide is similar to
many of the HCFCs already being
phased out under the Montreal
Protocol. When expressed as a
CFC-11-equivalent, anthropogenic
nitrous oxide emissions in 2020
are roughly equal to the sum of
all other ODP-weighted emissions
from all CFCs in 2019 (WMO
2022) (Figure 4.8); and are equal
to more than 10 per cent of the
ODP-weighted emissions from
CFCs at their peak in 1987.

It has long been known that
nitrous oxide emitted at the
surface is the primary source of
nitrogen oxides, reactive nitrogen
oxides (nitric oxide + nitrogen
dioxide), in the stratosphere
(Crutzen 1970; Crutzen and
Enthalt 1977).
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The primary chemical pathway by
which nitrogen oxides produced from
nitrous oxide depletes the ozone layer
is to catalyse the removal of ozone
through reaction sequences such as:

NO+0,— NO,+0,
O+NO,—NO+O,
Net: 0+0,— 20,

In addition, nitrogen oxides from
nitrous oxide also take partina
host of highly coupled processes
involving reactive halogen oxides,
chlorine oxide (ClO,) and bromine
oxides (BrO,), from halogenated
ODS, or reactive hydrogen oxides,
hydrogen oxide (HO,) = hydroxide
(OH) and hydroperoxyl (HO,) radicals-
from water vapor transported to

the stratosphere or produced in

the stratosphere in situ from the
degradation of methane (WMO/
UNEP 2022). Nitrogen oxides not
only catalyses ozone depletion but
also can hinder or enhance ozone
depletion from chlorine oxide,
bromine oxides and hydrogen oxide
(Wennberg et al. 1994, 1998; Nevison
et al. 1999), through several coupled
reactions. In the upper troposphere
and lowermost stratosphere, the
increase in nitrogen oxides can
actually enhance local ozone levels
by increasing ozone productionin a

manner analogous to that occurring
in a polluted troposphere (Portmann
and Solomon 2007; Morgenstern et
al. 2017), and this effect thus acts
to slightly offset the nitrogen oxides
catalysed ozone loss in the middle
stratosphere above.

Nitrous oxides’ effects on ozone
have been quantified in previous
multi-model comparison studies
(Morgenstern et al. 2017). Here

the methodology, described in the
Supplementary Information, is
repeated using the three models
described above, and for the specific
scenario in which carbon dioxide and
methane are mitigated and nitrous
oxide is not, relative to a scenario in
which all three greenhouse gasses
are mitigated. The change in total-
column ozone (Figure SI 4.1) and
vertically resolved ozone (Figure SI
4.4) was calculated relative to the
mixing ratio of global-mean surface
nitrous oxide. As expected, ozone
abundance due to nitrous oxide
changes varies with altitude and
latitude. It was found that all three
models give similar sensitivities of
total column ozone to nitrous oxide
of around 0.07 Dobson units (DU)
decrease in ozone per 1 ppb increase
in nitrous oxide in the global-mean
(Figure Sl 4.1), with larger values

at the poles and smaller values in
the tropics. The models give better
agreement of ozone sensitivity to

GLOBAL NITROUS OXIDE ASSESSMENT

nitrous oxide for 60° south—60°
north latitudes. In the polar
regions, larger differences across
models are apparent. These
differences reflect across-model
differences in the vertical and
latitudinal ozone response to the
imposed scenario (Figure Sl 4.4).
As expected, most of the ozone
is lost in the mid-stratosphere
through catalytic cycles.

The ozone production in the
lowermost stratosphere is due to
the complex chemistry involving
hydrocarbons, (especially
methane, nitrogen oxides

and sunlight.

Note that CCMI-1 used different
scenarios to determine the
sensitivity of ozone to changes in
nitrous oxide from the scenarios
used here. That the values in
Morgenstern et al. (2017) are in
relatively good agreement with
those found here suggests that
the sensitivity of the total column
ozone response to nitrous

oxide is not highly sensitive to
confounding factors such as
differences in carbon dioxide
and methane (Portmann et al.
2012). Additional sensitivity tests
in the GSFC 2D model (Table SI
4.2), in which carbon dioxide and
methane are also varied, confirm
a relatively small influence, about
20 per cent, of the assumed

background evolutions of carbon
dioxide and methane in the GSFC
2D simulations (Figure SI 4.4).
Hence, the magnitude of nitrous
oxide's ozone-depleting effect

is, to first-order, independent of
carbon dioxide and methane
concentrations in the atmosphere.

To put the effect of nitrous oxide
on global total column ozone
changes in context, the calculated
ozone depletion avoided due

to some of the other currently
proposed options for accelerated
halogenated ODS mitigation,

for example, bank capture,
maximises in the mid-21st century
and is generally larger than the
depletion avoided by nitrous
oxide abatement in 2050 (WMO/
UNEP 2022). By 2100, however,
the ozone depletion avoided by
nitrous oxide mitigation in the
technical reduction and societal
change scenario is larger than
the depletion avoided by almost
all accelerated halogenated ODS
mitigation scenarios.

These results were also compared
to the hydrochlorofluorocarbon
accelerated phasedown

that occurred as a result of
amendments to the Montreal
Protocol in 2007. The GSFC 2D
model was used to perform
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scenario (SSP3-7.0) for LD compared to all at SSP2-4.5.

compared to 55P1-2.6 for all

Figure 4.10 Difference in globally averaged total column ozone, 2020-2100, following: (green line) SSP1-
RCP 2.6 for carbon dioxide and methane and the reference scenario (SSP3-7.0) for nitrous oxide, compared
to SSP1-RCP 2.6 for all; (orange line) SSP1-RCP 2.6 for nitrous oxide and SSP2-RCP 4.5 for carbon dioixde
and methane, compared to all at SSP2-RCP 4.5; and (blue line) HCFC accelerated phasedown, using the (*)
chlorodifluoromethane projection from the 2010 World Meteorologic Organization Ozone Assessment with
accelerated phasedown minus the hydrochlorofluorocarbon projection from the 2006 World Meteorologic
Organization Ozone Assessment, Dobson units.

Note: The hydrochlorofluorocarbon curve is slightly below zero in the early years due primarily to higher reported

production and increased annual bank release rates in the 2010 Assessment relative to the 2006 Assessment.
Source: GSFC 2D model
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sensitivity experiments in

which a SSP2-4.5 scenario

was compared for a case in
which chlorodifluoromethane
(HCFC-22) follows either future
projections assumed in the 2006
World Meteorologic Organization
(WMO) Ozone Assessment
(WMO 2007) or those given

by the 2010 WMO ozone
assessment report (WMO 2011),
which included the accelerated
phasedown (Figure 4.10;Table

S| 4.2). When the integrated
effects are compared, the nitrous
oxide abatement between

the SSP2-4.5 and SSP1-1.9
scenario is roughly equivalent

to the hydrochlorofluorocarbon
accelerated phasedown benefit
over the next two decades and
five times the benefit when
averaged over 2020-2100.
Nitrous oxide abatement
between the SSP3-7.0 and
SSP1-1.9 scenarios gives a
larger integrated effect than

the hydrochlorofluorocarbon
accelerated phasedown benefit
over the next two decades, and
12 times the benefit over
2020-2100.

4.2.4 Net effects on global
ozone depend on the
greenhouse gas scenario

The net changes to global
ozone in the future are highly
sensitive to the combined
influence of concentrations of
greenhouse gasses, such as
nitrous oxide, carbon dioxide
and methane, and halogenated
ozone-depleting substances, for
example, chlorofluorocarbons.
As discussed in Section 4.2.3,
increasing anthropogenic
nitrous oxide by itself depletes
ozone,; this effect accumulates
over time, so that in a medium
emissions scenario by the end
of the 21st century, nitrous
oxide’s depleting effect on
globally-averaged ozone is
greater than that of halogenated
ODSs (Figure 4.11).

On the other hand, increasing
carbon dioxide and methane
tend to increase globally-
averaged column ozone through
a variety of complex processes.
Increasing carbon dioxide

cools the stratosphere, which
slows chemical ozone loss
cycles (Haigh and Pyle 1982).
Increasing carbon dioxide is also
predicted to enhance tropical
upwelling and large-scale
stratospheric circulation
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Figure 4.11 Changes in global-average total column ozone due to the separate impacts of time-varying
carbon dioxide, methane, nitrous oxides and long-lived halogenated ozone depleting substance,
1960-2100, Dobson units, DU, (the thickness, in millicentimeters, of the entire column ozone if it

were all brought to the pressure at Earth's surface) and per cent relative to 1960

Note: Each gas is varied individually while the other gasses are fixed at 1960 levels, and the net impact
of all gasses combined is also shown as the black line. Historical global surface concentrations are used
for 1960—present for the greenhouse gases (Meinshausen et al. 2020) and ODS (WMO/UNEP 2022);
future concentrations are from SSP2-4.5 greenhouse gas and A1 (Baseline) ODS scenarios.

Source: GSFC 2D model.
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(Brewer-Dobson) (Hardimann et al.
2014), which transports nitrous oxide
as well as redistributes stratospheric
ozone and trace gasses. Methane
affects stratospheric ozone mainly
through its role as a chemical agent,
impacting chlorine partitioning, water
vapour production and nitrogen oxide
chemistry. In particular, increasing
methane by itself tends to increase
globally-averaged ozone primarily
through enhanced upper tropospheric
and lower stratospheric ozone
production and the reduction of the
chemical chain-length of the chlorine
catalytic cycles in the stratosphere
(Revell et al. 2012). Increased
concentrations of halogenated ODS
caused by large past emissions, prior
to the controls implemented by the
Montreal Protocol and its subsequent
adjustments and amendments,

drove large ozone losses in the late
20th and early 21st century, but

their influence will weaken by the

end of the 21st century, though their
concentrations will still be higher than
their 1960s levels.

The net effect on ozone due to
individual greenhouse gasses

and ODS in Figure 4.11 is for

one particular middle-of-the-

road emissions scenario. By
systematically varying the trajectories
of carbon dioxide, methane and
nitrous oxide it is evident that a

broad range of outcomes for ozone

levels at the end of the 21st century
is possible, depending on which
trajectory for each gas is followed
(Figure SI 4.5). In particular, strong
carbon dioxide and methane
abatement, for example, low
emissions, scenarios result in
globally-averaged total column
ozone still slightly below 1980 levels
by the end of the 21st century; while
little-to-no abatement scenarios,

for example, high emissions, show
ozone recovery, sometimes to levels
well above those in 1980, by the end
of the century (Keeble et al. 2021).
This is because high greenhouse
gas emissions leads to accelerated
ozone recovery through carbon
dioxide-induced stratospheric
cooling, which impacts chemical
reaction rates and increases mid-
to-upper stratospheric ozone, and
through the acceleration of the
large-scale stratospheric circulation,
which transports ozone from its
tropical photochemical production
region to higher latitudes where
ozone lifetime is longer. In addition,
increased methane acts to enhance
photochemical ozone production

in the upper troposphere and lower
stratosphere, further accelerating
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In the tropics and subtropics, ozone following the reference scenario (RCP 7.0 - SSP3-7.0) for nitrous oxide. (Bottom) the change in ozone in Dobson
levels remain lower even than levels units for the same periods/scenarios as in the left panel, but relative to the pre-ozone-depletion period (1960-
simulated during the decade of peak 1970)
ozone depletion (1995-2005) (Figure Note: The lines are averages of three ensemble members.

4.12). In southern hemisphere high
latitudes, ozone levels are higher than
during peak ozone depletion, but still
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Changes in ultraviolet and associated
health impacts

Using the column ozone changes for a

given scenario, the changes in the amount
of UV radiation that is biologically active in

terms of its ability to induce skin cancer.

Biologically active UV radiation, E,_, can be

! “bio’

determined. £, depends on solar zenith
angles, i.e., on latitude, season and time
of day; total ozone column; aerosols;
surface albedo and clouds. Here monthly-
mean E,  values summed over each
year to obtain annual UV exposures for
health effect estimates are used. Details
of estimating E, A can be found in the
Supplementary Information. For ease
of presentation, five latitudinal belts are
considered:

(i) northern high latitudes (60—90° N),

(i) northern mid-latitudes (30-60° N),
(iii) equatorial latitudes (30° S-30° N),
(iiii) southern mid-latitudes (30-60° S),
and (v) southern mid-latitudes (60-90° S).

The UV differences between the SSP1-
2.6 with nitrous oxide from SSP3-7.0
scenario relative to the SSP1-2.6
scenario for the period 2020-2100
are displayed in Figure Sl 4.7 and are
summarised in Table 4.5 as decadal
averages. Relative to the scenario in
which all three greenhouse gasses are
abated (SSP1-2.6), skin cancer- and
cataract-inducing UV radiation increases
in all latitude bands by the end of the
21st century in the scenario in which
nitrous oxide is not abated.
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Table 4.5 Percentage difference in annual skin cancer-inducing UV radiation, for the SSP1-2.6 with nitrous
oxide from the SSP3-RCP 7.0 scenario relative to the SSP1-RCP 2.6 scenario for the period 2020-2100, for five
different latitude bands. Average of the 2D, Canadian Middle Atmosphere and Whole Atmosphere Community
Climate models for decades centred on the given years

24 0.2 -0.1 0.0 -0.1
m 1.0 0.3 0.0 0.1 -0.1
Bl 2 | o | o 00 | oo
- 2.1 0.8 0.3 0.4 0.4
m 2.4 0.9 0.6 0.4 0.3
- 2.7 1.2 0.8 1.0 1.0
- 3.9 1.7 1.0 1.0 0.9
m 3.3 1.7 1.3 1.7 1.9

The greatest increase of up to 3.9 per cent is projected
for the southern high latitudes near the end of the 21st
century, while for other latitude bands the increases are
smaller ranging between 1.3 and 1.9 per cent. These
increases due to unmitigated nitrous oxide will add to
the expected increases in UV radiation in the tropics
and northern mid-latitudes that occur primarily due to
reduced carbon dioxide and methane (Yamamoto et al.
2024), and will partly compensate for the decreases in
UV radiation at southern mid-latitudes that are projected
for the end of the century in the SSP1-2.6 scenario
relative to 1995-2005.
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The changes in annual UV
irradiances can be used to
estimate the consequent health
effects. The UV-dependent
adverse health effects considered
here are the induction of skin
cancers —melanoma, basal,

and squamous — and cataracts.
Cutaneous malignant melanoma
is an aggressive cancer with more
than 325,000 new cases and
57,000 mortalities worldwide in
2020 (Arnold et al. 2022; Neale et
al. 2023). About 6.4 million new
cases of basal cell and squamous
cell skin cancers, with 56,000
fatalities, were estimated for 2019
(Zhang et al. 2021; Neale et al.
2023). Cataracts are a leading
cause of blindness globally and
resulted in an estimated loss of
6.7 million disability-adjusted life
years (DALYs) in 2019 (Lofgren
2017; Neale et al. 2023). Using
estimates for the ozone layer
depletion for any scenario, such
health impacts can be calculated
for the respective conditions
(Figure 4.13; Table SI 4.3). These
changes depend on latitude

and thus may impact countries
differently, depending on their
location, population and genetic
susceptibilities, for example, skin
or eye colour, for which data are
scarce. Notably these estimates
do not consider any changes in
the actual exposure of humans

to solar UV radiation due to
occupational- or recreational-life
patterns and atmospheric variability
due to climate change.

The key finding is that if methane
and carbon dioxide are mitigated
according to SSP1-2.6 and

nitrous oxide is not, there will be
appreciable increases in health
impacts, reaching around

4 per cent in squamous cell
carcinoma at southern midlatitudes
and about 2.5 per cent in the tropics
and northern mid-latitudes. For the
other skin cancers and cataracts,
the risks are milder but the absolute
numbers greater. The percent
changes presented here should be
taken as broad guidance rather than
specific predictions, but even with
this limitation any increase in the
already large incidence rates of skin
cancer and cataracts is of concern
to public health.
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Change in health impact (per cent)

10

Y

(]

five different latitude bands

90° S -60°5 60°5-30°S

E Squamous cell carcinoma

B EBazal cell carcinoma

lLLLL

30°5-30°N

J3°N-60"N B0°N-90"N

I cCutaneous malignant melanoma

B Cataracts

Figure 4.13 Percent difference in health impacts due to changes in ultraviolet radiation for the centred year of
2080-2090 (Table 4.5, for the technical reduction and societal change (SSP 1-RCP 2.6) scenario with nitrous oxide
from (SSP 3-RCP 7.0) scenario relative to the technical reduction and societal change (SSP 1-RCP 2.6) scenario, for

Note: These estimates do not include many factors, such as future changes in cloud cover and aerosols,
occupational and recreational exposure patterns, demographic shift, or disease latency.
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5.1

INTRODUCTION

This Assessment projects that emissions in 2050
could be abated by about 22 per cent relative to
2020 under the technical reductions scenario and
44 per cent under the technical reductions and
societal change scenario (Table 3.2).

Compared to a reference case of projected

2050 emissions, the abatement by 2050 could

be about 40 per cent and 56 per cent for the
same two scenarios, respectively. This chapter
discusses the potential costs of those abatement
measures, and they could be implemented.
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5.2

INDUSTRY

5.2.1 The potential for abatement

Nitric acid production, which is needed to make
synthetic nitrogen fertilisers, munitions and
adipic acid, emits nitrous oxide as an unintended
byproduct. Production of adipic acid and
caprolactum, which are used to make nylon and
other products, also emits nitrous oxide as an
unintended byproduct — caprolactum production
is only a minor contributor to nitrous oxide
emissions. Affordable technologies currently
exist to nearly eliminate nitrous oxide emissions
from these industrial processes (Davidson and
Winiwarter 2023). For both adipic and nitric

acid plants, thermal destruction or a variety of
catalytic processes can be used to abate nitrous
oxide emissions by 90-99 per cent. Of the
approximately 500 nitric acid production plants
worldwide, about 100 currently abate nitrous
oxide emissions, while about half of the 21 adipic
acid plants currently abate them. The technical
reductions scenario projection in this Assessment
assumes that emissions from nitric acid and
adipic acid production will be fully abated in all
Organisation of OECD countries by 2050 and in
other countries by 2070 (Table 3.3), resulting in
near-zero emissions by 2050 (Table 3.2).

The largest success to date in reducing

emissions from adipic and nitric acid plants has
occurred in the European Union (EU), in which its
emissions trading scheme (ETS) was used to fund
installation of abatement technologies in nearly
all plants (Davidson and Winiwarter 2023).
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This success is being exported
through foreign assistance of
the German government'’s Nitric
Acid Climate Action Group.

That programme has procured
statements of understanding
with numerous low-income and
middle-income countries to

help finance and install nitrous
oxide abatement technology

in their nitric acid plants. In

the United States (US) about
half the nitric acid plants have
nitrous oxide abatement as a
co-benefit of regulated nitrogen
oxides abatement in regions of
the country in which air quality
standards for nitrogen dioxide
and ozone cannot be met. The
nitric acid plants in regions of the
US that currently meet air quality
standards are not required to
abate either nitrogen oxides

or nitrous oxide emissions,

and thus would need other
incentives or new regulations for
abatement.

One of two US adipic acid plants
has abated about 95 per cent

of its nitrous oxide emissions,
while the second plant has

had an inconsistent history of
abatement but announced in
2023 new abatement investment
funded by a voluntary carbon
market. Although several of the
adipic acid plants in China are
abating nitrous oxide and Clean
Development Mechanism (CDM)

payments have been available
in the 2000s under the Kyoto
Protocol, emissions have
increased substantially since
then (Liang et al. 2024),
suggesting that some plants
cannot be abating a large
fraction of their emissions.
Furthermore, a protocol was
established in 2023 through
which adipic acid plants in
China could receive carbon
credit payments from a
voluntary offset programme
based in North America,
designed to avoid issues that
interfered with the intended
outcomes of the CDM, but no
data are yet available on the
success of this programme.

5.2.2. Supporting
feasibility analyses and
cost estimates of emission
abatement

The United States
Environmental Protection
Agency (US EPA) (2019)
projected that without further
abatement efforts, global
nitrous oxide emissions from

adipic and nitric acid production
in 2050 will be nearly triple 2015

levels due to growing demand
for nylon and fertilisers, and
continued expansion of these
industries. The US EPA study
estimates, however, that 86 per
cent and 88 per cent of

2mM7usn

207 USD
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emissions could be abated with
existing technology by 2030 and
2050, respectively. Emissions
abatement potentials and costs
vary widely among countries and
regions (Figure 5.1). The US EPA
report estimates that the largest
emitters, China and the US, could
reach 61 per cent and 49 per

cent respectively of their national
abatement potential at break-even
prices below USD 3,000 per tonne of
nitrous oxide (USD 10 per tonne of
carbon dioxide equivalent) and that
80 per cent of the global abatement

United States of America

20T USD

tG0,0q

Russia

207 USD

potential is achievable at break-
even prices between USD 0 and
USD 6,000 per tonne of nitrous
oxide (USD 0-20 per tonne of
carbon dioxide equivalent).
Abatement potential and costs
reported by Harmsen et al. (2019)
fall within this range. Experience
with abatement in the EU
suggests that costs were under
EUR 1,500 per tonne of nitrous
oxide (EUR 5 per tonne of carbon
dioxide equivalent)

(Winiwarter et al. 2018).

Singapore
T

2HNT USD

Rest of World

IMTUSD

Figure 5.1 Marginal abatement cost curves for projected 2030 nitrous oxide emissions

from adipic and nitric acid facilities for the top emitters and the rest of the world

Note: The horizontal axis shows the potential for emission abatement in metric tonnes of carbon dioxide

equivalent, using 298 as the global warming potential for nitrous oxide relative to carbon dioxide instead of

the 273 used in this Assessment. These potentials reflect each country’s current emissions, for example, large

in China and small in Russia. The vertical axis shows costs in 2017 dollars for each increment of additional

abatement.
Source: US EPA 2019
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Although abatement costs of
nitrous oxide from adipic and
nitric acid facilities are modest
compared to those for many other
greenhouse gas emissions, they
are neither negative nor zero. Other
measures have, therefore, been
necessary to encourage most
plant owners to install abatement
equipment, including regulations
and monetary incentives through
voluntary carbon markets and
mandated ETSs.

5.2.3 Other industrial and
energy-related emissions
abatement

Additional nitrous oxide
abatement is likely to occur in
industry, energy production,
transport, and heating sectors
that currently rely on the
combustion of fossil fuel, which
produces a small amount of
nitrous oxide as a by-product.

As fossil fuels are replaced by
renewable sources of energy

and as the transport and heating
sectors are electrified to reduce
carbon dioxide emissions, nitrous
oxide emissions will also decline
as a co-benefit. Although not
specifically motivated by abating
nitrous oxide emissions, carbon
dioxide emission abatement from
these sectors should include the
nitrous oxide emissions abatement
in cost-benefit analyses.
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AGRICULTURE -
CROPLANDS AND
GRASSLANDS

5.3.1 The potential for abatement

As described in Chapter 3, current efforts to
abate nitrous oxide emissions from croplands
and grasslands focus primarily on improving
NUE of synthetic nitrogen fertilisers and
manures applied to soils (Table 3.4), so that
more of the applied nitrogen is taken up by
crops and less is lost to the air and water.
These measures may include enhanced-
efficiency fertilisers (EEF) such as nitrification
and urease inhibitors and slow-release
fertilisers, amendments such as biochar and
microbial inoculants, crop and cultivar choices,
conservation tillage, and irrigation management.
Ideally, these measures become part of a
holistic nutrient management approach, such
as the 4R concept of nutrient stewardship -
the application of nutrients at the right rate,
right type, right time, and right placement. The
effectiveness of each measure is likely to be
regionally or locally specific and may also have
co-benefits for nutrient, water

and energy management.

The technical scenario projections in this
Assessment assume optimisation of fertiliser
rates enabled by implementation of existing
abatement measures, including lower losses of
nitrogen from manure before being applied to
soils. These measures will allow a significant
reduction in fertiliser applications, while
maintaining crop yields needed for projected
food demands. Total cropland and grassland
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emissions of nitrous oxide in

2050 are projected to decline by
about 26 per cent relative to 2020
emissions and about 44 per cent
relative to the reference case

2050 emissions (Table 3.2). The
technical reductions and societal
change scenario projects further
abatement due to changes in
dietary choices that result in lower
demand for fertilisers used to grow
crops for animal feed (Table 3.2).
Taken together, these measures
are projected to decrease nitrous
oxide emissions by more than 40
per cent relative to 2020 emissions
and over 50 per cent relative to the
reference case 2050 emissions
(Table 3.2).

Photo: Tran Nam Trung/Pexels

5.3.2 Supporting feasibility
analysis and cost estimates
emission abatement

Most assessments assume that
adoption of best management
practices will enable reductions
in the application of fertilisers.
Gu et al. (2023), for example, used
a meta-analysis of management
effects and modelling of
nitrogen budgets to estimate that
optimising for cost-effective
interventions (Figure 5.2) could
reduce global use of synthetic
nitrogen fertilisers by 21 per cent
and decrease the global cropland
nitrous oxide emissions by 50
per cent, while also meeting
projected food demands.

Fertilisation rates would
increase in some regions

such as Sub-Saharan Africa,
causing modest increases in
nitrous oxide emissions, but
this would be more than offset
by reductions in regions where
fertilisation rates are currently
high, such as many parts of East
Asia, South Asia, North America,
and Europe.

EEF
Amendment
Rate

Type

Timme
Placemnent
Legume
Newwr cultivar
Tillage
Irrigation
Buffer Zone
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Figure 5.2 Meta-analysis results of effects of 4R nutrient management and related interventions to improve

nitrogen use efficiency and reduce nitrous oxide emissions. All values given as per cent change.
Note: The 4R stewardship refers to the right fertiliser type, right amount, right placement and right time of

fertilisation; EEF refers to enhanced-efficiency fertilisers; amend refers to amendments applied to croplands

such as biochar; tillage refers to change from tillage to no-till; legume refers to rotation of legumes with

other crops; irrigation refers to drip irrigation or optimal irrigation; buffer zone refers to the use of wetlands

or marginal lands between croplands and rivers. The colours in the meta-analysis refer to different types of

measures: additive (green), 4R nutrient stewardship (red), crop species (black) and biophysical management

(blue).
Source: Gu et al. (2023)

Abatement of nitrous oxide
emissions would be accompanied
by reductions in other gaseous
and leaching losses of nitrogen
(Figure