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The Case for Action on Tropospheric 0zone

EXECUTIVE SUMMARY

Tropospheric ozone is a greenhouse gas,
super pollutant and air pollutant. It warms
the Earth’s atmosphere, harms human health

when inhaled, and damages crops and forests.

As a greenhouse gas, it is responsible for

approximately 0.23°C of present-day warming.

Yet dedicated action to reduce tropospheric
ozone is absent from the climate policy

agenda at a global, regional, and country level.

As it’s one of the super pollutants driving half
of global warming, this needs to change.

Tropospheric ozone is not emitted like many
other gases and particles, but rather formed
in the atmosphere when sunlight interacts
with a suite of other pollutants. The main
ingredients driving elevated levels of this
toxic air pollutant are methane (a potent
greenhouse gas), nitrogen oxides, non-
methane volatile organic compounds, and
carbon monoxides. These ‘precursors’ are
emitted from a range of sectors, including
transport, industry, livestock and energy
generation - as well as wildfires.

Reducing tropospheric 0zone has untapped
potential to mitigate the impact of human-
induced climate change over the coming
years. At the same time, targeted action can
deliver cleaner air, reducing the half a million
premature deaths and the S500 billion in
economic costs associated with tropospheric
ozone each year. Action on tropospheric
ozone also improves agricultural yields for
staple crops on which billions of people rely,
like maize, rice and wheat.

Reducing tropospheric ozone presents a
unique challenge as it requires smart and
fast action across multiple greenhouse
gases and air pollutants, as well as multiple
economic sectors. It is a growing and
neglected problem that needs an integrated
approach on both a local and global level

to tackle climate change and air pollution
together, alongside accelerated efforts to
translate science into policies.

Despite this complexity, progress is possible.
This briefing showcases efforts in cities and
regions - including Los Angeles, Mexico City,
Beijing and Europe - that have successfully
reduced levels of tropospheric ozone through
targeted pollution control.

There are concrete steps that governments
and other decision makers can take now.
Many of these are aligned to existing efforts
such as the Global Methane Pledge and
delivering on World Health Organization
(WHO) Air Quality Guidelines. This report
explores policies and measures by sector
and precursor pollutant, given that each
location will experience a different mix of
precursors depending on their sources and
local conditions.

At the same time, further research and
scientific leadership is needed to better
understand the considerable benefits of
reducing tropospheric ozone and fill knowledge
gaps holding us back from mitigating climate
change at pace.

Our recommendations for policy makers,
scientists, and funders set out action that
can be taken now. We urge bold steps to
secure the considerable benefits these
measures will bring, including faster climate
change mitigation, cleaner air for billions of
people, and improved global food security.

Tropospheric ozone is
responsible for

0.23°C

degrees of
present-day warming

Reducing tropospheric ozone can provide a triple
win for climate, health and agriculture:

]

Reducing tropospheric
ozone levels will contribute
to avoiding further global
temperature rises in the
coming decades. Tropospheric
ozone levels have increased
significantly over the last
century. Since 1995, they
have gone up between 2-12%
per decade, depending on
the region, driven largely

by rapid industrialisation

and urbanisation. They are
estimated to have contributed
to 0.23°C of global warming
from 1750 to the present.
Cutting super pollutants,
including tropospheric
ozone, can mitigate warming
nearly four times faster than
decarbonisation alone.

Significant actors in climate
action are waking up to this
urgent issue. Earlier this

year, the US and Chinese
governments identified the
need for technical cooperation
and capacity building to
develop abatement solutions
for/tackling tropospheric
ozone as part of efforts to
combat climate change.’

HEALTH

Tackling tropospheric

ozone would bring major
health benefits by rapidly
improving air quality.
Tropospheric ozone poses
serious health risks.

[t contributes to respiratory
issues, reduces lung
function, and exacerbates
chronic conditions like
asthma, bronchitis and
emphysema. It has also
been linked to complications
in type 2 diabetes and
cardiovascular disease.

Nine out of ten people are
exposed to tropospheric
ozone levels that exceed

WHO guideline levels,
contributing to almost half

a million premature deaths
each year. Meeting the

WHO’s guidelines would save
hundreds of thousands of lives
and provide economic benefits
of up to $500 billion per year,
through avoided healthcare
costs.
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AGRICULTURE

Tropospheric ozone severely
damages many staple crops,
leading to reduced grain size,
fewer seeds, slower growth
rates and less resilience to
environmental stresses.

It also accelerates the leaf
aging process and causes
plants visible injury, like
chlorosis and necrosis.

The result is significant

losses in global crop yields.
For staples such as wheat,
soyabean and maize, total
economic losses due to ozone
damage could amount to $35
billion annually by 2030, if
calculated using 2000 prices.
Tackling tropospheric ozone
would improve food security
globally by increasing yields
for the crops that feed billions
of people.
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The Case for Action on Tropospheric 0zone

WHAT IS

TROPOSPHERIC OZONE?

Tropospheric ozone is a reactive gas that

has multiple impacts. Elevated levels of
tropospheric ozone simultaneously contribute
to global warming and climate change, harm
human health, reduce crop yields, and degrade
ecosystems.

Unlike many other pollutants, tropospheric
ozone is not directly emitted. It is instead
formed in the atmosphere when other
pollutants chemically react in the presence

of sunlight. These precursor pollutants -
including methane (a potent greenhouse gas),
nitrogen oxides (NOx), non-methane volatile
organic compounds (NMVOCs) and carbon
monoxide (CO) - are emitted extensively from
various shared, human-related activities.

Key sources include the transport (including
aviation and shipping), industry, livestock

and energy sectors - as well as wildfires (see
Figure 1.

Tropospheric ozone can be both formed and
destroyed quickly in the atmosphere, meaning
its levels are always changing. They respond
to local levels of precursor pollutants, as well
as meteorological and climatic conditions.
Due to its abundance in the atmosphere

and relatively longer atmospheric lifetime
compared to other precursors (around 12
years), methane affects tropospheric ozone
strongly at the global scale, including in
remote locations like over oceans.? Emissions
of NMVOCs, NOx and CO drive an associated
set of reactions that affect tropospheric
ozone levels over the span of hours, days and
months. These precursor pollutants affect
levels of tropospheric ozone faster and more
locally than methane, although they also have
important regional effects.

Levels of tropospheric ozone therefore

vary significantly across the world and over
the course of daily and annual cycles. For
example, we see a clear distinction between
the northern and southern hemispheres,
with historically higher levels in the northern
hemisphere associated with its more densely
populated regions, extensive urbanisation and
industrialisation, and higher total precursor
emissions. Locally, tropospheric ozone also
differs between urban, rural and industrial
areas, driven predominantly by nearby
emission sources and local conditions.

Tropospheric ozone is photochemically and
thermally active, meaning its formation and
destruction is also determined by temperature
and levels of sunlight. This means that the
tropics play an important role in tropospheric
ozone formation globally 2t also means

that warmer temperatures linked to climate
change are helping to drive periodic episodes
of significantly elevated tropospheric ozone
levels, resulting in a vicious feedback

loop. High ozone levels appear as toxic
photochemical smog, which is the brown haze
that is often seen above hot, polluted cities.

€€ ... responsible for half a million
premature deaths every year

The complex mix of precursor pollutants,
emissions sources and environmental factors
means that reducing tropospheric ozone
poses a challenge for scientists and policy
makers at all levels. Not all reductions of
precursor emissions will correspond to local
reductions in tropospheric ozone levels.**The
region’s specific mix of precursor pollutants
and meteorological and climatic conditions
determines whether reducing methane, NOXx,
NMVOCs and/or CO is the most effective
route. In certain cases, a decrease in a
precursor emission may even increase local
tropospheric ozone levels. Effects may also
look different at ground-level compared to
higher altitude parts of the troposphere,

resulting in different health and climate
benefits. This aspect of tropospheric ozone
mitigation requires further scientific research,
to fill the knowledge gaps that could undermine
effective policy and decision making.

The pollutants and emission sources that
cause ozone formation in the troposphere

also cause multiple other environmental
challenges. For example, NOx contributes to
the formation of particulate matter, which is
responsible for over 8 million premature deaths
every year, and methane is a greenhouse gas
in its own right.

FIGURE 1: RELATIONSHIP BETWEEN GLOBAL TROPOSPHERIC 0ZONE PRECURSOR
POLLUTANT EMISSIONS AND THEIR ASSOCIATED EMISSION SOURCES AND SUB-SECTORS.
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BOX 1: ‘GOOD’ 0ZONE VERSUS ‘BAD’ 0ZONE 3

Ozone can mainly be found in two layers of the Earth’s atmosphere. Tropospheric _ |
ozone, or ‘bad’ ozone, refers to ozone that is present in the atmosphere up to about 15 - |
kilometers above ground-level. In this layer, ozone acts as a greenhouse gas and super

pollutant, contributing significantly to global warming by absorbing infrared radiation and

thereby heating the surrounding air. At the bottom of this layer - the Earth’s surface -

tropospheric ozone is often referred to as ‘ground-level ozone’. Here, it is responsible for

almost half a million premature deaths per year and substantial reductions in agricultural

crop vyields.

Ozone plays a very different role in the stratosphere - the layer of the atmosphere from
approximately 15 to 40 kilometers above the Earth’s surface. Here, ozone protects us

by absorbing harmful ultraviolet radiation through the ozone layer. This is the ‘good’

ozone layer that is protected by the internationally negotiated Montreal Protocol.
Stratospheric (‘good’) and tropospheric (‘bad”) ozone are interlinked. The good news is
that we can simultaneously protect the beneficial ozone layer while acting to reduce
harmful tropospheric ozone levels. There is also growing evidence that increasing levels of
tropospheric ozone and other greenhouse gases may erode stratospheric ozone, thereby
increasing the importance and urgency of action on tropospheric ozone and climate
change more broadly.’

FIGURE 2: THE MULTIPLE ROLES AND NAMES OF 0ZONE
AT DIFFERENT LEVELS OF THE EARTH’S ATMOSPHERE.
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WHY ACT ON

TROPOSPHERIC OZONE?

A potential win-win-win for climate,

m health and agriculture

IMPACTS OF THE TROPOSPHERIC
OZONE ON CLIMATE, HEALTH,
AGRICULTURE AND ECOSYSTEMS:

0.23°C
global warming
to date

500,000
premature
deaths per year

$0.5 trillion
economic
costs per year

Up to 26%
loss in global
crop yields

1%
loss in forest
productivity
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CLIMATE CHANGE

Reducing tropospheric ozone levels
Is important for slowing temperature
rise in the coming decades.

Tropospheric ozone is one of the super
pollutants' that are collectively responsible
for nearly half of global warming to date’
Ozone alone is responsible for approximately
0.23°C' of warming since pre-industrial times.
About 40% of this warming is contributed by
methane-mediated ozone formation and 56%
from NMVOCs, CO and NOx-mediated ozone
formation.®

Cutting super pollutants, including
tropospheric ozone, can mitigate

warming nearly four times faster than
decarbonisation alone by 2050° Alongside
deep decarbonisation programmes, targeted
measures to tackle the pollutants that

drive elevated levels of tropospheric ozone
must be an important component of global
climate strategy. Even in a decarbonisation
scenario combining targeted measures for
tropospheric ozone precursors with emission
reduction programmes in the energy, waste
and agricultural sectors, methane would still
contribute 0.19°C of avoided warming by 2050.
For other precursors to tropospheric ozone
(NMVOCs, CO and NOx), it would be 0.11°C™"

Super pollutants are warming agents that are far more potent than CO2 per ton. They include methane, tropospheric ozone, fluorinated
gases (F-gases; such as HFCs), nitrous oxide (N20), and black carbon. All super pollutants, other than N20 are also short-lived climate

pollutants.

Warming to date estimate is from IPCC Assessment Report 6, Chapter 7, with a mean value of 0.23°C following a concentration-based
calculation method. This value captures climate forcing of tropospheric ozone (large positive forcing) and stratospheric ozone (small

mostly negative forcing). A similar value (0.25°C) can be calculated through data provided in IPCC Assessment Report 6, Chapter 6 by
extrapolating from tropospheric o0zone precursor emission contributions to warming.

The climate effects of tropospheric ozone are
felt most strongly in regions where levels are
highest. In India, increases in tropospheric
ozone levels are associated with localised
warming of up to an estimated 0.5°C from
2005 to 20202 0ver China, tropospheric
ozone is estimated to have increased
surface temperatures by 0.43°C from 1951
to 2000; it is also linked to changes in the
east Asia summer monsoon.” It contributes
to ocean warming as well, accounting for
18% of the historical warming observed in
the Southern Ocean.™ This warming trend
has had significant consequences, including
contributing to the melting of Antarctic ice,
a key cause of rising sea levels.®

Despite the potential for near-term

climate mitigation from reducing
tropospheric ozone, significant gaps

remain in our understanding and ability

to realise this avoided warming, particularly
with regard to policies and measures
tackling NMVOCs, CO and NOx emissions.
Further research is needed to increase our
understanding of the climate effects and
feedback loops related to tropospheric ozone,
looking at how and where its precursors
interact in the atmosphere, with a particular
focus on regional climate impacts.

It is important to note that all tropospheric
ozone precursors are short-lived climate
forcers that affect climate change in multiple
ways. NOx, for example, also affects methane
levels and this interaction is associated with a
net warming effect.® Pollutants are also often
co-emitted with other greenhouse gases and
air pollutants. Policies and measures should
consider multi-pollutant effects, including
tropospheric ozone response.

FIGURE 3: THE CONTRIBUTION OF CLIMATE FORCING AGENTS

TO 2019 TEMPERATURE CHANGE RELATIVE TO 1750.
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Data source: IPCC, 2021, Chapter 7, Figure 7.7



AIR POLLUTION AND HEALTH

Tackling tropospheric ozone will have profound
benefits for public health by improving air quality.

Ground-level ozone poses serious health
risks, particularly for children, the elderly
and outdoor workers. As evidenced by a large
body of scientific research,” it contributes
to respiratory issues, reduces lung function
and exacerbates chronic conditions -

like asthma, bronchitis and emphysema.
Ozone exposure has also been linked to
complications of type 2 diabetes and

cardiovascular disease.
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Nine out of ten people are exposed to
tropospheric ozone levels that exceed the
World Health Organization (WHQ) guideline
levels, contributing to almost half a million
premature deaths each year.” It is estimated
that the annual global cost of these health
impacts exceeds half a trillion US dollars.'
There is some evidence that this figure could
be significantly higher when considering
additional causes of death.”
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While the Global South experiences a
disproportionate burden of the health
impacts of ground-level ozone, high-
income regions are significantly affected
t00.%° The highest levels of ozone exposure
are found in South Asia, North Africa and
the Middle East, and Sub-Saharan Africa.
Qatar, Nepal and India experience the
highest levels of population exposure.
South Asia accounts for 55% of ozone-
attributable deaths, followed by east Asia.
India and China together represent 75% of
global ozone-attributable deaths. High-
income regions account for 8% of ozone-
attributable deaths, with North America
having the third largest regional mortality
rate due to tropospheric ozone (4 deaths
per 100,000), followed by Western
Europe.?'

Reducing levels of ground-level ozone

can yield significant health benefits and
promote health equity. WHO guidelines and
interim targets provide a framework for

governments to set their own objectives
and put in place plans to cut ground-
level ozone. Achieving WHO guidelines
for ozone globally could prevent up to
half a million premature deaths per year.
[t could also help address health issues
linked to rising temperatures - such

as infectious diseases, cardiovascular
problems and heat-related mortality

- and food insecurity, a primary cause of
undernutrition.?

Moreover, many of the policies and
measures to reduce tropospheric ozone
precursors simultaneously reduce other
harmful air pollutants, including PM2.5
and black carbon. Considering PM2.5 and
0zone, air pollution contributes to more
than eight million premature deaths each
year and over S8 trillion of economic
costs.?? Policies and measures should
consider the multi-pollutant effects on
air pollution and public health, as well as
climate response.

FIGURE 4: PERCENTAGE OF 0ZONE-ATTRIBUTANLE PREMATURE DEATHS BY REGION IN 2019."

54.8%

30.4%

Data source: Global Burden of Disease (GBD) results tool.

South Asia

Southeast Asia, East Asia, and Oceania
High-income region

North Africa and Middle East
Sub-Saharan Africa

Latin America and Caribbean

Central Europe, Eastern Europe,
and Central Asia

iii In 2022, the World Bank published a report detailing the global cost of health damages—both mortality and morbidity—associated
with ambient and household PM2.5 pollution, which amounted to $8.1 trillion in 2019. To estimate the monetary valuation of ozone-
attributable mortality globally, we utilized data from this report to calculate the Value of Statistical Life (VSL) for each country,
alongside the Global Burden of Disease (GBD) Study’s estimate of 469,793 ozone-attributable deaths in 2019. We calculated VSL for 179
of the 204 countries and territories included in the GBD Study, as data was unavailable for the remaining 25 countries. The VSL ranged
from $0.04 million in Burundi to $9.9 million in Luxembourg. The total cost of ozone-attributable mortality in 2019 surpassed half a
trillion USD, reaching $553,465,000,000. This figure is considered conservative, as it excludes the economic impacts of health effects

in 25 countries and accounts only for mortality.

iv.  Regions refer to the Global Burden of Disease super regions GBD super regions. The seven GBD super-regions are grouped based on

cause of death patterns.


https://www.healthdata.org/research-analysis/about-gbd

AGRICULTURE AND ECOSYSTEMS

Tropospheric ozone affects food security
by reducing crop yields and harming forests

and other important ecosystems.

Ozone enters plants through pores
(stomata) in their leaves. Once inside,

it causes oxidative stress. It interferes

with physiological functions - like
photosynthesis and nutrient transport -
resulting in reduced grain size, fewer seeds
and slower growth rates.? These pores can
become slower to respond to environmental
stresses and less resilient, making them more
susceptible to diseass.? It can cause crops
visible injuries, like chlorosis, necrosis and
accelerated leaf aging.

These effects result in significant losses in
crop yields globally, particularly for sensitive
staple crops like wheat, soybean, and maize.
The Intergovernmental Panel on Climate
Change (IPCC) estimates under a high future
emissions scenario that projected global

yield losses by 2030 could range from 5-26%
for wheat, 15-19% for soybean, and 4-9% for
maize. The total economic loss for these three
crops in 2030 could amount to up to 35 billion
USD (in 2000 values).? Figure X showcases
regional estimations in crop losses, with
particularly higher upper limit values for wheat
in east Asia, south Asia and Europe - and for
soyabeans in Sub-Saharan Africa.

In addition to tropospheric ozone’s direct

links to agricultural loss, it also has indirect
effects on broader climate challenges related
to agriculture. If farmers face significant
decreases in crop yields, they may increase
their fertiliser use, which raises emissions of
nitrous oxide (N20) - another super pollutant
- and leads to more warming. Furthermore,
farmers could choose to compensate for
reduced crop yields by cutting down forests to
expand agricultural land, damaging the forest’s
role as a carbon sink.?

North America
Maize: 10%
Soybean: 5%

As climate change and geopoalitics strain food
trade and food security globally, tackling
tropospheric ozone presents a way to
increase crop Yyields and support farmers.
This is an important benefit for the agriculture
sector, which is under growing pressure to
change its practices to cut emissions.

Trees are also affected by ozone, damaging
their ability to absorb carbon dioxide from
the atmosphere and store it. Globally, primary
productivity in forest trees is reduced by

up to 1% due to elevated ozone levels.?
Productivity in forests is an indicator of

how much carbon a forest has sequestered
or stored. As forests risk moving from net

South and

Central Asia
Europe Wheat: 36.7%
Wheat: 14.2% Soybean: 5.3%

Soybean: 10.7% Rice: 9-16%

b P
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carbon sinks to net carbon sources, reducing
tropospheric ozone also presents a way

to protect forests and maximise carbon
sequestration through healthier ecosystems.®

It is important to note that tropospheric
ozone’s effects on agriculture and forests
are not linear. Many other factors are also
at play and they can compound or lessen
its impact. Factors like fertilisation due to
increasing CO2 levels, temperature, water
availability, soil nutrients, and fertiliser
application also significantly affect crop
yields and other issues related to food
security and climate change.®'

East and
Southeast Asia
Wheat: 34.2%
Soybean: 6.2%
Rice: 8-9%

I e

Oceania
,‘3,‘ Soybean: 1.9%

Latin America
Wheat: 1.4%
Soybean: 3.8%

Africa
Wheat: 6.1%

Sub-Saharan

Soybean: 10-19%

FIGURE 5: ESTIMATED REGIONAL RELATIVE YIELD LOSS FOR STAPLE CROPS DUE TO 0ZONE EXPOSURE.

Data source: Estimates have been collated from the latest available literature. Regional values are scaled up from national- and regional-
level studies, where needed..3»3%3435:%



A growing problem that
m Is forecast to get worse

Since pre-industrial times, tropospheric ozone
levels have increased by approximately 40%.%
Recently, tropospheric ozone has increased by
2-12% per decade, depending on the region.
This increase largely comes from human-led
activities linked to rapid industrialisation

and urbanisation that emit high levels of
tropospheric ozone precursors. The largest
increases in tropospheric ozone can be found
in the Persian Gulf, India, east Asia, northern
South America, and south-east Asia.®

Action on ground-level ozone has proven
effective in some areas. Data compiled

from numerous surface sites suggests
widespread decreases in ground-level ozone
in the US and western Europe, associated

with decades-long policies to improve air
quality.®*° However, in other regions, like
mainland China, surface monitoring sites show
high ground-level ozone levels and a trend
towards further increases. This is despite a
recent significant reduction in emissions of
NOx over the same period from 2013 to 2017,
highlighting the complexity around precursor
sources. Similar increases have been recorded
in other countries in east Asia (for example,

in the Republic of Korea and Japan), as well as
in India.“? In terms of health, these increases
in ground-level ozone levels have resulted in

a 38% rise in the global ozone-attributable
mortality rate between 1990 and 2019.4

Over the coming decades, changes in
tropospheric ozone will depend on the

policy pathways that are taken towards
decarbonisation, methane mitigation and
pollution reduction. The extent to which
tropospheric ozone responses and causes are
prioritised in such policy decision making will
be critical. High emission scenarios forecast
increases in global tropospheric ozone levels
by 2050 from 2015 levels, including rises of 8%
and 5% over south Asia and the Middle East
respectively. In a lower methane emission
version of this scenario, an 11% global
reduction of tropospheric ozone is forecast
over the same time period.* If emissions of
NOx, NMVOCs and CO are also reduced, that
global decrease grows to 19%.-464/ Recent
trends in the US and Western Europe show
that, with concerted attention, larger and
faster decreases are possible.*®

As well as complex responses of tropospheric
ozone to future socio-economic pathways, a
further challenge is that a warming climate will
also, in turn, affect tropospheric ozone levels.
Uncertainty exists around how this will play
out at either a local or global level.*

We need to get smarter about how to tackle
this problem in a way that benefits both
climate and health,. Specifically, we must
embed this issue within decision making on
key emissions sources of these precursor
pollutants (see Section 4). The opportunity for
near-term climate mitigation and cleaner air
necessitates a closer look.

€ € Since pre-industrial times,
tropospheric ozone levels have
Increased by approximately 40%.

3 A gap in global climate

s and air pollution strategy

Tropospheric ozone is challenging to abate
due to its complex photochemical formation,
the varied source profiles of its precursor
pollutants, the environmental conditions that
promote its formation, and the ability of it
and its precursors to travel long distances

- affecting regions and communities far

from where it was formed or its precursors
emitted. Reducing ozone formation in the
troposphere therefore requires integrated
climate and air quality policies with multi-
stakeholder cooperation and a multi-pollutant
approach. This would lay the groundwork for
wider integrated action across climate change
mitigation and air quality management. As it
stands, major gaps exist.

OS>
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CLIMATE CHANGE

Lots of research has been done and policies
launched to tackle tropospheric ozone
concentrations since it was recognized

as harmful to human health in the 1950s.
However, there has been insufficient
recognition of the links between local air
quality and global climate change. As a result,
there are limited studies on tropospheric
ozone’s climate effects and feedback loops at
a local, regional and global level.

Despite being a greenhouse gas, tropospheric
ozone is not part of the Paris Agreement

or acknowledged in commitments on ‘all
greenhouse gases’.®® Few national emissions
reduction plans, known as Nationally
Determined Contributions (NDCs), mention
tropospheric ozone, with notable exceptions
including those of Tunisia and Micronesia.
Tropospheric ozone precursors are mentioned
in more NDCs, including those of Nigeria, Tonga
and Morocco.®" However, most tropospheric
ozone precursors are not generally part of
climate reporting through the United Nations
Framework Convention on Climate Change
(UNFCCC), with many countries lacking national
and sub-national emission inventories.

Over many years, climate policies have

failed to properly consider the synergies and
interactions between climate-oriented and
air-pollution oriented measures. However, it is
clear that both problems should be considered
together and that super pollutants like
tropospheric ozone, methane and black carbon
are key to this.

The IPCC is developing a Methodology Report
on Inventories for Short-Lived Climate Forcers
by 2027, which will include guidance for
governments to report on tropospheric ozone
precursor emissions.®? Some governments,
including Mexico, have taken a lead by
integrating tropospheric ozone precursors
emissions into national inventories and
measurement, reporting and verification (MRV)
processes alongside greenhouse gases.
Through the first-of-its-kind Alliance for
Clean Air, run by the World Economic Forum to
galvanise private sector action, some multi-
national companies are now also reporting

on their emissions of tropospheric ozone
precursors.®



Historically the tropospheric ozone problem
has been approached from an air pollution and
health perspective. Following WHO guidance,
some governments - including China, the
European Union, Mexico, South Africa, USA and
the UK - have adopted limit values for short-
term tropospheric ozone. Yet most country
targets are less ambitious than the WHO
guidelines. To the best of our knowledge, the
guideline for long-term exposure, introduced
in the WHO Guidelines in 2021, has not yet
been incorporated into any national air

quality standards

Regional forums and networks - such as the
United Nations Economic Commission for
Europe (UNECE) Convention on Long-range
Transboundary Air Pollution (LRTAP) and the
Acid Deposition Monitoring Network in East
Asia (EANET) - have long track records of
international cooperation on air pollution,
including tropospheric ozone. Parties to

the Gothenburg Protocol under the LRTAP
convention have set emission reduction
commitments on precursors NOx and NMVOCs,
but not on methane or CO - although it is
currently under revision, which presents an
opportunity to do so.

Fine particulate matter (PM2.5) has the
greatest direct impact on health and is
therefore often used as a proxy indicator for
exposure to air pollution. Alongside actions

to address PM2.5, ways of measuring and
tackling tropospheric ozone and its precursors
need to be considered and strengthened

in regional, national and local air quality
management strategies that comprehensively
address all sources of air pollution.

Generally, there is a need for increased
awareness of tropospheric ozone - in terms
of its rising exposure levels, health effects
and broader impacts - among climate
stakeholders, so they can strengthen
collective efforts to address it.

One of the factors contributing to the limited
action taken to mitigate the effects of
ozone on vegetation is the lack of monitoring
in rural areas, particularly in developing
countries.®® This absence of data hinders
accurate assessment of ozone’s impact on
national food security and the degradation
of ecosystem services, such as carbon
sequestration and biodiversity.% Similarly,
research on the impacts of ozone on crops
is limited to a subset of regions. More must
be done to explore and communicate its
impacts on crops and ecosystems with food,
agriculture and biodiversity stakeholders
across wider geographies.

HOW TO ACT ON
TROPOSPHERIC OZONE?

We know enough about the harmful effects of
the emission sources of tropospheric ozone
precursors to act on them now. However,
important open questions remain on the
policies and measures that will maximise
potential climate, health and agricultural
benefits over the coming years, particularly
considering variations in local contexts and
climate and clean air efforts.*

Tropospheric ozone concentrations are
influenced by both regional and local sources
and fluctuate based on complex chemical
reactions. Effective control strategies must
be designed for the mix of precursor pollutant
emissions and the scale of interest. Strategies
therefore require locally relevant data sources,
along with clear guidance and tools to inform
decision making. Both these areas require
further work. Coordinating efforts, from a
subnational to international level, is also
important when considering how emission
changes will affect tropospheric ozone both
locally and further from the source.

Emission reduction actions often also involve
trade-offs. For example, the substitution

of biofuels to reduce net carbon dioxide
emissions may inadvertently increase
emissions of tropospheric ozone precursors.

Credit: Gulshan Khan / Cllmate* |§uals i
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Similarly, technological advancements
towards the use of hydrogen in combustion
engines would drive more NOx emissions than
advancements towards hydrogen fuel cells. It
is consequently important that an integrated
and multi-pollutant approach is taken when
considering policies and measures to reduce
greenhouse gas, super pollutant and air
pollutant emissions. In particular, it can be

a missed opportunity or have unintended
consequences when climate mitigation efforts
do not consider responses in tropospheric
ozone levels.

In terms of policies and measures, the
precursors of tropospheric ozone stem from
a wide range of sectors that are summarised
in Table 1 below. Many of the policy levers
may already be components of government
net zero and/or clean air strategies. Some
sources, such as NMVOC emissions from

the chemical industry, highlight areas where
additional and targeted efforts may be
required to bring down tropospheric ozone.

In others, such as the aviation sector,
understanding the effect of NOx emissions

on tropospheric ozone levels is critical to fully
understand and act on the climate impacts of
these emissions.
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SECTOR

0il, gas and
coal sectors

Power
industry

Industrial
combustion

Industrial
processes
(organic chemical

and cement
Industry)

Fuel supply
chain

Agriculture
sector -
Livestock

Agriculture
sector -
Crops

POLICY LEVERS

Promote programmes for the systematic detection and repair of gas pipeline
leaks, the installation of emission control technologies in generation plants,
the replacement of obsolete equipment with more efficient alternatives,
and the elimination of practices such as flaring gas, except in cases of
emergency.®®

Install methane extraction systems in coal mines to capture methane before it
disperses into the atmosphere.®
Promote policies that incentivise investment in methane capture and

utilisation technologies, such as energy generation or the production of
other products.

POLLUTANTS
MITIGATED

Tropospheric ozone
precursors: Methane, CO,
NOx, NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
black carbon (BC),
N20, C02

Accelerate transition to renewable energy sources and clean technologies,
accompanied by strict emission standards for existing power plants.

Incorporate energy efficiency programs that lead to the reduction of electricity
consumption in the sector.

Implement effective behaviour changes measures to promote energy saving
practices that reduce electricity demand.

Tropospheric ozone
precursors: NOx, CO

Other air pollutants:
PM2.5, PM10, S02

Other climate pollutants:
BC, N20, CO2

Implement advanced abatement technologies to reduce the level of waste
gases produced by fossil fuels combustion. Effective NOx emission control
methods include low-NOx burning, natural gas reburning, catalytic and non-
catalytic reduction, excess air control, overfire air combustion modification,
flue gas recirculation, and off -stoichiometric combustion.®’

Mandate the implementation of continuous emission monitoring systems
(CEMS) in large industrial facilities.®

Introduce progressive taxes on NOx emissions, based on the volume

of production.®

Tropospheric ozone
precursors: NOx, CO,
NMVOC, Methane

Other air pollutants:
PM2.5, PM10, S02

Other climate pollutants:
BC, N20, CO2

Establish standards and control equipment for manufacturing industries that
rely highly on organic solvents.

Promote the adoption of alternative fuels and improvement in energy
efficiency to reduce direct emissions and precursors of tropospheric ozone.®

Tropospheric ozone
precursors: NOx, CO,
NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
BC, N20, C02

Enforce measures to control evaporative emissions throughout the gasoline
and gas supply chain from production to distribution.®®

Tropospheric ozone
precursors: NMVOC,
Methane

Enhance animal husbandry practices, including improving feeding, health
management, nutrition and breeding.

Incorporate methane-reducing feed additives.

Adopt manure management practices - such as the use of solid-liquid
separators, decreased storage time, storage pond covers, appropriate use of
anaerobic digesters and advanced additives and technologies.

Tropospheric ozone
precursors: Methane

Other climate pollutants:
N20

Improve water management in rice cultivation through direct seeding,
methane-inhibiting additives, composting rice straw, and alternative hybrid
species in rice production.

Promote the use of slow-release fertilisers and precise application
technologies to minimise nitrous oxide emissions, potent greenhouse gas and
ozone-depleting substances.

Promote sustainable practices, such as reducing tillage, covering crops and
crops rotation to enhance soil health, reduce erosion and increase carbon
sequestration.®

Advocate to replace on-site burning with alternative strategies that preserve
soil integrity and minimise erosion, while reducing the release of pollutants,
including tropospheric ozone precursors.®’

Tropospheric ozone
precursors: Methane,
NOx, VOC

Other air pollutants:
PM2.5, PM10, NH3

Other climate pollutants:
N20

Solid waste

Road
transport

Wildfires

Energy for
buildings

Aviation

Implement strategies to reduce organic and recyclable waste in landfills by
promoting sustainable practices, including composting, anaerobic digestion
at different scales, circular economy programmes, and waste reuse. Promote
programs for the prevention or prohibition of open burning of waste.

Tropospheric ozone
precursors: Methane,
NMVOC, CO

Other air pollutants: NH3,
PM2.5, S02

Other climate pollutants:
BC

Encourage a shift towards cleaner transportation by prioritising the use of
non-motorised vehicles and implementing strategies that reduce reliance on
private vehicles.

Promote the widespread adoption of electric vehicles, including autonomous
self driving vehciles ones, and expand electric public transportation networks.
Prioritise the substitution of fossil fuels with cleaner alternatives,

such as green hydrogen and biofuels, to significantly reduce NOx, VOC

and CO emissions.®6°

Develop stringent regulations for NOx emissions from diesel-powered vehicles,
particularly the heavy-duty road transport and off -road vehicles used in the
construction and agricultural sectors.”

Promote programmes for low-emission zones.”
Promote mandatory emissions inspection/maintenance programmes.

Tropospheric ozone
precursors: CO, NOx,

NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
BC, C02

Wildfires release high levels of tropospheric ozone precursors into the
atmosphere. To mitigate firs risks, strategies include:

Manage fuel loads with prescribed burns and controlled grazing, using
advanced detection systems like UAVs and remote sensing.”

Promote preventive measures like educational campaigns and fire-resistant
land-use planning.”

Strengthen coordination among agencies, communities, and landowners.

Invest in fire behaviour research and improve firefighting capabilities with
training and upgraded equipment.’

Tropospheric ozone
precursors: Methane, CO,
NOx, NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
BC, N20, C02

Rural environments

Promote the adoption of eco-friendly stoves and fireplaces that ventilate
fumes outdoors. To replace firewood as fuel, encourage the use of solar panels
and electric heating to power cooking, food preservation and heating.

Strengthen education programmes that centre on sustainable
practices,responsible firewood consumption and reforestation initiatives.”

Urban environments

Promote the transition to more efficient appliances and improve the thermal
insulation of homes.

Encourage programmes to replace conventional electrical and gas systems
- such as stoves, water heaters and air conditioning - with solar energy
systems.’

Incorporate sustainable technologies for new housing into building
regulations.”

Tropospheric ozone
precursors: Methane,
CO, NOx, NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
BC, N20, C02

A comprehensive approach to aviation requires developing Sustainable Aviation
Fuels (SAFs) and hydrogen programmes.

Implement energy efficiency initiatives for ground facilities using alternative
energy sources.

Implement certification processes for next-generation aircraft.

Establish binding emission reduction targets for the aviation sector to ensure
measurable progress and accountability.”

Tropospheric ozone
precursors: Methane, CO,
NOx, NMVOC

Other air pollutants:
PM2.5, PM10

Other climate pollutants:
BC, N20, CO2
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CASE STUDIES

Cities and regions have achieved reductions
in tropospheric ozone, with some being more
sustained than others. Identifying effective
practices and lessons from these regions
can contribute to developing comprehensive
solutions for others.

It is notable that most case studies and
available information stem from a focus on
ground-level ozone from the air pollution
community. There is a significant gap in
evaluation and leadership on tropospheric
ozone from a climate change perspective,

as well as a fundamental need for integrated
action to tackle the problem comprehensively.

LOS ANGELES, MEXICO CITY, BEJING AND EUROPE PRESENT DIFFERENT APPROACHES
TO TACKLING TROPOSPHERIC OZONE. WHILE THESE EXAMPLES EACH TELL A DIFFERENT
STORY, THERE ARE KEY LEARNINGS ACROSS THESE CASE STUDIES:

Successful mitigation efforts rely on: comprehensive scientific information; locally and
continuously collected data; regional and local integrated emissions inventories; political
will; economic and technological resources; and coordination and cooperation between

multiple actors.

Historically, tropospheric ozone mitigation has been driven through the implementation
of ambitious air quality management standards. Integrated approaches, where links with
climate change mitigation efforts have been made, represent best practices.

Although there have been achievements in reducing tropospheric ozone precursors,
challenges persist, underscoring the need for continued efforts.

Effective management of tropospheric ozone requires enhanced monitoring and
modelling capacity building to address the trade-offs among strategies aimed at
controlling various emission sources and sectors. Mitigation strategies must be specific
to locations and pollution mixes. As the precursors and sources change over time,

they must also be dynamic, so that authorities can take continuous action to reduce

tropospheric ozone.

The climate benefit of tropospheric 0zone mitigation is often overlooked. Few
evaluations of the climate benefits of tackling tropospheric ozone across different
scales have been conducted in this area, highlighting a significant evidence gap.
Acknowledging the multiple climate benefits of tropospheric ozone mitigation is
essential for designing measures that address multiple objectives, including air quality

and climate change.

Credit: Pedro Marroquinn on Unsplash - Los Angeles

Los Angeles Basin

Los Angeles is perhaps the most famous
example of pollution control measures aimed
at tackling tropospheric ozone.

From 1987 to 2000, daily maximum eight-hour
average concentrations of tropospheric ozone
across the Californian city decreased by 32%.

Since the 1980s, NMVOC emissions from
transport and chemical products (for example,
pesticides) reduced by up to 70%. NOx and
emissions from transport reduced by more
than 50% over the same period.

Los Angeles has succeeded thanks to a
comprehensive state-wide strategy that
deployed a wide variety of tools and policy
measures. Key components of this strategy
include:

1. The Regional Clean Air Incentives Markets
(RECLAIM) Program employs market-based
mechanisms to reduce industrial NOx and
SOx emissions.

2. The Carl Moyer Memorial Program provides
financial incentives for low-emission
technology adoption across 35 local air
districts.

3. The Consumer Products Regulatory
Program targets NMVOC emissions from
household and personal care products.

These innovative approaches operate under
the California Air Resources Board, which
coordinates 15 air basins and 25 air districts
through enhanced technical, managerial and
legal capacities. The policies are designed
to ensure effective implementation across
diverse populations, aiming to protect

the most vulnerable and disadvantaged
communities from disproportionate pollution
impacts. California’s regulatory framework
continues to set a precedent for air quality
programmes in other states.

Progress in reducing tropospheric ozone in Los
Angeles and across California more broadly
has stalled in recent years, despite reductions
in precursors. Some studies link the climate
change phenomena that are increasingly
frequent in California - like heat waves,
droughts and wildfires - to increases in local
ozone levels.

Nationally, legal challenges to the US
Environmental Protection Agency’s authority
to set emissions standards and regulations
will have real-world implications for state-
and city-level authorities. In June 2024, the
US Supreme Court blocked the EPA's ‘good
neighbour’ policy aimed at reducing ozone
emissions across neighbouring states. The
litigation around this policy continues.
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Mexico City
Metropolitan Area

The Mexico City Metropolitan Area (MCMA),

one of the world’s largest cities, faced severe

air quality challenges in the early 1990s.

In 1992, the United Nations Environment
Programme (UNEP) and WHO declared it the
world’s most polluted city.”

In response, Mexico implemented a
comprehensive regulatory framework. The
General Law of Ecological Equilibrium and
Environmental Protection established clear
jurisdictional responsibilities across federal,
state and local governments to address

the high levels of air pollution, including
tropospheric ozone. To address the issues in
the MCMA, a regional approach was adopted,
establishing the Environmental Metropolitan
Commission to coordinate action in the
greater area.

Regulations throughout the 1990s targeted
key tropospheric ozone precursors,
specifically NMVOCs and NOx, with the
transportation sector identified as their
primary source. The city took action to
improve vehicle technology and fuel quality
by promoting emission control systems and
reformulating gasoline to limit the content
of reactive NMVOCs. The authorities also
promoted: public transportation, limiting
private vehicle use, and enhancing urban
planning and environmental education. They
also reduced emissions in key industries by
substituting heavy fuel oil for natural gas and
reducing leakages.

Implemented from 1990 onwards,
the interventions yielded significant
improvements:

Days exceeding the ground-level ozone
standard (>70 ppb) decreased from 80%
(1990) to 50% (2010). Peak hourly ozone
levels dropped from 85-185 ppb (1990) to
57-92 ppb (2015).

Between 1990 and 2015, ozone
concentrations decreased over 30% (1
hour maximum - peak ozone months).

Other criteria pollutants also showed
marked reductions in their concentration
between 1990 and 2015: CO (92%), NO2
(50%), S02 (99%), and PM10 (92%).8°

Despite notable differences in institutional
capacity, financial resources and technical
expertise, the MCMA drew lessons from
Los Angeles, which began its air cleanup
efforts two decades earlier. It adopted
similar strategies and emission control
technologies.?’

Mexico City’s progress in reducing ozone is
best exemplified by the public health impacts
experienced by city residents. For example,
tropospheric ozone in Mexico City between
1990 and 2015 prevented approximately

4,100 premature deaths and increased life
expectancy by almost two years.® The years
of life lost from premature death and lived in
poor health dropped from a maximum of 143 in
1990 to 42 for every 100,000 inhabitants.®

However, since 2010 no further reductions

in tropospheric o0zone have been achieved.
Nowadays, 60-70% of the days still experience
peak ozone concentrations above the levels
that are deemed healthy by local authorities.
This tells us that while the previous control
measures proved that a large and complex
city can improve its air quality and reduce
local levels of tropospheric ozone, a different
mix of precursor pollutants and emission
sources — as well as a growing urban spraw!
over different landscapes and in a changing

climate - have limited their effectiveness ;j;__r;'.-

and prevented further reductions in ozone

concentrations. ‘g
L -_.‘kw | -

Beijing and
surrounding areas

Beijing encompasses diverse geographical
zones, from its urban core to rural periphery,
meaning that air pollution patterns differ
across the Chinese city. From 1998 to 2022,
its population grew by 76.5% and energy
consumption increased by 82%, but the annual
average concentrations of key pollutants
decreased dramatically: SO2 by 97%, NO2 by
69%, PM10 by 71%, and tropospheric ozone by
a smaller 6.6% (eight-hour maximum,

90th percentile).®

The city’s approach to air quality management
has become increasingly sophisticated,
focusing on integrated strategies for
controlling PM2.5 and tropospheric ozone with
carbon mitigation goals.® Control actions
between 2013-2017 achieved 43% reduction

in NOx emissions - mainly through vehicle and
coal-fired boiler controls - and 42% reduction
in NMVOC emissions, through industrial,
residential and mabile source controls.

Importantly, Beijjing, Tianjin, and 26
surrounding municipalities operate under

an innovative regional framework designed
to coordinate responses to harmful
pollutants, including tropospheric ozone. This
framework encompasses integrated planning,
standardised monitoring, coordinated
emergency responses, and real-time data

Credit: Hénry Chen on Unsplash'— Bejing-at pight = .,

sharing across jurisdictions. It has
significantly improved air quality across the
entire region and can serve as a model for
other large metropolitan areas facing airshed
pollution challenges.

A key learning from Beijjing is the development
of economic incentive policies that provide
financial support for pollution control measures
through subsidies, fees, incentives and

pricing. Additionally, Bejjing has significantly
increased its financial investment in air quality,
multiplying it tenfold in eight years.

Despite these improvements, the variations
of tropospheric ozone levels in Bejjing are
significant, and the impacts of policies

aimed at reducing tropospheric ozone have
not been consistent across the area in and
around Beijing. The city still experiences ozone
concentrations that exceed recommended
guidelines; high pollution days continue to
pose significant health risks. Like Mexico City,
changes in pollution sources - driven by past
clean air actions among other factors - have
influenced tropospheric ozone levels. The
next phase of Beijjing’s air pollution control
strategy will simultaneously address air quality
standards and climate targets, specifically
focusing on the dual impacts of tropospheric
ozone on climate and air quality.®®
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Europe

The European Union presents a crucial
example of regional policies and cooperation
to tackle tropospheric ozone. The United
Nations Economic Commission for Europe
(UNECE) established the first regional
environmental convention, the Convention
on Long Range Transboundary Air Pollution
(CLR-TAP) in 1983, with a focus on reducing
emissions and the long-range transport of
harmful pollutants, initially across Europe and
North America. Under the CLR-TAP sits the
Gothenburg Protocol to Abate Acidification,
Eutrophication and Ground-level Ozone.
Agreed in 1999 and amended in 2012, this
legally binding legislation sets country level
emissions ceilings for NOx, SO2, NMVOCs,
ammonia (NH3) and fine particulate matter
(PM2.5). It requires Parties with the greatest
emissions, emissions that have more severe
human health or environmental impacts,
and/or emissions that are relatively cheap
to reduce to make the biggest reductions.®
27 UNECE Parties are signatories of the
Gothenburg Protocol.

The European Union also regulates ozone and
its precursors via other legislation, including
the National Emissions Ceiling Directive

and Commitments, the Ambient Air Quality
Directive, and other regional emissions
reduction targets and regulations across
industry, transport and power generation.

Significant progress has been made in
reducing tropospheric 0zone precursor
emissions across the EU under this suite

of regional legislation. NOx and NMVOC
emissions have declined by 50% and more
than 30% respectively between 2005 and
2022.88 Ground-level ozone levels across the
region are susceptible to a high degree of
fluctuation. However, data from the European
Environment Agency (EEA) illustrates a gradual
overall downward trend in urban population
exposure to elevated ozone concentrations
from a high of 84% in 2003 to 19% in 2022.8°

This decrease is significant, but if compared
to other pollutants like NO2, for example, less
than 1% of the EU population was exposed

to levels exceeding the EU air quality limits.
Despite these significant improvements in
European air quality over the past 30 years,
tropospheric 0zone remains one of the more
challenging pollutants to tackle.

The Gothenburg Protocol is currently
undergoing a revision, presenting
opportunities for parties to raise ambition
on emission reduction commitments on
tropospheric ozone precursor pollutants

and to set new, binding targets on harmful
pollutants that are not yet explicitly covered,
like methane and black carbon.

Around 70% of the highly polluting residential heat sources in Gieraltowice, Poland have been replaced. The remaining ones are still heavily polluting
the air, especially in the evenings when residents return home and start heating up their homes. Credit: Anna Liminowicz/Climate Visuals

RECOMMENDATIONS

Recommendations are provided below for policy makers, researchers and funders.
These steps can help mitigate climate change in the coming decades, deliver cleaner
air for billions of people, and improve global food security.

Policymaking and regulation

Leadership and fast action on tropospheric
ozone is fundamental to mitigating the worst
effects of climate change and air pollution,
alongside deep decarbonisation, cutting other
super pollutants, and action on air pollution
more broadly. Policy makers should:

SHOW INTERNATIONAL LEADERSHIP AND AMBITION ON CLIMATE AND HEALTH:

= Push for tropospheric ozone and other non-C02 pollutants to be robustly included within
UNFCCC processes and reporting, building on the outcome of the UN’s 2023 Global Stocktake
(Decision 1/CMA.5, 2023) that calls on parties to contribute to an accelerated and
substantial reduction of non-C02 emissions by 2030.

= Join and deliver on the Global Methane Pledge.

= Integrate, as a requirement, methane emission reductions within the economy-wide
greenhouse gas emissions target and include additional measures and separate targets
to reduce emissions of tropospheric ozone precursors in updated Nationally Determined
Contributions.*

= Champion the development and uptake of the 2027 IPCC Methodology Report on Inventories
for Short-Lived Climate Forcers. Countries that already have sophisticated and greenhouse-
gas-air quality integrated emissions inventories should see themselves as ‘early adopters’.

= Deliver on the aims of the Paris Agreement and UNFCCC Nairobi Work Programme by
embedding health and sustainable development in governmental negotiations and the
response to the threat of climate change.

= Adopt, support and strengthen regional and airshed approaches to tackling air pollution,
such as:

- Setting binding and ambitious updated emission reduction commitments on NMVOCs and
NOx and new emission reduction commitments on methane and black carbon through the
UNECE Gothenburg Protocol revision process.

- Support efforts and spotlight tropospheric ozone and other super pollutants in regional
programmes, such as the UN ESCAP Regional Action Plan on Air Pollution and the UNEA-
mandated Africa Clean Air Programme.
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TAKE AN INTEGRATED, MULTI-POLLUTANT APPROACH TO CLIMATE CHANGE AND AIR POLLUTION:

Design and develop policies and measures based on multi-pollutant effects, considering
specific emission sources and how they affect co-emitted pollutants, primary emissions
and the secondary formation of pollutants. This means, for example, that efforts to reduce
PM2.5 should consider the impact on tropospheric ozone and that air pollution policy and
management instruments should be integrated with those of climate change.

Enable effective cross-government collaboration to facilitate an integrated national and
subnational approach:

- Develop integrated emissions inventories covering all greenhouse gases, super pollutants
and air pollutants. Openly share data and compilation methods through relevant regional
and global frameworks, such as the Biennial Transparency Reports.

- Develop and maintain monitoring networks for tropospheric ozone and other air pollutants,
using available data to inform both air quality and climate change mitigation plans.

- Ensure work on methane, often led by climate change departments, and tropospheric
ozone and its other precursor pollutants, often led by environmental and air pollution
departments, is integrated to ensure policy making holistically considers all relevant
pollutants.

Science and research

We now know enough to accelerate action

to reduce tropospheric ozone precursors.
However, some important questions remain
unanswered and key issues unresolved.
Addressing these will both improve knowledge
and enable better decisions and policy design
that maximises the potential benefits for
climate, health and agriculture.

It is essential for decision makers and
scientists to work together with a long-

term vision. The technical complexities
involved in tropospheric ozone formation

and its interactions with meteorological and
climatic factors mean that further science

and research is critical to informing effective
policy approaches and measures. This is
necessary so interventions can evolve and be
adapted as our understanding improves and

as wider decarbonisation policies take effect.
International collaboration among the scientific
community is crucial for supporting and building
capacities in regions with scarcer technical
capabilities.

IMPLEMENT BOLD, COMPREHENSIVE MEASURES TO ADDRESS TROPOSPHERIC OZONE
PRECURSOR SOURCES:

Understand and analyse sources of tropospheric ozone precursors, identifying additional
measures directed at sources that may not be covered elsewhere, for example in chemical
industries or through use of solvents.

Update and enforce tropospheric ozone concentration standards in line with WHO guidelines
and interim targets.

Accelerate the transition to cleaner energy sources and improve energy efficiency:

- Implement and enforce stricter emission standards across all air pollutants, greenhouse
gases and super pollutants.

- Define strategic actions for the key sectors contributing to tropospheric ozone precursor
emissions.

- Accelerate energy efficiency programmes and transition to cleaner energy sources.

- Design and implement innovative programmes, such as: employing market-based
mechanisms to reduce industrial emissions; providing financial incentives for low-
emission technology adoption; and developing regulatory programmes that target
decreases in precursor emissions in key sectors.

Tailor policies to local contexts and emission sources. Design and reinforce frameworks
supporting subnational to national level action.

GRANTING BODIES (PUBLIC OR PRIVATE) SHOULD SUPPORT FURTHER SCIENTIFIC RESEARCH
FOCUSING ON TACKLING THE MOST PERTINENT QUESTIONS TO INFORM CLIMATE AND CLEAN AIR
STRATEGIES:

Advancing understanding of the climate responses of tropospheric ozone precursors. Building
on the summary provided in IPCC Assessment Report 6, further work is needed to elaborate
on the distinct climate effects of NMVOCs, CO and NOX by country and region, including
temperature responses and other regional climate effects.

Analysing policy pathways to maximise climate and health benefits. Fundamental gaps exist
in our understanding of the climate effects of policies and measures substantially reducing
emissions of tropospheric 0zone precursors across multiple sectors. An updated iteration

of the UNEP-WMO Integrated Assessment of Black Carbon and Tropospheric Ozone could
generate evidence-informed policy guidance. Critically, we need to support studies that help
answer fundamentals question including: ‘Alongside deep decarbonisation, what additional
mitigation policies and measures are required to tackle tropospheric ozone precursors to
keep the world on a pathway that is 1.5°C aligned?".

Generating tools and guidance to support policy makers. Considerable work is needed to
deliver actionable science that policy makers can use to inform decision making on which
precursor emissions might provide the most effective route to tackling tropospheric ozone
at alocal, regional and global level. Datasets and models exist to advance this, but targeted
studies need to be conducted to identify and develop parametrisations and tools that can
be used by policy makers. Regime categorisations - guidance based on the local chemical
balance e.g. NOx- or VOC-limited - is a promising approach, requiring further work and
tailoring to local contexts.

Advancing monitoring and measurements of tropospheric ozone and its precursors. More
investment in monitoring is needed to enhance our understanding of regional and global
fluctuations in tropospheric ozone - including in rural areas to help improve analysis of
effects on agriculture and ecosystems.
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Routine inspection of the ambient air quality monitoring station managed by South African Weather Services.
. o . Credit: Gulshan Khan / Climate Visuals
Improving emissions factors for tropospheric 0zone precursor pollutants. Further work

on emissions factors and activity data is needed to improve emissions estimates and
inventories, taking into account the wide range of different source sectors and how
emissions might differ within these. Focus should be placed on regions where less
research work has been done and with a view to inputting into existing guidance for
governments and businesses.

Further building the health evidence base. Decades of research have established a strong
link between ozone exposure and respiratory health effects. However, there is a pressing
need for long-term epidemiological studies in low- and middle-income countries to better
understand ozone’s impact on all-cause mortality.®'

Funding and
technical support

kK T s s £ s .
Work to reduce outdoor air pollution is 2. Create market conditions: Encourage S 1
significantly underfunded worldwide, receiving private sector participation in financing e R N 5 ™
less than 1% of all international development initiatives aligned with air quality and ’ o S ‘ R
funding between 2018 and 2022.9 Efforts to climate change policies. &% el N p S
reduce tropospheric ozone and its precursors W, 24 = £
should be supported by donor countries, . . . : i e
multilateral development banks (MDBs) and 8. ErzﬂgpefgdPISSilgzgi?ésfbcs)l/defr?rre:gr?t aid : = 2 ?
philanthropic foundations through grants and to cities énd rivate entit%es to support air
concessional development financing, so that ity and IP t6 polici PP &
recipient countries do not suffer fiscal stress. quality and climate policies.
To effectively reduce tropospheric ozone S ! " f
and its precursors, a systematic funding 4. Build capacity for bankable mitigation ” - |
and capacity building approach is essential, projects: Develop skills and structures, 5 ' J
incorporating various sources, as follows: particularly in developing countries with % T ‘
access to less resources and expertise, Y )
. 7S gt = ) 4
1. Strengthen traditional financing ftotcreat_e a ﬁrgjec]c plpellnte e“(?'bl!e fir - e 3 } o
mechanisms: Enhance existing ;Tjr?(;ga lonal development and climate d
environmental sector financing, such as )
emissions compensation, fossil fuel taxes, e
and other dedicated taxes to support air P e l
quality management. I s
o B Y T =
|8 II'
J
INTERNATIONAL COOPERATION EFFORTS SHOULD INCLUDE: '
|
Encourage an integral view on atmospheric pollution among project selection criteria: 3
Development and climate funds should adopt comprehensive approaches to solve air =
pollution with local and global benefits. Project enabling criteria, similar to existing gender S
and social guidelines, should be developed. k




30

The Case for Action on Tropospheric 0zone

REFERENCES

10.

.

12.

13.

14.

6.

8.

17.

8.
8.

U.S. Department of State (2024) The Sprint to Cut Climate Super Pollutants: COP 29 Summit on Methane and Non-C02
GHGs. Available at: https://www.state.gov/the-sprint-to-cut-climate-super-pollutants-cop-29-summit-on-
methane-and-non-co2-ghgs/

Lu, X., Zhang, L., & Shen, L. (2019). Meteorology and climate influences on tropospheric ozone: a review of natural
sources, chemistry, and transport patterns. Current Pollution Reports, 5(4), 238-260

Gaudel, A., Bourgeois, I., Li, M., Chang, K. L., Ziemke, J., Sauvage, B., ... & Cooper, 0. R. (2024). Tropical tropospheric
ozone distribution and trends from in situ and satellite data. Atmospheric Chemistry and Physics, 24(17), 9975-
10000.

Cuesta et al., 2022. 0zone pollution during the COVID-19 lockdown in the spring of 2020 over Europe, analysed from
satellite observations, in situ measurements, and models. doi.org/10.5194/acp-22-4471-2022.

Sillman, S., & He, D. (2002). Some theoretical results concerning 03-NOx-VOC chemistry and NOx-VOC indicators.
Journal of Geophysical Research: Atmospheres, 107(D22), ACH-26.

Santer, B. D., Po-Chedley, S., Zhao, L., Zou, C. Z., Fu, Q., Solomon, S., ... & Taylor, K. E. (2023). Exceptional
stratospheric contribution to human fingerprints on atmospheric temperature. Proceedings of the National Academy
of Sciences, 120(20), e2300758120.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors,

C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.
Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, In press, doi:10.1017/9781009157896. Fig SPM2.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors,

C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.
Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, In press, doi:10.1017/9781009157896. Chapter 6.

Dreyfus, G. B., Xu, Y., Shindell, D. T., Zaelke, D., & Ramanathan, V. (2022). Mitigating climate disruption in time: A
self-consistent approach for avoiding both near-term and long-term global warming. Proceedings of the National
Academy of Sciences, 119(22), e2123536119.

IPCC, 2021. Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., ... & Zhou, B. (2021). Climate
change 2021: the physical science basis. Contribution of working group | to the sixth assessment report of the
intergovernmental panel on climate change, 2(1), 2391.

Dreyfus, G. B., Xy, Y., Shindell, D. T., Zaelke, D., & Ramanathan, V. (2022). Mitigating climate disruption in time: A
self-consistent approach for avoiding both near-term and long-term global warming. Proceedings of the National
Academy of Sciences, 119(22), €2123536119

Rathore, A., Gopikrishnan, G. S., & Kuttippurath, J. (2023). Changes in tropospheric ozone over India: Variability, long-
term trends and climate forcing. Atmospheric Environment, 309, 119959.

Chang, W., Liao, H., & Wang, H. (2009). Climate responses to direct radiative forcing of anthropogenic aerosols,
tropospheric ozone, and long-lived greenhouse gases in eastern China over 1951-2000. Advances in Atmospheric
Sciences, 26, 748-762. Li, S., Wang, T., Zanis, P., Melas, D., & Zhuang, B. (2018). Impact of tropospheric ozone on
summer climate in China. Journal of Meteorological Research, 32(2), 279-287.

Liu, W., Hegglin, M. I., Checa-Garcia, R., Li, S., Gillett, N. P., Lyu, K., ... & Swart, N. C. (2022). Stratospheric ozone
depletion and tropospheric ozone increases drive Southern Ocean interior warming. Nature Climate Change, 12(4),
365-372.

Cai, W., Gao, L., Luo, ., Li, X., Zheng, X., Zhang, X., ... & Xie, S. P. (2023). Southern Ocean warming and its climatic
impacts. Science Bulletin, 68(9), 946-960.

Stevenson, D.S., Derwent, R.G., Wild, 0. and Collins, W.J., 2022. COVID-19 lockdown emission reductions have the
potential to explain over half of the coincident increase in global atmospheric methane. Atmospheric Chemistry and
Physics, 22(21), pp.14243-14252.

United States Environmental Protection Agency (2024) Health Effects of Ozone Pollution. Available at: https://www.
epa.gov/ground-level-ozone-pollution/health-effects-ozone-pollution

Health Effects Institute. (2024a). State of Global Air 2024. Special Report. Boston, MA:Health Effects Institute.

Malley CS, Henze DK, Kuylenstierna JCI, Vallack HW, Davila Y, Anenberg SC, Turner MC, Ashmore MR. Updated Global
Estimates of Respiratory Mortality in Adults 230Years of Age Attributable to Long-Term Ozone Exposure. Environ
Health Perspect. 2017 Aug 28;125(8):087021. doi: 10.1289/EHP1390. PMID: 28858826; PMCID: PMC5880233. Sun, H.,
van Daalen, K., Morawska, L., Guillas, S., Giorio, C., Di, Q. Kan, H., Loo, E., Shek, L., Watts, N., & Guo, Y. & Archibald, A.
(2024). An estimate of global cardiovascular mortality burden attributable to ambient ozone exposure reveals urban-
rural environmental injustice. One Earth. https://doi.org/10.1016/j.oneear.2024.08.018

20.

21,

22.

28.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Health Effects Institute. (2024a). State of Global Air 2024. Special Report. Boston, MA:Health Effects Institute.
Malashock, D.A., Delang, M.N., Becker, J.S., Serre, M.L., West, J., Chang, K., Cooper, O.R., Anenberg, S.C. (2022a)
Estimates of ozone concentrations and attributable mortality in urban, peri-urban and rural areas worldwide in 2019.
Environ. Res. Lett. 17 054023. DOI 10.1088/1748-9326/ac66f3

Health Effects Institute. (2024a). State of Global Air 2024. Special Report. Boston, MA:Health Effects Institute.

Rocque RJ, Beaudoin C, Ndjaboue R, et al. Health effects of climate change: an overview of systematic reviews. BMJ
Open 2021;11:e046333. doi:10.1136/ bmjopen-2020-04633 WHO. (2015). Connecting global priorities: biodiversity
and human health: a state of knowledge review. Available from Connecting global priorities: biodiversity and human
health: a state of knowledge review (who.int)

Lelieveld, J., Haines, A., Burnett, R., Tonne, C., Klingmdiller, K., Minzel, T. and Pozzer, A., 2023. Air pollution deaths
attributable to fossil fuels: observational and modelling study. bmj, 383.

World Bank, 2022. The Global Health Cost of PM2.5 Air Pollution: A Case for Action Beyond 2021. International
Development in Focus. http://hdl.handle.net/10986/36501

Emberson, L., Pleiiel, H., Ainsworth, E., van den Berg, M., Ren, W., Osborne, S., Mills, G., Pandey, D., Dentener, F.,
Buker, P., Ewert, F., Koeble, R., & Van Dingenen, R. (2018). Ozone effects on crops and consideration in crop models.
EUROPEAN JOURNAL OF AGRONOMY, 100, 19-34. https://doi.org/10.1016/].eja.2018.06.002

Jolivet, V., Bagard, M., Cabané, M., Vaultier, M.-N., Gandin, A., Afif, D., Dizengremel, P., & Le Thiec, D. (2016).
Deciphering the ozone-induced changes in cellular processes: a prerequisite for ozone risk assessment at the tree
and forest levels. Annals of Forest Science, 73(4), 923-943. https://doi.org/10.1007/s13595-016-0580-3 Krupa, S.
V., & Manning, W. J. (1988). Atmospheric ozone: formation and effects on vegetation. Environmental Pollution, 50(1),
101-137. https://doi.org/https://doi.org/10.1016/0269-7491(88)90187-X

Avnery, S., Mauzerall, D., Liu, J., & Horowitz, L. (2011). Global crop yield reductions due to surface ozone exposure: 2.
Year 2030 potential crop production losses and economic damage under two scenarios of O<sub>3</sub> pollution.
ATMOSPHERIC ENVIRONMENT, 45, 2297-2309. https://doi.org/10.1016/j.atmosenv.2011.01.002

Avnery, S., Mauzerall, D., Liu, J., & Horowitz, L. (2011). Global crop yield reductions due to surface ozone exposure: 2.
Year 2030 potential crop production losses and economic damage under two scenarios of O<sub>3</sub> pollution.
ATMOSPHERIC ENVIRONMENT, 45, 2297-23089. https://doi.org/10.1016/].atmosenv.2011.01.002 Chuwah, C., van Noije,
T., van Vuuren, D., Stehfest, E., & Hazeleger, W. (2015). Global impacts of surface ozone changes on crop yields and
land use. ATMOSPHERIC ENVIRONMENT, 108, 11-23. https://doi.org/10.1016/].atmosenv.2015.01.062

Wittig, V. E., Ainsworth, E. A., Naidu, S. L., Karnosky, D. F., & Long, S. P. (2009). Quantifying the impact of current
and future tropospheric ozone on tree biomass, growth, physiology and biochemistry: a quantitative meta-analysis.
Global Change Biology, 15(2), 396-424. https://doi.org/https://doi.org/10.1111/].1365-2486.2008.01774.x

Felzer, B., Reilly, J., Melillo, J., Kicklighter, D., Sarofim, M., Wang, C., Prinn, R., & Zhuang, Q. (2005). Future effects of
ozone on carbon sequestration and climate change policy using a global biogeochemical model. Climatic Change, 73,
345-373. https://link.springer.com/article/10.1007/s10584-005-6776-4

Leung, F., Sitch, S., Tai, A., Wiltshire, A., Gornall, J., Folberth, G., & Unger, N. (2022). CO<sub>2</sub> fertilization of
crops off sets yield losses due to future surface ozone damage and climate change. Environmental Research Letters,
17, Article 074007. https://doi.org/10.1088/1748-9326/ac7246 Tai, A., & Martin, M. (2017). Impacts of ozone air
pollution and temperature extremes on crop yields: Spatial variability, adaptation and implications for future food
security. ATMOSPHERIC ENVIRONMENT, 169, 11-21. https://doi.org/10.1016/j.atmosenv.2017.09.002

Schauberger, B., Rolinski, S., Schaphoff, S., & Mller, C. (2019). Global historical soybean and wheat yield loss
estimates from ozone pollution considering water and temperature as modifying effects. Agricultural and Forest
Meteorology, 265, 1-15.

Debaje, S. B. (2014). Estimated crop yield losses due to surface ozone exposure and economic damage in India.
Environmental Science and Pollution Research, 21, 7329-7338.

Li, D., Shindell, D., Ding, D., Lu, X., Zhang, L., & Zhang, Y. (2022). Surface ozone impacts on major crop production in
China from 2010 to 2017. Atmospheric Chemistry and Physics, 22(4), 2625-2638.

McGrath, J. M., Betzelberger, A. M., Wang, S., Shook, E., Zhu, X. G., Long, S. P., & Ainsworth, E. A. (2015). An analysis
of ozone damage to historical maize and soybean yields in the United States. Proceedings of the National Academy of
Sciences, 112(48), 14390-14395.

Sharps, K., Vieno, M., Beck, R., Hayes, F., & Harmens, H. (2021). Quantifying the impact of ozone on crops in Sub-
Saharan Africa demonstrates regional and local hotspots of production loss. Environmental Science and Pollution
Research, 28(44), 62338-62352.

Lyuy, X., Li, K., Guo, H., Morawska, L., Zhou, B., Zeren, Y., Jiang, F., Chen, C., Goldstein, A.H., Xu, X. and Wang, T., 2023.
A synergistic ozone-climate control to address emerging ozone pollution challenges. One Earth, 6(8), pp.964-977.

Gaudel, A., Cooper, 0. R., Chang, K. L., Bourgeois, I., Ziemke, J. R., Strode, S. A., ... & Granier, C. (2020). Aircraft
observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern
Hemisphere. Science Advances, 6(34), eaba8272.

Lyu, X., Li, K., Guo, H., Morawska, L., Zhou, B., Zeren, Y., Jiang, F., Chen, C., Goldstein, A.H., Xu, X. and Wang, T., 2023.
A synergistic ozone-climate control to address emerging ozone pollution challenges. One Earth, 6(8), pp.964-977.

Lyuy, X., Li, K., Guo, H., Morawska, L., Zhou, B., Zeren, Y., ... & Blake, D. R. (2023). A synergistic ozone-climate control
to address emerging ozone pollution challenges. One Earth, 6(8), 964-977.

8u0z( olueydsodol] Uo uoi1oy Jo) asen ay|

2%


https://www.state.gov/the-sprint-to-cut-climate-super-pollutants-cop-29-summit-on-methane-and-non-co
https://www.state.gov/the-sprint-to-cut-climate-super-pollutants-cop-29-summit-on-methane-and-non-co
https://www.cambridge.org/core/books/climate-change-2021-the-physical-science-basis/415F29233B8BD19FB55F65E3DC67272B
https://www.cambridge.org/core/books/climate-change-2021-the-physical-science-basis/415F29233B8BD19FB55F65E3DC67272B
https://www.epa.gov/ground-level-ozone-pollution/health-effects-ozone-pollution 
https://www.epa.gov/ground-level-ozone-pollution/health-effects-ozone-pollution 
https://linkinghub.elsevier.com/retrieve/pii/S2590332224004287
https://www.who.int/publications/i/item/connecting-global-priorities-biodiversity-and-human-health
https://www.who.int/publications/i/item/connecting-global-priorities-biodiversity-and-human-health
http://hdl.handle.net/10986/36501
https://doi.org/10.1016/j.eja.2018.06.002
https://doi.org/10.1007/s13595-016-0580-3
https://doi.org/https:/doi.org/10.1016/0269-7491(88)90187-X
https://doi.org/10.1016/j.atmosenv.2011.01.002
https://doi.org/10.1016/j.atmosenv.2011.01.002
https://doi.org/10.1016/j.atmosenv.2015.01.062
https://doi.org/https:/doi.org/10.1111/j.1365-2486.2008.01774.x
https://link.springer.com/article/10.1007/s10584-005-6776-4
https://doi.org/10.1088/1748-9326/ac7246
https://doi.org/10.1016/j.atmosenv.2017.09.002

32

The Case for Action on Tropospheric 0zone

4.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51

52.

53.
54.

56.

56.

57.

58.

50.

60.

6.

62.

63.

64.

65.

66.

Ly, X., Hong, J., Zhang, L., Cooper, 0. R., Schultz, M. G., Xu, X., ... & Zhang, Y. (2018). Severe surface ozone pollution
in China: a global perspective. Environmental Science & Technology Letters, 5(8), 487-494.

Rathore, A., Gopikrishnan, G. S., & Kuttippurath, J. (2023). Changes in tropospheric ozone over India: Variability, long-
term trends and climate forcing. Atmospheric Environment, 309, 119959.

Health Effects Institute. (2024b). State of Global Air 2024. Special Report. Boston, MA:Health Effects Institute.

Staniaszek, Z., Griffiths, P.T., Folberth, G.A., O’Connor, F.M., Abraham, N.L. and Archibald, A.T., 2022. The role of future
anthropogenic methane emissions in air quality and climate. Npj Climate and Atmospheric Science, 5(1), p.21.

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C.

Karagodin-Doyennel, A., Rozanov, E., Sukhodolov, T., Egorova, T., Sedlacek, J. and Peter, T., 2023. The future ozone
trends in changing climate simulated with SOCOLv4. Atmospheric Chemistry and Physics, 23(8), pp.4801-4817.

Liu, Z., Doherty, R.M., Wild, O., O’connor, F.M. and Turnock, S.T., 2022. Tropospheric ozone changes and ozone
sensitivity from the present day to the future under shared socio-economic pathways. Atmospheric Chemistry and
Physics, 22(2), pp.1209-1227.

Lyu, X., Li, K., Guo, H., Morawska, L., Zhou, B., Zeren, Y., Jiang, F., Chen, C., Goldstein, A.H., Xu, X. and Wang, T., 2023.
A synergistic ozone-climate control to address emerging ozone pollution challenges. One Earth, 6(8), pp.964-977.

Dewan, S. and Lakhani, A., 2022. Tropospheric ozone and its natural precursors impacted by climatic changes in
emission and dynamics. Frontiers in Environmental Science, 10, p.1007942.

United Nations Framework Convention on Climate Change (2023) Outcome of the first global stocktake. Available at:
Outcome of the first global stocktake. Draft decision -/CMA.5. Proposal by the President | UNFCCC

The Global Climate and Health Alliance (2021) Clean Air NDC Scorecard. Available at: Clean Air NDC Scorecard - The
Global Climate and Health AllianceClean Air NDC Scorecard - The Global Climate and Health Alliance

The Intergovernmental Panel on Climate Change (2024) 2027 IPCC Methodology Report on Inventories for Short-lived
Climate Forcers. Available at: https://www.ipcc.ch/report/methodology-report-on-short-lived-climate-forcers/

Government of Mexico (2022) UNFCCC National Inventory Report. Available at: https://unfccc.int/documents/512232

World Economic Forum (2024) Alliance for Clean Air. Available at: Driving Clean Air Solutions - Alliance for Clean Air -
World Economic Forum

Ruiz-Suérez, L. G., Mar-Morales, B. E., Garcia-Reynoso, J. A., Andraca-Ayala, G. L., Torres-Jarddn, R., Garcia-Yee,
J., Barrera-Huertas, H. A., Gavilan-Garcia, A., & Basaldud Cruz, R. (2018). Estimation of the impact of ozone on four
economically important crops in the city belt of central Mexico. Atmosphere, 9, 223. https://doi.org/https://doi.
0rg/10.3390/atmos9060223

Mills, G., Plejjel, H., Malley, C. S., Sinha, B., Cooper, 0. R., Schultz, M. G., Neufeld, H. S., Simpson, D., Sharps, K., &
Feng, Z. (2018). Tropospheric Ozone Assessment Report: Present-day tropospheric ozone distribution and trends
relevant to vegetation. Elem Sci Anth, 6, 47. <Go to WoS>://CCC:000381077300013

Akimoto, H. and Tanimoto, H., 2022. Rethinking of the adverse effects of NOx-control on the reduction of methane
and tropospheric ozone-Challenges toward a denitrified society. Atmospheric Environment, 277, p.119033.

|EA (2023), Global Methane Tracker 2023, IEA, Paris https://www.iea.org/reports/global-methane-tracker-2023.
Licence: CCBY 4.0

|EA (2023), Global Methane Tracker 2023, IEA, Paris https://www.iea.org/reports/global-methane-tracker-2023.
Licence: CCBY 4.0

United States Environmental Protection Agency (1999) Technical Bulletin: Nitrogen Oxides (Nox), Why and How They
are Controlled. Available at: https://www3.epa.gov/ttncatc1/dir1/fnoxdoc.pdf

United States Environmental Protection Agency (1999) Technical Bulletin: Nitrogen Oxides (Nox), Why and How They
are Controlled. Available at: https://www3.epa.gov/ttncatc1/dir1/fnoxdoc.pdf

Xiaojia Chen, Qizhen Liu, Tao Sheng, Fang Li, Zhefeng Xu, Deming Han, Xufeng Zhang, Xigian Huang, Qingyan Fu,
Jinping Cheng. A high temporal-spatial emission inventory and updated emission factors for coal-fired power plants
in Shanghai, China, Science of The Total Environment, Volume 688, 2019, Pages 94-102, ISSN 0048-9697, https://doi.
org/10.1016/].scitotenv.2019.06.201.

OECD (2021) Assessment of the Air Pollution Tax and Emission Concentration Limits in the Czech Republic. Available
at: https://one.oecd.org/document/ENV/WKP(2021)6/en/pdf

Global Cement and Concrete Association (2022) Getting to Net Zero. Available at: https://gccassociation.org/
concretefuture/getting-to-net-zero/

Cui, L., Li, H. W, Huang, Y., Zhang, Z., Lee, S. C., Blake, D. R., Wang, X. M., Ho, K. F., & Cao, J. J. (2021.

The characteristics and sources of roadside VOCs in Hong Kong: Effect of the LPG catalytic converter
replacement programme. The Science of the Total Environment, 757(143811), 143811. https://doi.org/10.1016/].
scitotenv.2020.143811 Zhang, C., Xu, T., Wu, G., Gao, F., Liu, Y., Gong, D., Wang, H., Zhang, C., & Wang, B. (2022).
Reduction of fugitive VOC emissions using leak detection and repair (LDAR) in a petroleum refinery of Pearl River
Delta, China. Applied Energy, 324(119701), 119701. https://doi.org/10.1016/].apenergy.2022.119701

Snyder, C. S., Bruulsema, T. W., Jensen, T. L., & Fixen, P. E. (2009). Review of greenhouse gas emissions from crop
production systems and fertilizer management effects. Agriculture, Ecosystems & Environment, 133(3-4), 247-266.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

Veldzquez-Marti, B., Ferndndez-Gonzélez, E., Ldpez-Cortés, |., & Salazar-Hernandez, D. M. (2011). Quantification of
the residual biomass obtained from pruning of trees in Mediterranean olive groves. Biomass and Bioenergy, 35(7),
3208-3217

American Lung Association (2023). Driving to clean air. Available at: https://www.lung.org/getmedia/9e9947ea-
d4aB-476c-9c78-cccf/7d49ffe2/ala-driving-to-clean-air-report.pdf

Mousavinezhad, S., Choi, Y., Khorshidian, N., Ghahremanloo, M. and Momeni, M., 2024. Air quality and health co-
benefits of vehicle electrification and emission controls in the most populated United States urban hubs: Insights
from New York, Los Angeles, Chicago, and Houston. Science of The Total Environment, 912, p.169577.

Chen, Z., Liu, Q., Liu, H., & Wang, T. (2024). Recent advances in SCR systems of heavy-duty diesel vehicles—low-
temperature NOx reduction technology and combination of SCR with remote OBD. Atmosphere, 15(8), 997. https://
doi.org/10.3390/atmos15080997

Linares, A. (2024). Zonas de Bajas Emisiones: la guia esencial. Cleancitiescampaign.org. https://spain.
cleancitiescampaign.org/wp-content/uploads/2024/10/Zonas-de-Bajas-Emisiones-la-guia-esencial _v3.pdf

FAO (2006). Fire management: voluntary guidelines. Principles and strategic actions. Available at: Fire management
Voluntary guidelines: Principles and strategic actions - Fire Management Working Paper 17/E Yuan, C., Zhang, Y., &
Liu, Z. (2015). "A survey on technologies for automatic forest fire monitoring, detection, and fighting using unmanned

aerial vehicles and remote sensing techniques”. Canadian Journal of Forest Research, 45(7), 783-792.

Scotford, E., Misonne, D., & Lewis, A. (2023). Guide on Ambient Air Quality Legislation - Air Pollution Series. (Air
Pollution Series). The United Nations Environment Programme. https://wedocs.unep.org/20.500.11822/42536

UNECE (2015) Guidelines for Reporting Emissions and Projections Data under the Convention on Long-range
Transboundary Air Pollution. Available at:_unece.org/fileadmin/DAM/env/documents/2015/AIR/EB/English.pdf

United States Environmental Protection Agency (2019) Wildfire Smoke: A Guide for Public Health Officials. Available at:
wildfire_smoke_2019_update.pdf

World Bank. 2023. Energy Sector Management Assistance Program.Unlocking Clean Cooking Pathways: A Practitioner’s
Keys to Progress. Washington, DC. License: Creative Commons Attribution CC BY 3.0 IGO

World Health Organization (WHO). (2022). Indoor Air Quality Guidelines - Global Update: Evidence-Based Standards for
Healthy Homes. Ginebra, Suiza: WHO Press.

World Bank (2023). Building Code Checklist for Fire Safety (English). Washington, D.C. : World Bank Group.

ICAQ. (2022). "Environmental Report 2022: Aviation and Environment”.
Air Transport Action Group (ATAG). (2021). "Waypoint 2050: Balancing Growth in Connectivity with a Comprehensive
Global Air Transport Response to the Climate Emergency

Air Quality Life Index (2023) Mexico City: ProAire (1990). Available at: https://agli.epic.uchicago.edu/palicy-impacts/
mexico-city-proaire-1990/

SEDEMA (2018). Red automética de monitoreo ambiental. Available at http://www.aire.cdmx.gob.mx/

Molina, L. T., Velasco, E., Retama, A., & Zavala, M. (2019). Experience from integrated air quality management in the
Mexico City Metropolitan Area and Singapore. Atmosphere, 10(9), 512.

Dockery, D., Rojas-Bracho, L., & Evans, J. (2019). Benefits of air pollution control on life expectancy in Mexico City
1990 to 2015. Environmental Epidemiology, 3, 100.

Institute for Health Metrics and Evaluation. (IHME). GBD Results. Seattle, WA: IHME, University of Washington, 2024.
Available from https://vizhub.healthdata.org/gbd-results/(link is external). [accessed 09/26/2024]

Li, Shengyue; Wang, Shuxiao; Wu, Qingru; Zhao, Bin; Jiang, Yuegi; Zheng, Haotian; et al. (2024). Integrated Benefits
of Synergistically Reducing Air Pollutants and Carbon Dioxide in China. ACS Publications. Collection. https://doi.
0rg/10.1021/ acs.est.4c00599

United Nations Environment Programme (2019) A Review of 20 Years’ Air Pollution Control in Bejjing. Available at:
https://wedocs.unep.org/bitstream/handle/20.500.11822/ 27645/ airPolCh_EN.pdf?sequence=1&isAllowed=y

https://unece.org/environment-policy/air/protocol-abate-acidification-eutrophication-and-ground-level-ozone

https://www.eea.europa.eu/en/analysis/indicators/emissions-of-the-main-air#:~:text=Figure%202.,State %20

from%202005%20t0%2020228 text=Under%20the%20NECD%2C%20all%20EU,emission%20reduction%20commit-
ments%20in%202022

https://www.eea.europa.eu/en/analysis/indicators/exceedance-of-air-quality-
standards?activeAccordion=546a7c¢35-9188-4d23-94ee-005d97c262b

Climate and Clean Air Coalition (2024) Non-CO2 Pollutants in Nationally Determined Contributions. Available at:
https://www.ccacoalition.org/content/non-co2-pollutants-nationally-determined-contributions-ndcs

Huangfu, P. and Atkinson, R., 2020. Long-term exposure to NO2 and 03 and all-cause and respiratory mortality: A
systematic review and meta-analysis. Environment international, 144, p.105998.

Clean Air Fund (2024) The State of Global Air Quality Funding 2024. Available at: The State of Global Air Quality Funding
2024 - Clean Air Fund

8u0z( olueydsodol] Uo uoi1oy Jo) asen ay|


https://unfccc.int/documents/636608
https://climateandhealthalliance.org/initiatives/clean-air-ndc-scorecard/#:~:text=The%20%E2%80%98clean%20air%20score%E2%80%99%20calculated%20by%20GCHA%20is,will%20only%20benefit%20if%20these%20commitments%20are%20delivered.
https://climateandhealthalliance.org/initiatives/clean-air-ndc-scorecard/#:~:text=The%20%E2%80%98clean%20air%20score%E2%80%99%20calculated%20by%20GCHA%20is,will%20only%20benefit%20if%20these%20commitments%20are%20delivered.
https://www.ipcc.ch/report/methodology-report-on-short-lived-climate-forcers/
https://unfccc.int/documents/512232
https://doi.org/https:/doi.org/10.3390/atmos9060223
https://doi.org/https:/doi.org/10.3390/atmos9060223
https://www.iea.org/reports/global-methane-tracker-2023
https://www.iea.org/reports/global-methane-tracker-2023
https://www3.epa.gov/ttncatc1/dir1/fnoxdoc.pdf
https://www3.epa.gov/ttncatc1/dir1/fnoxdoc.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://www.epa.gov/sites/default/files/2019-12/documents/wildfire_smoke_2019_update.pdf
https://aqli.epic.uchicago.edu/policy-impacts/mexico-city-proaire-1990/
https://aqli.epic.uchicago.edu/policy-impacts/mexico-city-proaire-1990/
http://www.aire.cdmx.gob.mx/
https://vizhub.healthdata.org/gbd-results/

The Clean Air Fund (UK) is registered in England with
company number 11766712 and charity number 118369.
Registered address: 20 St Thomas Street London SE19RS
To find out more please get in touch: info@cleanairfund.org
or www.cleanairfund.org.


mailto:info%40cleanairfund.org?subject=
http:// www.cleanairfund.org

