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Nitrous oxide (N,0) is the largest known remaining anthropogenic
threat to the stratospheric ozone layer. However, it is currently
only regulated under the 1997 Kyoto Protocol because of its simul-
taneous ability to warm the climate. The threat N,O poses to the
stratospheric ozone layer, coupled with the uncertain future of the
international climate regime, motivates our exploration of issues
that could be relevant to the Parties to the ozone regime (the 1985
Vienna Convention and its 1987 Montreal Protocol) should they
decide to take measures to manage N,O in the future. There are
clear legal avenues to regulate N,O under the ozone regime as
well as several ways to share authority with the existing and
future international climate treaties. N,O mitigation strategies ex-
ist to address the most significant anthropogenic sources, includ-
ing agriculture, where behavioral practices and new technologies
could contribute significantly to reducing emissions. Existing pol-
icies managing N,O and other forms of reactive nitrogen could be
harnessed and built on by the ozone regime to implement N,O
controls. There are several challenges and potential cobenefits to
N,O control which we discuss here: food security, equity, and im-
plications of the nitrogen cascade. The possible inclusion of N,O in
the ozone regime need not be viewed as a sign of failure of the
United Nations Framework Convention on Climate Change to ad-
equately deal with climate change. Rather, it could represent an
additional valuable tool in sustainable development diplomacy.

climate gases | nitrogen cycle | stratospheric ozone depletion |
global environmental governance

itrous oxide (N,O) contributes to two distinct global
environmental problems: climate change and strato-
spheric ozone layer depletion. It is currently the third
most significant greenhouse gas (GHG) in terms of
climate forcing after carbon dioxide (CO;) and methane (CHy)
(1), and its current emissions will contribute more to stratospheric
ozone depletion than the current emissions of any other sub-
stance (2). N,O is not alone in having these dual impacts—for
example, chlorofluorocarbons (CFCs) also exacerbate both en-
vironmental problems, and CFC controls have reduced both
ozone layer depletion and anthropogenic climate change. How-
ever, CFCs and N,O are controlled under different international
treaties: CFCs under the universally accepted 1987 Montreal
Protocol on Substances that Deplete the Ozone Layer and N,O
under the 1997 Kyoto Protocol to the United Nations Frame-
work Convention on Climate Change (UNFCCC). The latter has
not been universally ratified, and its first phase commitments
expired at the end of 2012. Although a second commitment pe-
riod will run through 2020, its emissions reduction targets remain
unclear, and the Protocol’s membership has shrunk. Because
N,O emissions are the largest remaining anthropogenic threat to
the stratospheric ozone layer, this paper examines the issues that
we regard as most relevant if the Parties to the ozone regime de-
cide to consider future N,O controls. Our aim should not, how-
ever, be interpreted as implicitly endorsing such an outcome.

www.pnas.org/cgi/doi/10.1073/pnas.1222231110

The ozone regime (the 1985 Vienna Convention and its 1987
Montreal Protocol) is widely regarded as the most effective in-
ternational environmental institution ever established. The Mon-
treal Protocol has reduced the production and consumption of
the ozone-depleting substances (ODSs) it controls by 98% since
its inception, while simultaneously delaying the growth of overall
anthropogenic radiative forcing by an amount equivalent to
7-12 y of increased CO, emissions in the early 21st century (3).
Its institutional architecture has elements that various Parties
regard as essential to their participation. Every country in the
world has ratified the Protocol, and all Parties have legally
binding commitments (with developing countries given longer to
comply with their commitments, which are often identical to
developed country commitments). There is a strong financial
mechanism, the Multilateral Fund, funded by developed coun-
tries that finances projects in developing countries to cover their
incremental costs of complying with their Montreal Protocol
commitments. There is also an enforcement mechanism re-
stricting trade in ODS. Well-respected assessment panels, made
up of experts from industry, government, international organ-
izations, private consultancies, and academia, provide valuable
information and advice to the Parties on the science and envi-
ronmental effects of ozone depletion as well as the technical and
economic feasibility of chemical and process alternatives. The
Parties may wish to use this existing institutional architecture if
they decide to adopt future N,O controls. For example, the
Parties could request a scoping report from the Technology and
Economics Assessment Panel on the technical and economic
feasibility of specific N,O control strategies before deciding on
a course of action (and possibly establish an N,O Technical
Options Committee if they do decide to adopt controls) (4).
Likewise, the Multilateral Fund could apply general lessons
learned from successful projects in the agricultural sector that
helped farmers adopt methods to reduce or replace use of the
pesticide methyl bromide (5).

N,O is a part of the tightly coupled nitrogen (N) cycle. Increases
in anthropogenic emissions have come mainly from agriculture
because of the biogeochemical processes of nitrification and de-
nitrification, with additional contributions from stationary and
mobile combustion, biomass burning, nitric and adipic acid pro-
duction, and wastewater treatment (6). The N cycle is best char-
acterized as a chemical cascade, with one N atom able to transform
readily among different forms (7) (Fig. 1). As a result, N [specifi-
cally, reactive nitrogen (Nr)—all N compounds except N,] can
contribute to a myriad of environmental problems. In princi-
ple, therefore, it can be controlled at a number of points along
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Examples of existing
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managing parts of the

nitrogen cascade:

and
stratospheric effects
(N,0):

1997 Kyoto Protocol to
the United Nations
Framework Convention
on Climate Change

Particulate matter,
tropospheric ozone,
surface and groundwater
effects (NH;, NH,, NO,,

Food NO, NO;):
production
1988 Sofia Protocol to the
Convention on Long
Range Transport of Air
Pollution
1999 Gothenburg
People Protocol to the
Convention on Long
(food; fiber) Range Transport of Air
Pollution
Ocean and coastal effects
Th (NO;):
e 1972 Convention for the
= Prevention of Marine
Nitrogen Polluton rom Land
Based Sources
Cascade ® Indicates Denitrification Potential
Fig. 1. lllustration of the nitrogen cascade showing the sequential effects that a single atom of N can have in various reservoirs after it has been converted

from nonreactive N, to a reactive form (yellow arrows) and examples of existing international management policies. Adapted with permission from the
GEO Yearbook 2003, United Nations Environment Programme (UNEP), 2004 (8) which was based on Galloway et al., 2003 (7).

the cascade. For example, nitrogen oxides (NOy, = NO + NO,),
nitrate (NO5™), and N,O are all forms of Nr, which can be con-
trolled as air, water, and ozone and climate pollutants, respectively.
Because of the cascade effect, reductions in one form of Nr likely
reduce total Nr levels (9). Consequently, controlling N,O provides
environmental cobenefits (e.g., improved air and water quality) in
addition to the direct benefits of reducing ozone depletion and
climate change.

The following sections examine the scientific, legal, technical
and policy-related issues surrounding potential N,O controls
under the ozone regime.

N,0—Atmospheric Abundance and Ozone-Depleting
Properties

N,O Emission Sources. With natural emissions assumed to have
remained unchanged, it is believed that anthropogenic activity
alone is responsible for the ~20% increase in atmospheric N,O
concentrations [from 270 to 325 parts per billion by volume
(ppbv)] since 1860 (8). Natural emissions are estimated at 10.2
Tg N per year (10) compared with current anthropogenic
emissions estimates of 5.5-8.2 Tg N per year (6, 10-12). Con-
sequently, the current stratospheric photochemical sink of N,O
of ~13.3 Tg N per year (given an atmospheric abundance of 325
ppbv and an atmospheric lifetime of 119 y) is not large enough to
offset total annual emissions of 15.7-18.4 Tg N (12); the atmo-
spheric abundance of N,O continues to increase as a result. Al-
though the magnitude of total N,O anthropogenic emissions is
reasonably well-known, attributing anthropogenic N,O emissions
to various activities or sectors has significant uncertainties. N,O
from natural and agricultural sources is a product of de-
nitrification (the transformation of NO;™ into N) and nitrification
[the transformation of ammonium (NH,4*) into NO37] (13). N,O
is also emitted as an industrial byproduct from other anthropo-
genic sources (Feasibility of N>O Reductions: Sector-By-Sector
Emissions and Mitigation Opportunities). Source attribution is dif-
ficult, because the larger sources are diffuse, variable in time,
dispersed across the globe, and occur above a large natural
background. In addition, new anthropogenic sources of N,O, such
as aquaculture, may be growing rapidly (14). Uncertainty in the
magnitude of individual sources makes it challenging to predict
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emission reductions from specific mitigation actions, particularly
in agriculture.

Contribution of N,0 to Stratospheric Ozone Layer Depletion. Both
natural and anthropogenic N,O emissions are transported to the
stratosphere where ~10% is oxidized by excited atomic oxygen
[O('D)] to form nitric oxide (NO), which together with nitrogen di-
oxide (NO,), forms a catalytic cycle for ozone destruction (15). There
is a balance between ozone production and loss, with NOy catalysis
a major ozone loss process in the mid- to upper stratosphere. Indeed,
NOy was found to catalyze stratospheric ozone destruction several
years before similar concerns emerged about CFCs (16).

Ravishankara et al. (2) calculated an ozone depletion potential
(ODP) for N,O. ODP is a metric used to evaluate the efficacy of
a species’ stratospheric ozone destruction relative to CFC-11.
Ravishankara et al. (2) reported an ODP for N,O of ~0.02 (i.e.,
1 kg N,O emissions destroy ~2% of the stratospheric ozone that
1 kg CFC-11 emissions destroy). This value changes slightly with
atmospheric conditions (S/ Text) but is comparable with the ODPs
of several substances already controlled under the Montreal
Protocol [e.g., hydrochlorofluorocarbon-123 (0.02)]. N,O’s small
ODP can be deceptive, because the mass of N,O emitted from
anthropogenic activities is much larger than past or projected
future CFC emissions (e.g., in 2008, ODP-weighted emissions of
N,O were approximately double the ODP-weighted emissions of
CFC-11). Ravishankara et al. (2) note that, based on ODP-
weighted emissions, anthropogenic N,O was the fourth most im-
portant ODS at the height of CFC emissions, is the most impor-
tant ODS emitted today, and is projected to remain the most
important throughout the 21st century. Furthermore, Rav-
ishankara et al. (2) suggest that, by 2050, N,O ODP-weighted
emissions could be as large as one-third of the peak of the CFC
ODP-weighted emissions, which occurred in the late 1980s. As
a result, N,O emissions are currently the largest remaining an-
thropogenic threat to the stratospheric ozone layer.

Considering together future projections of CO,, CHy, and N,O
increases and ODS decreases, it is estimated that the ozone layer
should eventually return to its pre-1980 levels, despite continued
emissions of N,O and other ODSs (17). However, the Parties to
the Montreal Protocol continue to consider and pursue ways to
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accelerate ozone recovery, such as the destruction of ODS banks
and the accelerated hydrochlorofluorocarbon phase out, partly
because these actions would deliver both ozone and climate
benefits (18). Controlling N,O would also bring these cobenefits,
because in addition to its ozone-destroying properties, N,O is the
third most significant GHG behind CO, and CH,. Because of the
N cascade phenomenon, N,O controls would likely also deliver air
and water quality benefits caused by reduced NO;™~ leakage and
ammonia (NHj3) volatilization. Moreover, the pre-1980 ozone
levels used as a benchmark by the Parties to the Montreal Pro-
tocol do not represent a world unaffected by the impacts of ozone
depletion, because anthropogenic ozone depletion was occurring
well before 1980 (19). Even if anthropogenic N,O emissions were
fully eliminated tomorrow, N,O-induced ozone loss would con-
tinue for centuries because of its long atmospheric lifetime, with
the associated adverse impacts on human health and natural
ecosystems. Consequently, there are still significant environmental
benefits to be gained from a reduction in N,O emissions, including
for the ozone layer.

Legal Authority of the Ozone Regime

N,O is currently included under the UNFCCC and its Kyoto
Protocol (Article 4, UNFCCC; Articles 2, 5, and 7 and Annex
A-B, Kyoto Protocol) as a GHG. However, as outlined in the
previous section, current N,O emissions pose the greatest re-
maining anthropogenic threat to the stratospheric ozone layer.
Moreover, with the first phase of binding commitments under
the Kyoto Protocol expiring at the end of 2012, uncertainty
surrounding what a second Kyoto Protocol commitment period
from 2013 to 2020 will entail, and no possibility of a new
agreement coming into force before 2015, there is increasing
uncertainty as to how the GHGs currently in the Kyoto basket
will be regulated in the future. Consequently, it is reasonable to
explore the possibility of measures to manage N,O under the
ozone regime and how they might interact with existing and fu-
ture international climate regimes.

Legal Authority to Regulate N,0. Neither the 1985 Vienna Con-
vention (Ozone Convention) nor the Montreal Protocol defines
ODSs (Article 1, Ozone Convention and Montreal Protocol).
However, the Parties list NoO as one of the chemicals that
modifies “the chemical and physical properties of the ozone
layer” in the Ozone Convention [Article 3 and Annex I at (4)(b),
Ozone Convention]. Coupled with the threat N,O poses to the
stratospheric ozone layer, this listing suggests that it could legally
be classified as an ODS for purposes of the Ozone Convention
and Montreal Protocol.

The Ozone Convention commits the Parties to regulate all human
activities that “have or are likely to have adverse effects resulting
from modification or likely modification of the ozone layer” with-
out distinction between products and byproducts [Article 2(2)(b),
Ozone Convention]. Therefore, although the Montreal Protocol
has previously only controlled ODS production and consumption
(whereas N,O is mostly an unwanted byproduct, its intentional
production and consumption being very limited), the Parties could
regulate N,O if they choose to do so.

Moreover, the Montreal Protocol’s historical focus on production
and consumption could provide advantages to reducing agricultural
N,O emissions in particular: such an approach would allow a focus
on fertilizer consumption rather than N,O emissions—the method
currently used under the climate regime. Emphasizing consumption
would likely be a more manageable (and measurable) approach to
tackling the problem than attempting to control emissions. N,O
emissions from agriculture are spatially and temporally heteroge-
neous and difficult to measure, whereas data on fertilizer pro-
duction and consumption are readily available (20, 21). N,O
emissions could then be derived from fertilizer consumption data
by emissions factors (22) and biogeochemical computer models
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(23). Although the default emission factors for direct and indirect
emissions from fertilizer and manure published by the Intergov-
ernmental Panel on Climate Change are generally consistent with
the global budget of N,O, a key research objective is to find
a metric that adequately estimates N,O emissions from fertilizer
consumption on more local scales.

How N,O Could Be Regulated Under the Ozone Regime. There are
two ways the Parties could currently regulate N>O under the
Ozone Convention. First, the Parties to the Montreal Protocol
could choose to amend the treaty to add N,O as a controlled
substance and establish control measures to reduce N,O emis-
sions [Article 2 (10), Montreal Protocol]. Second, the Parties to
the Ozone Convention could choose to adopt and ratify a new
protocol under Article 8 of the Ozone Convention tailored to
specifically regulate N,O (Articles 2 and 8, Ozone Convention)
(a detailed analysis of these two options is in the SI Text).

Interaction with the Existing Climate Regime. Establishing control
measures for N,O under the ozone regime is consistent with the
UNFCCC’s principles and ultimate objective (Articles 2-3,
UNFCCC). The UNFCCC explicitly directs its Parties to “seek
and utilize, where appropriate, the services and cooperation of,
and information provided by, competent international organ-
izations and intergovernmental ... bodies” such as the Montreal
Protocol [Article 7 (2)(1), UNFCCC]. The Parties to its Kyoto
Protocol have already implemented this mandate by delegating
responsibility for reducing GHG emissions from two entire
sectors of the economy, aviation and bunker fuels, to the In-
ternational Civil Aviation Organization and the International
Maritime Organization, respectively [Article 2 (2), Kyoto Pro-
tocol]. Legal provisions could be added to both treaties to re-
duce potential conflicts of authority, which was suggested in
discussions of the proposed hydrofluorocarbon amendments
to the Montreal Protocol (24) (SI Text).

Interaction with the Post-2012 Climate Regime. The details of the
Kyoto Protocol’s second commitment period are still being
negotiated, with 2015 now the target date for securing a new
agreement to succeed the Kyoto Protocol. This negotiation
schedule means that, from a legal perspective, the post-2012
climate regime could be tailored to accommodate N,O control
measures under the ozone regime with very little difficulty. Thus,
not only is N,O regulation under the ozone regime legally pos-
sible, but working toward an agreement now would likely be
more straightforward than after any potential new climate agree-
ment is in place.

Feasibility of N,0 Reductions: Sector-By-Sector Emissions
and Mitigation Opportunities

The majority of anthropogenic N,O is emitted from agriculture,
stationary and mobile combustion, biomass burning, and nitric
and adipic acid production (Fig. 2). We, therefore, focus on
these sectors in this section (although other sectors, such as
wastewater, are developing methods to reduce N,O emissions as
well) (25, 26). Each sector has introduced (or is in the process of
developing) technologies and/or practices to reduce emissions.
We outline some mitigation opportunities below, starting with
the smaller sources and concluding with agriculture, where fu-
ture mitigation efforts may yield the largest reductions and yet,
could also prove to be the most difficult to implement.

Nitric/Adipic Acid Production. Together, nitric and adipic acid pro-
duction are responsible for less than 4% of global N,O emissions
(11, 27). Nitric acid is mainly used as a feedstock for synthetic
fertilizer, with additional uses in the production of explosives and
adipic acid. N,O forms as a result of ammonia oxidation, the first
stage in nitric acid production (22). Adipic acid is primarily used
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Anthropogenic N,O Emissions by Sector
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Fig. 2. Sector-by-sector contribution to anthropogenic N,O emissions in
2005. Smaller sources, such as wastewater treatment and aquaculture, are
included in the “Other” bar. Error bars represent the range of leading es-
timates taken from US Environmental Protection Agency (6), Davidson (10),
Syakila and Kroeze (11), and Crutzen et al. (12) with the total error bar
representing the sum of the individual error bars.

as a feedstock in synthetic fiber production, with N,O formation
the result of using nitric acid to oxidize cyclohexanone and/or
cyclohexanol (28). Abatement technologies exist for both nitric
and adipic acid production, most notably catalytic reduction tech-
niques, with reduction efficiencies of up to 98% (22), and they
have been (or will soon be) installed in most developed coun-
tries (SI Text).

Biomass Burning. Biomass burning accounts for 8-9% of global
N,O emissions (10, 11), with emissions from both the oxidation of
atmospheric N, and organic N in the biomass. Major sources in-
clude burning involved in forest to cropland conversion, burning
of agricultural waste, and wildfires (29). Mitigation opportunities
vary greatly depending on the timing and location of the burning,
resource management objectives, vegetation type, and available
resources. They include reducing the acreage burned (for exam-
ple, through conservation tillage or burning in alternate years),
wildfire management through prevention education and fuel
management, and improving burning practices to increase com-
bustion efficiency and reduce fuel consumption and loading (30).

Stationary and Mobile Combustion. Stationary and mobile com-
bustion account for 8-14% of global N,O emissions (6, 11). N,O
from mobile sources is largely formed by catalytic converters
used to control NO, carbon monoxide (CO), and hydrocarbons
in tailpipe emissions (31) (SI Text). Technical improvements to
reduce N,O emissions are being gradually introduced into new
car models. For example, oxidation catalysts are able to reduce
N,O emissions ~70% compared with models without the tech-
nology (22). Stationary combustion sources (mainly coal power
plants) emit N,O caused by the oxidation of both atmospheric
N, and organic N in the fuel. Emissions depend on the amount
of organic N in the fuel and temperature and oxygen levels
during combustion (32). Technologies and practices to reduce
emissions include a variety of selective catalytic reduction tech-
niques (33), with N,O reduction efficiencies of up to 80% (34).

Agricultural Emissions. N,O from agriculture accounts for 62-84%
of anthropogenic emissions (10-12), which are driven mostly by
the large application of synthetic N fertilizer and manure to
farmland. The central cause of N,O emissions from agriculture is
a lack of synchronization between soil availability and crop de-
mand for N—with, on average, ~50% of N applied to agricul-
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tural soils lost to the environment (35). The ultimate control on
emissions would be a decrease in the amount of Nr created to
grow food, because eventually, the majority of Nr added to the
soils is lost to the environment. This lost Nr has the potential to
undergo nitrification and denitrification, the two main microbial
processes that produce N,O. There are both behavioral and
technological strategies that can partially remedy this dislocation
and could reduce N,O emissions substantially.

Behavioral practices. Behavioral practices focus on using fertilizer
more efficiently by (i) applying the right type in the right amount
in the right place at the right time (36), (i) lessening the impacts
of fertilizer after it escapes the farm (in its various chemical
forms), and (iii) educating the consumer about N-smart con-
sumption practices. Implementing these practices involves con-
siderable educational efforts, particularly in developing
countries, and in some cases, additional technology to precisely
pinpoint N requirements within a field is needed. Many of these
practices incur little or zero additional cost to the farmer, be-
cause they lead to lower fertilizer use and/or increased yields,
potentially increasing profit margins as a result (6, 37)—although
they have to contend with the predominant view among many
farmers that the risks of yield decline from underapplication
outweigh the costs of fertilizer overapplication (38). Another
dimension of behavior to consider is the consumption of agri-
cultural products. There are significant changes to consumer
behavior, including a decrease in meat consumption and food
wastage, that could mitigate Nr pollution considerably (39).
Tools such as the Nitrogen Footprint Calculator have been
shown to be effective in educating consumers about how their
resource choices contribute to Nr losses to the environment (40).
Recommended behavioral practices include (more details in
SI Text):

Use of cover crops and residue recycling to reduce and reuse
surplus Nr.

Improvement of the timing and placement of fertilizer appli-
cation to better synchronize crop N demand with soil supply.

Watershed management to stimulate complete denitrification
to Nz.

Livestock management by altering animal diets and imple-
menting responsible waste management practices.

Technological options. Technological advancements in improving
fertilizer use efficiency are advantageous, because farmers are not
required to change the way that they apply fertilizer N—the
remedy is embedded in the product (although they are often
most effective combined with behavioral practices). The In-
tergovernmental Panel on Climate Change Third Assessment
Report estimated that these technologies could potentially cut
global N,O emissions from N fertilizer use by 30% (41). A more
recent metaanalysis of field trials estimates that two of the most
widely used technologies to improve fertilizer use efficiency, ni-
trification inhibitors and controlled-release fertilizers, reduce
N,O emissions by ~35% on average (42) (SI Text). Their use is
growing, particularly in intensive agricultural regions such as the
Midwest United States, where the gains from N use efficiency
can outweigh the purchase costs (43). Wood chip-filled trenches,
known as denitrifying bioreactors, also show promise by in-
creasing complete denitrification to N, (44, 45).

Research into genetically engineering crops to improve their N
use efficiency is ongoing (46). Recent papers have shown that,
with the same amount of N fertilizer, certain genetically en-
gineered crops could increase yields by over 30% compared with
traditional crops (47). However, genetically engineering N use
efficiency is a controversial issue, with a number of skeptics (48).
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Policies Currently Influencing N,O Emissions

Policies currently exist at the local, national, regional, and in-
ternational level that directly or indirectly control N,O emissions.
These initiatives could potentially be harnessed into a compre-
hensive global effort to reduce N,O emissions.

Controls. The Kyoto Protocol to the UNFCCC is the only in-
ternational agreement that currently lists N,O as a controlled
substance. Although its Clean Development Mechanism has is-
sued credits for projects reducing industrial N,O emissions (e.g.,
nitric/adipic acid production), none has been issued for agricul-
ture-related projects. National climate policies, such as the
United Kingdom Climate Change Act and the Australian Car-
bon Tax, also cover N,O, although with no elements focused
specifically on N,O, because it is part of a basket of GHGs.

To the best of our knowledge, four policies, at various levels of
government, explicitly aim to reduce N,O emissions from agri-
culture: the Alberta Quantification Protocol for Agricultural N,O
Emission Reductions in Canada, Australia’s Carbon Farming
Initiative, and protocols under the American Carbon Registry and
the US Climate Action Reserve (passed in 2010, 2011, and 2012,
respectively), all of which issue credits for on-farm reductions of
N,O emissions.

In terms of nonagricultural N,O emissions, the European Union
Emissions Trading Scheme will begin issuing credits for N,O re-
ductions at nitric acid plants beginning in 2013 (49). These credits
will contribute toward reaching their 21% GHG reduction target
by 2020 (from a 2005 baseline). The US Environmental Protection
Agency and the Department of Transportation recently set a cap
on tailpipe emissions of 0.010 g per mile for N,O emissions starting
in 2017 model passenger vehicles and light trucks (although cur-
rent emissions are already significantly below this cap) (50).

Indirect Controls. Certain policies indirectly reduce N,O emissions
by controlling other forms of Nr. These policies could be impor-
tant as an additional infrastructure already in place for reducing
N,O emissions, although their focus is on other forms of Nr
pollution. They include the 1991 European Union Nitrate Di-
rective (now part of the 2000 Water Framework Directive), which
sets limits on the use of N fertilizer in nitrate vulnerable zones and
in turn, reduces the potential for N,O emissions in waterways
downstream of leaching (51). Member states, such as The Neth-
erlands, that have implemented this Directive have seen reduc-
tions in N,O emissions of up to 30% (52). The Chesapeake Bay
watershed has a similar focus, with the US Environmental Pro-
tection Agency recently setting a target of a 25% reduction below
current levels of Nr pollution entering the watershed by 2025 (53).

The Convention on the Long Range Transport of Air Pollution
and its 1988 Sofia Protocol and 1999 Gothenburg Protocol set
national limits on NO, and NH; emissions for its Parties (which
include most countries in Europe, the United States, and Canada
but no countries outside the OECD). These controls, in turn, will
likely reduce N,O emissions through the N cascade. The Long
Range Transport of Air Pollution’s Task Force on Reactive
Nitrogen focuses on strategies for reducing Nr pollution, and
includes an expert panel on Nr and climate change.

Challenges and Cobenefits to Controlling Agricultural N,0
Emissions

There are at least three primary challenges and cobenefit op-
portunities if the ozone regime, or any other international forum,
is to control agricultural N,O emissions: how to reduce N,O
without adding to food security concerns, how to ensure re-
duction targets are equitable across nations, and how to re-
sponsibly manage the tightly coupled nature of the N cycle.

Food Security. It is impossible to produce food without N inputs of
some kind given its fundamental role in protein generation (54).
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Thus, even a phase-down, rather than the traditional Montreal
Protocol approach of phasing-out specific chemicals (in this case,
certain N fertilizers), would be exceedingly difficult. If N,O is to
be reduced without adding to food security concerns, methods
must be developed to measure and implement reductions of N,O
emissions in ways that preserve agricultural yields while reducing
additional forms of Nr pollution to the surrounding environ-
ment. An important avenue to explore, therefore, is how to in-
crease the efficiency of fertilizer use. There are a number of metrics
for fertilizer use efficiency, each with a slightly different focus (55).
Use of these metrics may provide an opportunity to maintain food
security while reducing N,O emissions and other environmental
impacts resulting from excess Nr in the environment.

Equity. The high degree of heterogeneity in the global distribution
of fertilizer use has important implications for how N,O con-
trols could be implemented. In economies across Europe, North
America, South America, and Asia, fertilizer is widely and abun-
dantly used. By contrast, sub-Saharan Africa greatly under-
fertilizes much of its land because of a lack of infrastructure (e.g.,
paved roads), farmer education, and affordable fertilizer (56). The
priority in Africa is to increase yields substantially and distribute
those yields more effectively. Existing, widely applied, and cost-
effective technologies would be sufficient to achieve these needed
improvements (57).

Consequently, agricultural N,O controls require a nuanced
regulatory approach. This nuance could be encapsulated in, for
example, a per capita threshold of fertilizer use, below which
a country is exempt from controls until that threshold has been
crossed. This approach would allow countries in regions such as
sub-Saharan Africa to improve agricultural productivity and thus,
their food security without constraints on fertilizer application.
Although such a rule would allow considerable growth in fertilizer
use in these countries (accompanied by increased N,O emissions
and other Nr pollution from these regions), the level of fertilizer
use in regions like sub-Saharan Africa is so small relative to more
industrialized regions (58) that an increase in per capita con-
sumption is likely both necessary for food security and environ-
mentally feasible given that greater reductions can currently be
achieved in more industrialized regions.

Nitrogen Cascade. Controlling N,O involves managing an impor-
tant and unique facet of the N cycle which sets it apart from other
biogeochemical cycles and requires a more nuanced regulatory
approach. Because of the facile conversion among its different
oxidative states, one N atom can cascade through a variety of
chemical forms, each with a different effect on the environment.
For example, if urea is applied to a field, a portion of it can be
volatilized as NHs, which can then react to form ammonium
sulfate [(NH4),SO4] and NO;~ aerosols, constituents of fine
particulate matter that reduce visibility and have adverse impacts
on human health. When removed from the atmosphere in pre-
cipitation, Nr can be oxidized to NO5™~ (through nitrification with
some N,O production), where it can eutrophy surface water and
contaminate aquifers. NO3;~ can be converted to N,O through
denitrification and emitted to the atmosphere, leading to in-
creased radiative forcing and stratospheric ozone depletion. This
multitude of potential environmental impacts poses a unique
challenge to policymakers when deciding at what point to in-
tervene in the N cascade. Ideally, it is at the point of Nr formation
(e.g., the Haber—Bosch process). It can also be where cost mini-
mization and optimal environmental protection coincide (e.g.,
precluding future healthcare costs caused by air pollution) (59,
60). Formulating N,O controls for the agriculture sector around
the concept of fertilizer efficiency (i.e., better synchronizing soil N
supply with crop N demand) could take this aspect of the N cycle
into account, not only complementing the ozone regime’s his-
torical focus on controlling production and consumption (Legal
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Authority of the Ozone Regime, Legal Authority to Regulate N>O)
but also providing a potentially effective way to prevent a dam-
aging N cascade. This approach, in turn, would help mitigate
climate change and air and water pollution in addition to pro-
tecting the stratospheric ozone layer.

Conclusion

This paper has explored the central issues that would surround
a potential decision of the Parties to the ozone regime to control
N,O. Although the science underpinning N,O’s ozone de-
structiveness is complex, it is well-understood, and N,O is now
the largest remaining anthropogenic threat to the stratospheric
ozone layer. Moreover, N,O reductions could deliver significant
climate cobenefits because of its potency as a GHG. N,O re-
ductions could also reduce the prevalence of other forms of Nr
pollution, such as NO; -induced eutrophication and NO, and
NH,™" linked production of fine particulate and ozone air pol-
lution, due to the N cascade phenomenon. The legal authority of
both the Montreal Protocol and its parent convention to control
N,O is clear, and a partnership with the existing and future in-
ternational regimes is a real possibility. Mitigation strategies exist
across all major sectors, although there are particularly acute
challenges in agriculture caused by the diffuse nature of emissions
and the need to balance food security concerns. There are a
number of existing policies that could be harnessed to implement
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N,O controls if the Parties to the ozone regime were to decide to
control it. Finally, given how essential N is in food production and
the ease with which it can contribute to a myriad of environmental
problems, controlling N,O requires a nuanced approach that any
international agreement would find challenging.

If the Parties to the ozone regime were to decide to control N,O,
it need not be viewed as symptomatic of a failure of the UNFCCC
to adequately deal with climate change. Climate change is an
exceptionally multifaceted, challenging issue, and—as anticipated
by the UNFCCC itself—multiple regimes may need to act si-
multaneously to address it. Moreover, given how the driving forces
behind climate change and other environmental problems often
overlap, it may be wise to widen the scope of tools and institutions
to approach these issues. Consequently, if N,O is transferred to
the ozone regime, it could mark a potentially welcome expansion
of the horizons of sustainable development diplomacy.

ACKNOWLEDGMENTS. The authors thank Eric Davidson, David Doniger, and
Edward Parson for their helpful comments and suggestions, and llissa Ocko
for her help in designing the graphic for Fig. 2. The conclusions and opinions
expressed in this paper (by A.R.R., J.5.D., and R.W.P.) are those of the authors
and not necessarily those of National Oceanic and Atmospheric Administra-
tion where part of this work was conducted. The views of the other authors
are their own and do not necessarily represent the views of the organiza-
tions where they are employed.

22. Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K (2006) Chemistry Industry Emissions.
Industrial Processes and Product Use: IPCC Guidelines for National Greenhouse Gas
Inventories (Institute for Global Environmental Strategies, Hayama, Japan), p 3.19.

23. Del Grosso SJ, et al. (2009) Global scale DAYCENT model analysis of greenhouse gas
emissions and mitigation strategies for cropped soils. Global Planet Change 67(1-2):
44-50.

24. Roberts MW, Grabiel PM (2009) A window of opportunity: Combating climate change
by amending the Montreal Protocol to regulate the production and consumption of
HFCs and ODS banks. Georget Int Environ Law Rev 22(1):99-155.

25. Schipper LA, Cameron SC, Warneke S (2010) Nitrate removal from three different
effluents using large-scale denitrification beds. Ecol Eng 36(11):1552-1557.

26. Elgood Z, Robertson WD, Schiff SL, Elgood R (2010) Nitrate removal and greenhouse
gas production in a stream-bed denitrifying bioreactor. Ecol Eng 36(11):1575-1580.

27. United States Environmental Protection Agency (2011) DRAFT: Global Anthropogenic
Non-CO2 Greenhouse Gas Emissions: 1990-2030 (United States Environmental Pro-
tection Agency, Washington, DC).

28. Schneider LLM, Kollmus A (2010) /ndustrial N20 Projects Under the CDM: Adipic Acid—
A Case of Carbon Leakage? (Stockholm Environment Institute, Tsukuba, Japan).

29. Crutzen PJ, Andreae MO (1990) Biomass burning in the tropics: Impact on
atmospheric chemistry and biogeochemical cycles. Science 250(4988):1669-1678.

30. United States Environmental Protection Agency (2012) Report to Congress on Black
Carbon (United States Environmental Protection Agency, Washington, DC).

31. United States Environmental Protection Agency (2012) Inventory of U.S. Greenhouse
Gas Emissions and Sinks: 1990-2010 (United States Environmental Protection Agency,
Washington, DC).

32. Wiesen P (2010) Abiotic Nitrous Oxide Sources: Chemical Industry and Mobile and
Stationary Combustion Systems. Nitrous Oxide and Climate Change, ed Smith K
(Earthscan, London).

33. Hoglund-Isaksson L, Winiwarter W, Tohka A (2009) Potentials and Costs for
Mitigation of Non-CO2 Greenhouse Gases in Annex | Countries—Version 2.0
(International Institute for Applied Systems Analysis, Laxenburg, Austria).

34. Winiwarter W (2005) The GAINS Model for Greenhouse Gases: Nitrous Oxide (N200)
(International Institute for Applied Systems Analysis, Laxenburg, Austria).

35. Bouwman AF, Stehfest E, van Kessel C (2010) Nitrous oxide emissions from the
nitrogen cycle in arable agriculture: Estimation and mitigation. Nitrous Oxide and
Climate Change, ed Smith K (Earthscan, London), pp 85-107.

36. Robertson GP, et al. (2012) Nitrogen-climate interactions in US agriculture.
Biogeochemistry, 10.1007/s10533-012-9802-4.

37. Sutton MA, et al. (2011) The European Nitrogen Assessment: Sources, Effects and
Policy Perspectives (Cambridge Univ Press, Cambridge, United Kingdom).

38. DeAngelo BJ, de la Chesnaye FC, Beach RH, Sommer A, Murray BC (2006) Methane
and nitrous oxide mitigation in agriculture. Energ J 27:89-108.

39. Townsend AR, Howarth RW (2010) Fixing the global nitrogen problem. Sci Am 302(2):
64-71.

40. Leach AM, et al. (2012) A nitrogen footprint model to help consumers understand
their role in nitrogen losses to the environment. Environ Dev 1(1):40-66.

41. Moomaw WR, Moreira JR (2001) Technological and Economic Potential of Greenhouse Gas
Emissions Reduction. Climate Change 2001: Mitigation: Contribution of Working Group /Il
to the Third Assessment Report of the Intergovernmental Panel on Climate Change, eds
Davidson O, Metz B (Cambridge Univ Press, Cambridge, United Kingdom).

Kanter et al.


www.pnas.org/cgi/doi/10.1073/pnas.1222231110

L T

z

D\

42.

43.

a4,

45.

46.

47.

48.

49.

50.

Akiyama H, Yan XY, Yagi K (2010) Evaluation of effectiveness of enhanced-efficiency
fertilizers as mitigation options for N(2)O and NO emissions from agricultural soils:
Meta-analysis. Glob Change Biol 16(6):1837-1846.

Trenkel ME (2010) Slow- and Controlled-Release and Stabilized Fertilizers: An Option
for Enhancing Nutrient Use Efficiency in Agriculture (International Fertilizer Industry
Association, Paris).

Woli KP, David MB, Cooke RA, Mclsaac GF, Mitchell CA (2010) Nitrogen balance in and
export from agricultural fields associated with controlled drainage systems and
denitrifying bioreactors. Ecol Eng 36(11):1558-1566.

Moorman TB, Parkin TB, Kaspar TC, Jaynes DB (2010) Denitrification activity, wood
loss, and N20O emissions over 9 years from a wood chip bioreactor. Ecol Eng 36(11):
1567-1574.

O’Brien M, Mullins E (2009) Relevance of genetically modified crops in light of future
environmental and legislative challenges to the agri-environment. Ann Appl Biol
154(3):323-340.

Shrawat AK, Carroll RT, DePauw M, Taylor GJ, Good AG (2008) Genetic engineering of
improved nitrogen use efficiency in rice by the tissue-specific expression of alanine
aminotransferase. Plant Biotechnol J 6(7):722-732.

Gurian-Sherman D, Gurwick N (2009) No Sure Fix: Prospects for Reducing Nitrogen
Fertilizer Pollution Through Genetic Engineering (Union of Concerned Scientists,
Cambridge, MA).

The European Parliament and the Council (2009) Directive 2009/29/EC (Off J Eur
Union, Brussels), pp 63-87.

United States Environmental Protection Agency and United States Department of
Transportation (2011) 2017 and Later Model Year Light-Duty Vehicle Greenhouse
Gas Emissions and Corporate Average Fuel Economy Standards, Federal Register
77(199), pp 62623-63200.

Kanter et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

The European Parliament and the Council (2000) Directive 2000/60/EC (Off J Eur
Union, Brussels), pp 1-72.

Kuikman PJ, Velthof GL, Oenema O (2003) Controlling nitrous oxide emissions from
agriculture: Experiences in the Netherlands. Proceedings of the Third International
Methane & Nitrous Oxide Mitigation Conference (Beijing), pp. 415-422.

United States Environmental Protection Agency (2010) Chesapeake Bay Total Maxi-
mum Daily Load for Nitrogen, Phosphorus and Sediment (United States Environ-
mental Protection Agency, Washington, DC).

Smil V (2004) Enriching the Earth: Fritz Haber, Carl Bosch, and the Transformation of
World Food Production (MIT Press, Cambridge, MA).

Dobermann A (2007) Fertilizer best management practices: General principles,
strategy for their adoption and voluntary initiatives vs. regulations. Proceedings of
the IFA International Workshop on Fertilizer Best Management Practices
(International Fertilizer Industry Association, Paris), pp 1-28.

Braun E (2007) Reactive Nitrogen in the Environment: Too Much or Too Little of
a Good Thing (UNEP DTIE Sustainable Consumption and Production Branch and The
Woods Hole Research Center, Paris).

Chen XP, et al. (2011) Integrated soil-crop system management for food security. Proc
Natl Acad Sci USA 108(16):6399-6404.

Potter P, Ramankutty N, Bennett EM, Donner SD (2010) Characterizing the spatial
patterns of global fertilizer application and manure production. Earth Interact 14(2):
1-22.

Moomaw WR, Birch MBL (2005) Cascading costs: An economic nitrogen cycle. Sci
China C Life Sci 48:678-696.

Birch MBL, Gramig BM, Moomaw WR, Doering OC, 3rd, Reeling CJ (2011) Why metrics
matter: Evaluating policy choices for reactive nitrogen in the Chesapeake Bay
watershed. Environ Sci Technol 45(1):168-174.

PNAS Early Edition | 7 of 7



L T

/

1\

=y

Supporting Information

Kanter et al. 10.1073/pnas.1222231110

SI Text

Factors Affecting the Ozone Depletion Potential of N,0. Stratospheric
chlorine levels. NO, dampens the effect of chlorine-catalyzed
ozone destruction by forming the reservoir species CIONO,.
However, decreasing chorine concentrations in the stratosphere
because of the Montreal Protocol will increase NOy availability
for catalytic destruction of stratospheric ozone. The ozone de-
pletion potential of N,O is estimated to increase by 50% when
chlorine concentrations return to preindustrial levels (1, 2).
Tropospheric CO; levels. CO, increases induce warming of the tro-
posphere and simultaneously cool the stratosphere, which may
dampen the ozone-depleting effects of N,O by up to 20% (3).

How N,0 Could Be Regulated Under the Ozone Regime. The Montreal
Protocol does not contain any provisions that limit the manner or
ability of the treaty to regulate any ozone-depleting substances. If
the Parties feel that they and the treaty’s institutions are prepared
to immediately address some sources of N,O emissions, the
amendment adding N,O to the treaty as a controlled substance
can occur simultaneously with the establishment of N,O control
measures for all Parties. This legal pathway is how most controlled
substances have been added to the Montreal Protocol.

Alternatively, applying the model used for hydrochlorofluoro-
carbons and methyl bromide (MeBr), the Parties could establish
control measures applicable only to industrialized countries but
mandate that additional measures applicable to developing coun-
tries be adopted at a set date in the future or above a certain
emissions threshold (Conclusion) (4). Similarly, an amendment
could add N,O as a controlled substance without establishing any
control measures at all. Such an approach allows the Parties and
the institutions of the Montreal Protocol to conduct additional re-
search into emission sources, alternative technologies, and regula-
tory frameworks while sending a clear signal that control measures
are likely forthcoming. Additional control measures for developing
country Parties or all Parties could later be added pursuant to the
adjustment mechanism under Article 2 (9) of the Montreal Pro-
tocol. Unlike amendments, adjustments to the Montreal Protocol
do not require ratification to enter into force.

Another option is for the Parties to the Ozone Convention to
adopt an entirely new protocol specifically addressing N,O in
the manner of their choosing. However, generally, the process of
getting a new international treaty negotiated, adopted, ratified,
and entered into force is significantly longer and more complex
than amending an existing treaty.

Interaction with the Existing Climate Regime. Adding N,O as a
controlled substance under the Montreal Protocol would have
a limited impact on reporting and other soft commitments within
the United Nations Framework Convention on Climate Change
(UNFCCC) and Kyoto Protocol, which apply only to greenhouse
gases “not controlled by the Montreal Protocol” [Article 4 (2)(b—
d), UNFCCC; Atticles 2, 5, and 7, Kyoto Protocol]. Mandatory
reporting requirements for substances controlled by the Montreal
Protocol are already in place (Article 7, Montreal Protocol), and
communicating this information to the UNFCCC Secretariat
could be required of the Ozone Secretariat within the amend-
ment. Although N,O is included in Annex A of the Kyoto Pro-
tocol, meaning that countries listed in Annex B must account for
N,O in meeting their emissions limitation and reduction targets,
Montreal Protocol controls on N,O would not have to impact
these commitments (Article 3 and Annex A-B, Kyoto Protocol).

Kanter et al. www.pnas.org/cgi/content/short/1222231110

Because of the universal ratification of the Montreal Protocol,
a provision stipulating that the inclusion of N,O is not intended to
bypass the commitments of the Parties to the UNFCCC or Kyoto
Protocol could have the intended legal effect (for precedent, see
the proposed amendments from the Federated States of Mi-
cronesia and the United States, Canada, and Mexico to control
HFCs under the Montreal Protocol) (5, 6). To reinforce this
provision, the parties to the UNFCCC could explicitly add their
own provision that the Parties work through the Montreal Pro-
tocol to reduce N,O emissions [for precedent, see the provision
in the climate change negotiating text submitted by the Euro-
pean Union to urge the Parties to work through the Montreal
Protocol to reduce hydrofluorocarbon (HFC) production and
consumption without prejudice to the UNFCCC and related
instruments] (7).

Another issue to be resolved is the impact that N,O emission
reductions mandated and achieved under the ozone regime
would have on the Clean Development Mechanism (CDM) of
the Kyoto Protocol. Under the Kyoto Protocol, only emission
reductions that are in addition to emission reductions that would
have otherwise occurred are eligible for the CDM (Article 12,
Kyoto Protocol). Any N,O emission reductions mandated under
the ozone regime would remove additionality from those emis-
sion reductions, thereby cutting off a source of financial aid for
N,O mitigation projects. A provision within the amendment
explicitly exempting existing N,O CDM projects from the scope
of the control measures could be added to bypass this issue [such
provisions have been included in HFC proposals; for example, the
North American HFC amendment (2011) at 2-4]. However, ex-
actly what status N,O projects would have under the CDM in the
event that N,O is included under the ozone regime is the exclu-
sive responsibility of the CDM Executive Board. Regardless, if
the Parties decide to manage N,O under the ozone regime, they
would likely have to determine, in conjunction with the UNFCCC,
how to balance funding sources for N,O mitigation projects be-
tween both regimes.

N,O Abatement Technologies for Nitric and Adipic Acid Production
(Effectiveness and Prevalence). Modern abatement techniques
(mostly catalytic reduction) achieve N,O reduction efficiencies of
up to 98% (8). Most industrial facilities that have abatement
technology installed did so in response to requirements to con-
trol NO,, with certain NO, abatement techniques also reducing
N,O as an unintended side benefit (9); 20% of nitric acid plants
in the United States already use NO,/N,O abatement technol-
ogies (10). All European Union nitric acid plants will be included
in the European Union Emissions Trading Scheme starting in
2013, with a benchmark of 0.8 kg N,O emitted per 1 ton nitric
acid produced [compared with the current average European
plant’s emission factor for 2006 of 6 kg N,O per 1 ton of nitric
acid (HNO;); European Commission, 2006]. No nitric acid plants
in developing countries outside of CDM projects (of which there
are 99 as of June 1, 2012; www.cdmpipeline.org) use N,O abate-
ment technology (11).

All adipic acid plants in Western industrialized countries have
N,O controls (12) for the same reason that some nitric acid
plants do—NOy emission controls are required, and some NOy
abatement technologies also reduce N,O emissions (13). How-
ever, as of 2010, with the exception of one plant in Singapore, no
plants in economies in transition in Eastern Europe or in de-
veloping countries were using N,O abatement technology (12).
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N,O Emissions from Mobile Combustion. N,O emissions per vehicle
vary depending on fuel characteristics, behavioral factors such as
driving practices, and the size, type, and age of the catalytic
converter (8). N,O emissions from vehicles typically have 1-2%
of the global warming impact of the CO, emitted from the ve-
hicles (9) based on their 100 year global warming potential
(GWPloo).

Behavioral Practices to Reduce Agricultural N,O Emissions.

i) Cover crops and residue recycling. One of the simplest methods
for retaining N in the field is including cover crops in the crop
rotation. Leguminous cover crops (e.g., alfalfa) are particularly
effective because of the extra N that they can supply to the soil
from N, fixation (14). In addition, crop residue recycling could
return significant amounts of N back to the soil every year (15).

ii) Timing and placement of fertilizer application. Better man-
aging the placement and timing of fertilizer N ensures that it
is available in the soil where and when crop demand is great-
est. Improved timing often involves splitting fertilizer appli-
cation into smaller doses to be applied at various points
during the growing season. Better placement (such as placing
fertilizer in a concentrated band very close to plants) is key,
because any dislocation of crop and applied N will lead to Nr
loss to the environment (14).

iii) Watershed management. Watershed management can re-
store wetlands in agricultural watersheds and hence, pro-
mote the full conversion of NO;~ into N,. However,
incomplete conversion of NO;™ may still lead to N,O emis-
sions. Watershed management also involves restoring or
increasing riparian zones, which trap nitrate before it runs
off into waterways (14). Nonetheless, riparian zones are
a temporary solution, because they simply delay the escape
of NO;5™ into the environment.
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iv) Livestock management. In animal production, most N,O
stems from the spatial disconnect between where animals
are reared and where their feed is grown. This disconnect
is due to the costs of transporting the manure back to where
the feed is grown for use as fertilizer, which leads farmers to
waste manure as a potential nutrient resource, transforming
it instead into a source of Nr pollution. Reducing Nr losses
from these operations include altering animal diets to reduce
Nr excreted per unit of production and responsible waste
handling practices, including increased manure collection
and treatment (16).

Technological Solutions to Reducing Agricultural N,O Emissions. Ni-
trification inhibitors (NIs) delay the oxidation of NH4*, thus
reducing the amount of NO;™ available for denitrification (17).
They can be used as additives to both synthetic and organic
fertilizers and have a consistent mitigating effect on N,O emis-
sions across various soil types and land uses (with average
emission reductions of 38%) (17). The European Nitrogen As-
sessment estimates that a fertilizer with NIs costs 1.5-2 times
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