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The uncertainties over the effects of aviation non-CO, emissions on climate and air quality are assessed in
the context of potential mitigation measures for liquid hydrocarbon fuels. Aviation non-CO, emissions that
affect climate include nitrogen oxides (NO,), aerosol particles (soot and sulphur-based), and water vapour.
Water vapour and aerosols have small direct radiative effects but are also involved in the formation of
contrails and contrail cirrus, currently, the largest non-CO, effect on climate. These non-CO, effects on
climate are quantified with low confidence, compared to that of CO,, which is quantified with high
confidence. The sign of the NO, radiative effects may change from positive to negative. The effects of
soot and sulphur emissions on cloudiness are very poorly understood and studies indicate forcings that
range from large negative through to small positive. NO, and soot emissions can be reduced through
changes in combustion technology but have tradeoffs with each other and CO,. Soot can also be
reduced through reduced aromatic content of fuels. In all cases, there are complex choices to be made
because of tradeoffs between species, and CO,. Contrail cirrus and soot aerosol—cloud interactions
potentially have opposing signs but are both related to soot emissions (at present) and need to be
considered together in mitigation strategies. Because of the uncertainties and tradeoffs involved, it is
problematic to recommend definitive courses of action on aviation non-CO, emissions since they may
be of limited effect or have unintended consequences. Aviation's non-CO, effects on climate are short-

term, as opposed to those of CO,, which last millennia. If aviation is to contribute towards restricting
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Accepted 17th October 2023 anthropogenic surface warming to 1.5 or 2 °C then reduction of emissions of CO, from fossil fuels

remains the top priority. In terms of air quality, the situation is more straightforward with emissions

DOI: 10.1035/d3ea00091e standards being set by the International Civil Aviation Organization for NO, and non-volatile particulate

rsc.li/esatmospheres matter (and other minor species), which need to be complied with.

Environmental significance

The emissions of aviation have effects on both climate and air quality. For climate, this includes both the long-lived greenhouse gas, CO, and non-CO, emissions
result in a range of effects on climate. For air quality, the non-CO, emissions may impact upon human health, particularly those of NO, and ultrafine particles.
The sector has grown strongly in recent decades, and post the COVID-19 pandemic, is set to grow strongly again. This paper assesses the effects on air quality and
climate in the context of potential mitigation options and ‘net zero’, for conventional liquid hydrocarbon fuels. Many of the effects are only quantified with
limited scientific certainty and can have complex technological or operational tradeoffs that require careful analysis in order that perverse outcomes are avoided,
and strategic investment decisions are based on a solid evidence base. Some of the proposed solutions do not always consider these issues carefully enough and
we draw together the different lines of evidence to show where improvements to basic science knowledge are required.
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quantified by the metric ‘effective radiative forcing (ERF) of
climate’ (which measures the way these effects perturb the
earth-atmosphere  energy  balance relative to  pre-
industrialization). Aviation is currently calculated to represent
about 3.5% of the total current radiative impact on climate,
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approximately 66% of which is currently attributed, with
considerable uncertainty, to non-CO, emissions. Aviation non-
CO, emissions, particularly NO, and particulate matter, also
have effects on local air quality, impacting human health.

In the last two decades, air traffic has grown strongly, and
approximately 50% of the total historical emissions of CO, from
the sector occurred over this period. This is important since CO,
accumulates in the atmosphere. As the effects of the COVID-19
pandemic decline, it is expected that air traffic will gradually
recover to growth rates similar to pre-pandemic levels.

Changes in aviation technology influence the composition of
the global fleet slowly because of the 20 to 30 year timeframe of
an individual aircraft's lifetime, the approximately 10 year
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development timescale of a new aircraft, and the in-production
timescale of a decade or more. To meet internationally agreed
targets requires rapid reductions of emissions of CO, to ‘net
zero’ by 2050, and thereafter the active removal of atmospheric
CO, to limit increases in global mean surface temperatures to
1.5 °C. This urgent requirement to reduce global CO, emissions
means that the aviation sector faces serious challenges to
contribute to the required emissions reductions.

A number of ways forward are being discussed that mostly
involve changes in fuel to lower fossil carbon intensity substi-
tutes, or alternative types of fuel, e.g., liquid hydrogen.
Compensation for continued fossil CO, emissions with equal
removal and permanent storage of CO, emissions is also
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a possibility but does not address non-CO, emissions, without
additional actions. Currently, the fleet relies on liquid hydro-
carbon fossil fuels and a number (currently 9) of drop-in
replacement fuels that are certified for usage at up to 50%
blends but are not available at either volume or price that
enables significant substitution at present.

One of the major concerns over aviation's current and future
effects on climate is related to its non-CO, emissions. The non-
CO, emissions that can affect climate include oxides of nitrogen
(NO,), soot (small particles of unburned carbon), water vapour,
and sulphur dioxide (SO,). These emissions affect atmospheric
composition and changes in cloudiness, which in turn affect the
radiative balance of the atmosphere. The largest ‘best estimate’
non-CO, effects from aviation on climate are currently under-
stood to be the formation of contrail cirrus and effects on
atmospheric chemistry from emissions of NO,. Contrail cirrus
clouds are formed from the initial emission of water vapour
condensing on co-emitted soot particles in cold ice-
supersaturated regions of the atmosphere. The net radiative
effect of contrails and contrail cirrus is warming from the
residual of longwave warming, offset by short-wave cooling in
the daytime (which is strongest at dawn/dusk). Emissions of
NO, from aircraft engines result in the formation of tropo-
spheric ozone (O3, a greenhouse gas) but also result in the
destruction of ambient methane (CH,), a greenhouse gas
emitted from other sources, with a net positive forcing (i.e.,
warming) from the balance of O; production and CH,
destruction and its associated other cooling effects.

Non-CO, emissions of NO, and particles are of ongoing
concern to effects on human health. The World Health Orga-
nization has recently (2021) revised its guidelines of recom-
mended limits and exposure of ambient air quality (over prior
2005 recommendations) for nitrogen dioxide (NO,) from 40 pg
m ™ as an annual mean to 10 pg m ™~ and for PM,, (particulate
matter with a diameter of 10 microns or less) from 20 ug m™—? as
an annual mean to 15 pg m °. Shorter-term concentration
recommendations have also changed. In the UK and Europe,
current legislation limits annual average concentrations of NO,
to 40 pg m > and PMy, to 40 ug m > for the protection of human
health. USA National Air Quality Standards (NAAQS) are more
complex, but the equivalent ‘primary’ standards (for the
protection of human health) are 53 parts per billion (ppb) NO,,
or 101 ug m? as an annual average, and separate standards for
PM,, of a 24 hour average of 150 ug m > and PM, 5 of 12 pg m >
as an annual average. Of significance to UK domestic air quality
policy was the attribution of air pollution for the first time as
a contributory factor to the death of a 9-year-old child in 2020 by
a coroner.

The purpose of this assessment is to provide an authoritative
and up-to-date statement on the consensus science relating to
aviation's non-CO, effects on the atmosphere, both in terms of
climate and air quality, and how these may change in the future.
The effects of both potential future technologies and fuels
(liquid hydrocarbon type ‘sustainable aviation fuels’ — SAFs) are
considered, as some of the non-CO, emissions are different. We
do not consider changes to fuels that are nonconventional (e.g.,
liquid cryogenic hydrogen or electric power sources) nor do we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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consider in any detail, putative high-flying supersonic aircraft.
Neither do we consider the effect of climate change on aviation
operations.

Considering future changes in atmospheric effects are vital
in taking decisions on future technology development path-
ways, particularly under circumstances when reducing non-CO,
emissions, or effects, may be at the cost of either extra CO,
emitted or a loss of full opportunity to reduce aircraft CO,
emissions. We find the following:

e The reduction of CO, remains a top priority because of its
well-understood, powerful, and persistent effect on climate.
Emissions of CO, accumulate in the atmosphere and the
residual (about 20%) of any CO, emission remains in the
atmosphere for millennia (high confidence).?

e Reductions of aircraft NO, emissions through interna-
tional regulation by the International Civil Aviation Organiza-
tion (ICAO) have been driven historically by concerns over air
quality in relation to human health in and around airports.
Ambient air quality is regulated via national ambient air quality
standards. Compliance with international regulations for
aircraft NO, emissions therefore remains a priority, as is also
the case for emissions of non-volatile particulate emissions
(nvPM)? from aircraft engines. Efforts to reduce NO, emissions
potentially bring about conflicts with improvements on specific
fuel consumption, and the resultant incremental reductions in
CO, emissions (high confidence).

e The design route to lowering fuel consumption, and hence
CO, emissions, is to have a higher overall engine pressure ratio
and higher turbine entry temperature. This tends to result in
greater emissions of NO, unless additional efforts are made to
reduce them. Understanding the effect of tradeoffs between
reduced emissions of NO, and potentially increased emissions
(or more limited reductions) of CO, can only be achieved with
atmospheric science concepts. For example, in one modelling
study, it was shown that a 43% reduction in NO, with a corre-
sponding increase in CO, emissions by 2% would bring about
no net benefit to climate (low to medium confidence).

e Venting of engine emission oil may contribute to volatile
particle emissions, depending on the design of the engine and
the venting mechanism. There is some concern that these
emissions may contribute to volatile organic particles, which
could have harmful health effects in the vicinity of airports, and
it has also been suggested that such particles may play
a potential role in ice nucleation in relation to contrail forma-
tion in the soot-poor regime (very low confidence).

e The net effect of aircraft engine NO, emissions on ERF
remains uncertain because of their complex interaction with
atmospheric chemistry, which is non-linear and highly depen-
dent on other sources of emissions. The outcome of this is that
there is no unique radiative forcing effect per unit NO, emission
(on a global scale). Also, the effect of aircraft NO, emissions on
ozone varies strongly with location, altitude, and time of
emission. Furthermore, limited studies show that projected
future reductions in other NO, surface sources under strong
climate protection scenarios for 1.5° (scenario SSP1.9) and 2°
(scenario SSP2.6) can shift the balance of the net radiative effect
of aircraft NO, (the residual of positive and negative ERFs) from
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positive to being negative in the future, even with increasing
global aviation NO, emissions. The temperature effects of these
changes are poorly understood, because of the complexities of
a negative forcing a global scale and a positive forcing in the
northern hemisphere, but available evidence indicates that
a net negative NO, global-mean ERF could still result in
northern hemisphere warming (low confidence).

e The above factors make decisions on NO, reductions that
impact on fuel efficiency difficult. Externally-driven decisions
on future international (ICAO) regulatory requirements will
have a strong impact on developmental and manufacturing
decisions but changes that would increase CO, emissions are to
be avoided, since the climate outcome of a NO,—CO, tradeoff is
uncertain and not easy to estimate, since any extra CO, emis-
sion causes additional warming (high confidence).

e The formation of contrail cirrus clouds by aviation is esti-
mated to be the largest non-CO, ERF, at present, but with large
uncertainties. While ERF is a better measure of temperature
response than RF, it is not necessarily complete and the climate
sensitivity to contrail cirrus may be smaller than that of CO,.

e Contrail cirrus is currently driven by the persistence of
initial ice crystals formed from water vapour condensing on soot
emissions under threshold temperature conditions (=233 K) and
ice-supersaturated conditions at cruise altitudes. The radiative
effect varies strongly with location, altitude, and time of emis-
sions (from positive to negative). When contrails form in ice-
supersaturated regions, they can persist and spread and grow
into an extensive contrail cirrus cloud coverage. Using conven-
tional fossil fuel, reductions of soot number emissions down to
a threshold of around 10" per kg fuel can reduce the number of
ice crystals (medium confidence), which is modelled to reduce
the ERF of contrail cirrus (very low confidence). At lower number
concentrations of soot per kg fuel, separate microphysical
process modelling indicates that at temperatures well below (12
K) threshold formation conditions, nucleated ice -crystal
numbers can increase, owing to enhanced activation of ultrafine
aqueous particles, or start to level-off (non-linearly) at tempera-
ture conditions close to threshold formation conditions (very low
confidence). The equivalent detailed behaviour for low aromatic
content, low sulphur ‘SAF’ has not been modelled or assessed.

e Soot emissions can be reduced by both technological
means through changes in combustion technology and adop-
tion of low aromatic fuels (high confidence). Lowering the
aromatic content of fuels results in reduced soot mass and
number emissions (high confidence). Some current combustor
technologies, developed originally to reduce NO, emissions, are
not always so effective in reducing soot emissions. For some
combustor technologies there is an inherent trade-off between
the conditions to reduce NO, and soot. Pure bio-based and
synthetic SAF have low aromatic content and zero sulphur
content. Such fuels would reduce soot number concentrations
in the plume (high confidence) and may reduce contrail ERF
(very low confidence). Currently, modelling the effect of
reducing the aromatic content of kerosene fuel through, e.g.,
increased use of SAF, on contrail ERF is incomplete and highly
parameterized. Such modelling does not address the role of
aqueous ultrafine particles at low soot regimes and the co-
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benefit of SAF on reducing contrail ERF should be interpreted
as tentative and as yet unproven.

e In global climate models, soot particles, once processed
through contrails have been assumed to initiate heterogeneous
nucleation of ice crystals at lower supersaturations than
homogeneous nucleation. The resulting aerosol-cloud interac-
tion with cirrus may cause a negative forcing, or possibly a small
positive forcing (very low confidence), depending upon model-
ling assumptions. The effects of soot on contrail cirrus prop-
erties are normally modelled separately to these aerosol-cloud
interactions but aircraft soot emissions underly both; both
effects should be considered together when considering miti-
gation of soot emissions, by either technological means or
altering fuel composition.

e Currently, when considered together, the present-day
effects of contrail cirrus (assessed with low confidence) and
aerosol-cloud interactions (assessed with very low confidence)
could have a net positive or net negative forcing.

e Navigational avoidance of cold ice-supersaturated regions
(largely during the night) has been suggested as a means of
reducing the occurrence of persistent contrails. There is
currently very low confidence in this mitigation measure. This is
because of the challenges in making accurate predictions of
persistent contrails on the time and space scales required for
operational implementation on an individual flight basis of
such a mitigation measure, and lack of data/evaluation of
reductions in contrail cirrus ERF versus potential CO, ERF
increases from changing flight levels/routes under such an
approach. Moreover, the fundamental premise of contrail cirrus
ERF being of importance to mitigate is not yet established.

e The use of SAF has been suggested to result in reductions
in contrail cirrus forcing (very low confidence) although the
evidence for this is weak (with conflicting modelling results),
whereas no effect on NO, emissions is envisaged from the use of
SAF (medium confidence). The effects of SAF on aerosol-cloud
interactions of soot and sulphur are potentially important
(introduction of SAF may result in the removal of a negative
forcing in both cases) but are still highly uncertain.

e Continued use of fossil fuel for aviation, combined with
permanent removals of CO, to compensate for aviation emis-
sions would bring about no non-CO, benefits (high confidence)
other than those from increased fuel efficiency (with a caveat on
tradeoffs), unless additional actions were taken. These could
include the active removal of aromatic compounds from the
fuel, which is likely to result in an energy cost and therefore
increased CO, emission at the fuel refinery operation, estimated
to be 97 kg CO, per tonne of kerosene, an additional 3% CO,
from the fuel burned (very low confidence).

e Compliance with international regulations of NO, and
nvPM emissions is essential. It would be prudent to pursue
technological approaches that limited the NO,-fuel burn trade-
off as much as possible so that efforts to reduce CO, are not
thwarted by NO, emission reduction requirements.

e In terms of transitioning either to SAF or potentially
conventional kerosene with reduced amounts of aromatics, it is
important to pursue elastomer technologies for fuel systems

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that do not rely on aromatic content of fuels for sealing (high
confidence).

2 Background and introduction

Aviation is responsible for a range of emissions that affect
climate that can be quantified in terms of its ‘Effective Radiative
Forcing’ (ERF, in watts per square metre, see Section 4), for
which a positive forcing implies warming, and a negative one,
cooling:

e Emissions of CO, result in a positive ERF.

e Emissions of nitrogen oxides (NO,, where NO, = NO +
NO,)* result in the formation of tropospheric ozone (O3), an
important greenhouse gas, via atmospheric chemistry, with
a positive ERF.

e Emissions of NO, also result in the destruction of
ambient methane (CH,), again via atmospheric chemistry,
which is accompanied by a parallel, decadal loss of tropo-
spheric O; and a reduction in stratospheric water vapour, with
a negative ERF.

e Emissions of water vapour into the stratosphere result in
a positive ERF.

e Emissions of sulphur dioxide (SO,) arising from sulphur in
the fuel, which is oxidized to form sulphate particles, resulting
in a negative (termed “aerosol-radiation interaction”) ERF.

Global Aviation Effective Radiative Forcing (ERF) Terms

View Article Online
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e Emissions of soot particles result in a positive aerosol-
radiation interaction ERF.

e The formation of persistent linear contrails that may
develop into contrail cirrus clouds (depending upon atmo-
spheric conditions) results in both positive and negative ERF
effects but overall, cause a positive ERF effect.

e Sulphate and soot emissions may also interact with low
and high-level clouds (termed “aerosol-cloud interactions”),
respectively, causing ERFs of highly uncertain magnitude, likely
to be negative in the case of sulphate, and of uncertain sign in
the case of soot. The effects are also dependent on the back-
ground aerosol.

Aviation is calculated to represent about 3.5% of the total
(2018) anthropogenic radiative impact on climate, approxi-
mately 66% of which is currently attributable, with considerable
uncertainty, to non-CO, emissions.® This ERF from aviation CO,
+ non-CO, ERF has been separately calculated to represent
approximately 4% of the contribution to global mean surface
temperature increase since pre-industrialization, or approxi-
mately 0.04 £ 0.02 °C to 2019.”

The most recent assessment of aviation ERF,® is shown in
Fig. 1. The details of many facets of this figure, including the
ERF metric used, are discussed in Sections 4-8.

Some non-CO, emissions from aircraft engines, namely NO,,
nvPM, carbon monoxide (CO) and unburned hydrocarbons (HC)

ERF RF ERF | conf.
(1940 to 2018) (mW m?) (MW m?) RF |levels
T T T T : T T T T
Contrail cirrus |
in high-humidity regions | 57.4 (17,98) [111.4 (33,189) | 0.42 | Low
L
Carbon dioxide (CO,) | '
emissions | 34.3 (28,40) | 34.3(31,38) | 1.0 | High
Nitrogen oxide (NOy) emissions !
Short-term ozone increase : 49.3 (32,76) | 36.0(23,56) | 1.37 | Med.
Long-term ozone decrease | -10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low
I
Methane decrease | -21.2 (-40,-15) | -17.9 (-34,-13) | 1.18 | Med.
I
Stratospheric water vapor decrease ! -3.2 (-6.0, -2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low
|
I
Net for NO, emissions =.—{ : 17.5(0.6,29) | 8.2(-4.8,16) | ---- | Low
1
I
Water vapor emissions in | 1
the stratosphere E{ ! 2.0 (0.8,3.2) | 2.0(08,3.2) | [1] | Med.
Aerosol-radiation interactions | |
-from soot emissions F ! ! 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] Low
: ll Best estimates
~from sulfur emissions }—ﬂ : |- 5 - 95% confidence 7.4 (-19,-2.6) | -7.4 (-19,-26) | [1] | Low
Il L
Aerosol-cloud interactions | |
-from sulfur emissions | | — No best No best == | Very
-from soot emissions : : _ estimates estimates - | low
|
Net aviation (Non-CO, terms) : 66.6 (21, 111) |114.8 (35,194) | -~ | ——
|
Net aviation (All terms) 100.9 (55, 145) [ 149.1 (70, 229) | ==-- | ——
[ T | 1

-50 0 50

100

Effective Radiative Forcing (mW m-2)

Fig. 1 Best-estimates for effective radiative forcing (ERF) terms from global aviation from 1940 to 2018. The bars and whiskers show ERF best
estimates and the 5-95% confidence intervals, respectively. Red bars indicate positive terms and blue bars indicate negative terms. Numerical
ERF and RF values are given in the columns with 5-95% confidence intervals along with ERF/RF ratios and confidence levels. RF values are
multiplied by the respective ERF/RF ratio to yield ERF values. ERF/RF values designated as [1] indicate that no ERF/RF estimate is available yet.

Taken from Lee et al. (2021).°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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are regulated under international agreements made at ICAO® and
implemented through national legislation. These regulations are
primarily intended for the protection of human health through
ambient air quality standards throughout the Landing-Take-Off
cycle (LTO), which is defined by the emissions up to 3000 feet.

During the coming years, decisions will need to be made as
to the relative level of investment in the various technological
innovations presented within the pathway to net zero. Solutions
including hydrogen-fuelled aircraft, Sustainable Aviation Fuel
(SAF)? utilization in conventional aircraft, fuel cells and elec-
trification of aircraft, will need to be assessed in a holistic
manner. Decarbonization and the reduction of non-CO, emis-
sions both represent opportunities and should both be
considered in strategic comparisons for investment.

This present study summarizes the current state of knowl-
edge on aviation non-CO, emissions in relation to current fossil
fuels and potential future liquid SAF substitute fuels; it iden-
tifies key concepts, uncertainties, and where the science base
needs to be improved.

In Section 2, the policy, societal and policy background is
described and some key concepts around ‘net zero’ are outlined. In
Section 3, the background to the regulatory landscape is set out,
along with future developments, and how they might relate to
aircraft engine emission regulations, along with other interna-
tional initiatives to reach net zero within the aviation sector. In
Section 4, aviation emissions and their effect on the atmosphere
are described in terms of ERF. In Section 5, specific issues around
air quality are examined; the impacts on human health, contri-
butions of aircraft to local quality, and the contribution of cruise-
level emissions to ground-level concentrations. In Section 6, the
linkages between approaches to reducing CO, via changes in fuels
and non-CO, effects are outlined. In Section 7, the concept of CO,
emissions equivalences between CO, and non-CO, emissions are
further outlined and how these metric types colour the perception
of the importance of non-CO, vs. CO, emissions. Also, consider-
ation is given to how perceptions on ‘equivalence’ would change, if
the commonly accepted policy metric (the 100 year Global
Warming Potential; GWP; ), its time horizon, or values change. In
Section 8, some of the trade-offs between engine technology
development in terms of fuel efficiency described in Section 3, and
non-CO, effects are explored, and the key uncertainties identified.
What all the foregoing might mean for strategic decision-making
is discussed in Section 9, and lastly, in Section 10, proposed
research requirements to make progress on key uncertainties are
briefly highlighted.

In this overview, the following aspects were out of scope:

e Noise impacts of aviation.

e Substances not emitted by conventional jet fuel powered
aircraft engine exhausts.

e Comparisons between conventional jet fuel powered
aircraft and hydrogen-fuelled aircraft, fuel cells and electrified
aircraft.

o Putative fleets of high-altitude supersonic aircraft.

e Technology design iteration costs to achieve compliance
with a change in regulation e.g., emission limit changes.

e The impact of climate change on aviation activities.

e Costs.
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3 The climate crisis and ‘net zero’
driver
3.1 Policy developments

Concern about the prospect and adverse impacts of global
warming date back to the 1970s, with early forecasts of the
climate response to continued fossil fuel dependent economic
activity proving remarkably accurate. Despite declining surface
temperatures at the time and some suggestions of an oncoming
ice age, Nordhaus (1977)," drawing on Manabe and Wetherald
(1967),* predicted a human-induced increase in global
temperatures starting in the late 1970s and exceeding 0.6 °C
over the next 40 years. This is exactly what has occurred. Total
human-induced warming since the late 19th century, conven-
tionally accepted as representative of pre-industrial conditions
(i.e., 1850-1900), reached 1.07 °C (best estimate, range 0.8 to 1.3
°C) in the decade 2010-2019 (Intergovernmental Panel on
Climate Change, IPCC, 2021)"* and accelerated to over 0.2 °C
increase per decade (IPCC, 2018)."* At the current rate, warming
would reach 1.5 °C above pre-industrial shortly after 2030, and
2 °C shortly after mid-century.

The fact that this warming was both foreseeable and foreseen
is not simply of academic interest to fossil fuel dependent
industries, since it increases the downside risk of continuing
with business-as-usual, opening the possibility of relatively rapid
shifts in public and legislative opinion affecting their business
model. Moreover, the resultant warming raises the question of
responsibility for historical emissions, loss, and damage."®

Scientific understanding of the importance of different
radiative forcing mechanisms has evolved significantly since
the 1980s but understanding of the global temperature
response to those forcings has only undergone minor revisions.
Concern, however, has increased with improved knowledge of
the impacts of climate change at different warming levels (e.g.,
IPCC, 2022 AR6 WGII),"”*® and increased evidence of extreme
events being linked to increases in greenhouse gases. Until
2009, the consensus working interpretation of what the 1992
United Nations Framework Convention on Climate Change
(UNFCCC) referred to as “dangerous anthropogenic interfer-
ence in the climate system” was a global warming of greater
than 2 °C.

A 2 °C limit was mentioned in the 2009 Copenhagen Accord
and 2010 Cancun Agreement, but not formally agreed.
Following the IPCC 5th Assessment Report and Structured
Expert Dialogue, and under intense pressure from a coalition of
vulnerable countries including small island states, the Paris
Agreement in 2015 adopted the much more ambitious goal of
“holding the increase in the global average temperature to well
below 2 °C above pre-industrial levels and pursuing efforts to
limit the temperature increase to 1.5 °C”.

Under the Paris Agreement, the UNFCCC explicitly requested
a report from the IPCC into the impacts of a global warming of
1.5 °C and associated mitigation pathways, recognizing the lack
of research available in 2015 into these very ambitious mitiga-
tion goals. The resulting Special Report on Global Warming of
1.5 °C (SR1.5; IPCC, 2018)* found “robust differences” between
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a climate at 1.5 °C versus one at 2 °C of warming (SR1.5, Chapter
3, 3.3.1), with “climate-related risks to health, livelihoods, food
security, water supply, human security, and economic growth ...
projected to increase with global warming of 1.5 °C and increase
further with 2 °C.” (SR1.5 SPM, B5) The finding that additional
warming beyond 1.5 °C has clear and demonstrable impacts
fuelled intense interest in the question of Loss and Damage, the
UNFCCC's mechanism for addressing unavoidable climate-
related harm, as well as the possibility of civil liability should,
as seems likely, temperatures exceed 1.5 °C: again, this presents
a down-side risk to fossil-fuel-dependent companies and
industries.

In the first major update to the UNFCCC process after Paris,
the 2021 Glasgow Climate Pact strengthened the language
around the Paris temperatures goals, including “resolves to
pursue efforts to limit the temperature increase to 1.5 °C”. With
the exception of 2016, which may have been an emissions
accounting effect, and the COVID pandemic, anthropogenic
emissions of the main greenhouse gases, CO,, methane, and
nitrous oxide,* have continued to rise; the latest World Mete-
orological Organization's Greenhouse Gas Bulletin reporting
increases of all these long-lived greenhouse gases.* This
consistent pattern of ever-more ambitious temperature targets
and continued failure to achieve coordinated emission reduc-
tions highlights an increasing risk of sudden shifts in the
regulatory and investment climate as tension mounts between
demands for and failure to deliver climate action, suggesting
a high premium on flexible response strategies that can be
scaled rapidly.

3.2 ‘Net zero’ in the Paris Agreement process and how it
relates to aviation

Despite limited progress on emission reductions, considerable
progress has been made over the past decade in acknowledging
what needs to be done to limit global warming, and the need for
net zero emissions. Article 4 of the Paris Agreement states: “In
order to achieve the long-term temperature goal set out in Article
2, Parties aim ... to achieve a balance between anthropogenic
emissions by sources and removals by sinks of greenhouse gases
in the second half of this century.” The Glasgow Climate Pact,
paragraph 17, introduced the phrase ‘net zero’, while also high-
lighting the distinct requirements on CO, and other greenhouse
gases: “limiting global warming to 1.5 °C requires rapid, deep
and sustained reductions in global greenhouse gas emissions,
including reducing global carbon dioxide emissions by 45 per
cent by 2030 relative to the 2010 level and to net zero around mid-
century, as well as deep reductions in other greenhouse gases.”
Net zero is generally accepted in the UNFCCC process to refer to
what it will take to achieve the “...balance...” referred to in the
Paris Agreement but remains ambiguous in important respects,
particularly in relation to aviation.**

The IPCC AR6 defines net zero CO, emissions as “(the)...*
condition in which anthropogenic carbon dioxide (CO,) emis-
sions are balanced globally by anthropogenic CO, removals over
a specified period” (AR6, Glossary) and makes clear in the
definition of land-use change that “anthropogenic removals”
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are those that occur as a direct result of human activity (SR1.5
Glossary). Processes such as the additional uptake of atmo-
spheric CO, by vegetation due to the ‘CO, fertilization’ effect
resulting from past emissions are not considered ‘removals’ by
the IPCC, although they are considered removals in national
inventories and in the voluntary carbon markets if they occur on
‘managed lands’.>*>¢

While the definition of a removal is a matter of convention, it
is important to note that the scientific studies that established
that achieving net zero CO, emissions would be sufficient to
halt the increase in CO,-induced warming—providing the basis
for Article 4 of the Paris Agreement—used the IPCC definition.
If all CO, uptake on managed lands is reclassified as a negative
emission and hence used to offset ongoing fossil fuel emis-
sions, and a much higher proportion of the land surface is
reclassified as managed (which is also occurring in national
inventories), then achieving nominal net zero CO, emissions
would no longer be sufficient to halt global warming.*”

This classification of CO, ‘removals’ from managed lands as
being available to offset fossil fuel emissions is accepted under
the UNFCCC.*® However, this confuses and conflates the short-
term C cycle with the long-term cycle, since managed land CO,
‘removals’ (itself, a result of past CO, emissions and the fertil-
ization effect) is already accounted for in C-cycle models. Such
accounting is not the scientific definition of net zero, as used by
the IPCC,* and doing so risks double counting.*>**

This point is important for any mitigation strategy that relies
upon removal of CO, into the biosphere (through, for example,
afforestation) to compensate for continued emissions from
fossil fuels. At present, accounting for carbon uptake in ‘nature-
based solutions’ does not, in general, distinguish deliberate
(‘active’) from inadvertent (‘passive’) consequences of human
activity; this distinction is essential to deliver the desired
climate outcome. For net zero CO, emissions to be consistent
with halting warming, only CO, removals that are the direct
consequences of ongoing human activity must be included in
aggregate human-induced emissions. It is important to distin-
guish between ‘active’ carbon uptake and ‘passive’ uptake that
results from processes such as plants growing faster because of
higher atmospheric levels of CO, due to past emissions;
otherwise, the assumption that net zero emissions will be
sufficient to halt global warming is not valid. For some forms of
nature-based solutions, making this distinction may even be
impossible.

The IPCC AR6 defines net zero greenhouse gas emissions as
a “Condition in which metric-weighted anthropogenic green-
house gas (GHG) emissions are balanced by metric-weighted
anthropogenic GHG removals over a specified period.” (IPCC,
2021, AR6 Glossary)** and notes “The quantification of net zero
GHG emissions depends on the GHG emission metric chosen to
compare emissions and removals of different gases, as well as
the time horizon chosen for that metric.”, where “...metric...”
refers to the ‘exchange rate’ used to compare emissions of
different gases (see Section 7). The IPCC does not recommend
any specific metric, but the UNFCCC requires that emissions are
reported using the GWP; o, metric, and this is the metric used to
define net zero emissions. Importantly for aviation, neither the
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Paris Agreement nor the Glasgow Climate Pact make specific
reference to non-greenhouse-gas climate forcers, such as
contrail cirrus, but as long as these individually have a warming
effect, they might be regarded as implicitly included since they
play a net warming role, under Article 2, although not identified
under Article 4. The IPCC and UNFCCC are much more
circumspect about including cooling aerosols in the definition
of net zero because of the potential implications for solar
geoengineering.

The IPCC defines climate neutrality (in SR1.5) as “a state in
which human activities result in no net effect on the climate
system” but avoided using the term in the AR6 WGI (IPCC,
2021)" because “the concept is diffuse ... and not readily
quantified” (IPCC, 2022, AR6 WGIII, Cross Chapter Box 3).>®
While definitions remain contested, the impact of different
climate drivers on global average surface temperature, which
largely determines climate impacts and is the focus of inter-
national climate agreements, is well understood. The IPCC
SR1.5 summarized: “Reaching and sustaining net-zero global
anthropogenic CO, emissions and declining net non-CO,
radiative forcing would halt anthropogenic global warming on
multi-decadal timescales.” (SR1.5 SPM, A2.2). For aviation, with
its current significant non-CO, radiative forcing impact, the
joint condition is important: to halt further aviation-induced
warming, both CO, emissions need to be reduced to net zero
and net positive non-CO, radiative forcing needs to decline,
with the necessary rate of decline implicitly reported by the
IPCC and confirmed in various papers, being approximately 3%
per decade.

A challenge for aviation is that, while immediate climate
targets are typically set in terms of greenhouse gas emissions
aggregated using the GWP, o, metric, the long-term goal of the
Paris Agreement is set in terms of global temperature; when
short-lived climate forcers such as contrail cirrus are concerned,
emissions aggregated using GWP;,, do not actually reflect
impact on global temperature.” The discrepancies are non-
negligible. As stated in the IPCC AR6 WGI* (Chapter 7,
Section 7.6.1.4)., “expressing methane emissions as CO,-
equivalent using GWP100 overstates the effect of constant
methane emissions on global temperature by a factor of 3 to 4
(Lynch et al., 2020),*° while understating the effect of any new
methane emission source by a factor of 4 to 5 over the 20 years
following the introduction of the new source (Lynch et al., 2020,
their Fig. 4).”*" Allen et al. (2022)*” demonstrate that this state-
ment also applies to any SLCF. At present, it is impossible to
predict exactly how this slightly incoherent situation will be
resolved. It may be that governments will persist with the status
quo and simply accept that emissions targets do not reflect
warming outcomes. Alternatively, in future, for example as
emissions begin to decline and these discrepancies become
more obvious, governments may decide to reframe incentives
based on impact on global temperature rather than impact on
aggregate GWP; o, emissions. Such a change would increase the
incentives for immediate reductions in short-lived climate
forcers, and increase penalties for any increases, by correctly
reflecting their impact on global temperature, while at the same
time recognizing that the warming impact of constant ongoing
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SLCF emissions has been overstated relative to that of CO,. In
the meantime, it is essential to quantify the impact of decisions
and pathways on both emissions aggregated using GWP;, and
global temperature. So-called ‘warming equivalent’ emissions
support this dual reporting, is discussed further in Section 7.

However, there is acknowledged ambiguity in the text of the
Paris Agreement over the emissions under consideration, and
the consequential definition of ‘net zero’.*> How ‘net zero’
relates to aviation is also complicated by its non-CO, emissions,
and the fact that international aviation emissions are not
explicitly identified in the agreement and fall outside of
Nationally Determined Contributions (NDCs), whereas the
Kyoto Protocol gave specific responsibility for international
aviation emissions to ICAO.**

4 Combustion, emissions, and fuels

4.1 The existing and anticipated regulatory and policy
framework

Engine emissions standards for international aviation are set by
ICAO's Committee on Aviation Environmental Protection
(ICAO-CAEP).* These standards limit the LTO emissions of
NO,, CO, HC and nvPM (number and mass) from aircraft
engines.* It is worth noting here that emissions of CO, are dealt
with at the aircraft level rather than the engine level, since the
same engine can be fitted to varying sizes of aircraft, and the
emission of CO, is dependent upon the total fuel burn, which,
in turn is dependent upon the aircraft technology, size, and
mass.** In recent years, the significance of HC and CO emis-
sions from aircraft engines has decreased owing to much lower
emission rates from improved combustion. As other sources of
emissions are reduced at ground level, these emissions may
become more important in the future.

The focus at CAEP in recent years has been on updating the
NO, regulations and developing new regulations for nvPM mass
and number. The motivation for ICAO-CAEP engine emissions
standards is to improve local air quality in and around airports
and remains a concern for policy makers (see Section 5). There
is additional concern over the climate effects of nvPM and NO,
emitted at altitude (as discussed in Section 4). As a preliminary
hypothesis, it is assumed that reducing emissions of these
pollutants during the LTO cycle will also reduce them at alti-
tude, an assumption that is under constant review at the CAEP
technical working groups.*

The regulatory emission standard for NO, is denoted ‘Dp/
Foo’, which is the mass, in grams (Dp), of NO, emitted during
the reference LTO cycle, divided by the rated output (Foo) of the
engine (kN thrust). The NO, regulation (Dp/foo) has an allow-
ance for increased overall pressure ratio (OPR) of the engine
(see Fig. 2).

For nvPM there are two regulatory emission standards. One
is the maximum nvPM mass concentration during the LTO cycle
(the CAEP/10 nvPM standard), which replaces the old smoke
number standard based on visibility of the exhaust. The other is
LTO nvPM mass and nvPM number standards denoted as total
nvPM mass (in mg) and particle number emitted during the
LTO cycle per rated kN thrust (the CAEP/11 nvPM standards).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Engine NO, emissions certification data® showing the metric as ordinate and the pressure ratio as abscissa. The lines represent the various

CAEP standards and goals.

The nvPM standards do not have an allowance for OPR but do
include an allowance for the smaller rated thrust engines (below
200 kN for in production engines and 150 kN for new type
engines) in recognition of the difficulty of scaling relevant
technologies to smaller engines.

There is strong pressure to reduce the direct operating costs
of aircraft through improved fuel efficiency, and this has largely
driven the direction of aircraft engine technology development
towards large turbo-fan engines, with the consequence of
increased temperatures and pressures at the combustor inlet.
As noted above, the NO, regulation (Dp/Foo) has an allowance
for increased OPR of engines in recognition of this. The trend
for increases in OPR, means that the total amount of NO,
emitted per unit rated thrust (see Fig. 2) and per LTO cycle is
still increasing. Fig. 2 shows that most engines since 2000 have
been comfortably below the regulation level for NO,. There is
work currently underway in the relevant CAEP emissions/
technical working group (WG3) to consider future emissions
reductions through the regulatory standards (known as ‘strin-
gencies’, within CAEP) that would lower the regulatory levels for
NO, after 2025. Similarly, changes to nvPM regulations post-
2025 are being considered.

For NO,, work is currently being undertaken within CAEP to
consider a potential new metric that does not make an OPR
allowance. The driving impetus behind this is two-fold. Firstly,
increasing emissions of NO, during LTO may be a concern for
local air quality around airports. Secondly, some research
suggests that emissions of NO, at altitude may affect surface air
quality, although the significance of such attribution is uncer-
tain (see Section 5 and Appendix 1). Moreover, it has been long-
established through modelling that cruise NO, emissions can
enhance tropospheric O; formation, affecting atmospheric
chemistry and climate (see Section 4). Because of these

© 2023 The Author(s). Published by the Royal Society of Chemistry

considerations, the potential need for an additional emission
reporting point beyond the conventional four, that better
represents cruise conditions, is being considered.

The impact of nvPM on local air quality continues to be of
concern although the relative contribution from aviation
emissions to ambient levels of particulate matter is highly
airport/location-specific and depends largely on background
emissions. Combustion emissions of nvPM from modern
engines (jet engines or road vehicles) tend to be smaller than an
equivalent diameter of 50 nm, whereas most monitoring of
particulates is as a mass concentration of particles less than 2.5
um. As a result, ambient air quality regulations and most
monitoring data do not reflect the contribution made by these
very small particles (see Section 5). The (indirect) contribution
of nvPM during cruise to contrail formation is also a consider-
ation in future policy and may provide added motivation for
reviewing the regulatory levels of the nvPM engine emission
standards.

Potential tightening of the regulatory levels for the NO, and
nvPM mass/number standards is being considered for the next
CAEP cycle® depending on the outcomes of the ongoing tech-
nical work at CAEP at the time of writing*® and the combustion
technology progress.

4.2 Combustion technology, fuel composition and
emissions

The regulatory consideration of aircraft non-CO, emissions is
currently dominated by NO, and nvPM. These emissions are
determined by the temperature and pressure of air entering the
combustor, the temperature leaving the combustor, the design
of the combustor and the nature of the fuel used. The difference
between entry and exit temperature depends on the fuel-air
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ratio and it increases as the thrust of the engine is increased. To
design a more efficient engine it is necessary to increase both
the overall pressure ratio and the combustor exit temperature
and in any likely scenario the incentive to increase both will
remain.

In all combustors there is more air than is required for
stoichiometry; stoichiometric combustion would result in
temperatures of about 2600 K whereas even the latest turbines
are limited to about 2000 K. The formation of NO, is slow,
compared with other chemical reactions in the combustor, but
it rises rapidly above 1700 K. The formation of NO, therefore
requires regions of high temperature where the mixture is
maintained with excess oxygen. It is necessary to distribute the
fuel widely in the air, ideally to form a near-uniform mixture;
non-uniform pockets can approach a stoichiometric mixture
which will reach very high temperatures.

nvPM are formed in the fuel rich regions of the combustor
and to remove them it is necessary to maintain the mixture at
high temperature for as long as possible to burn up the particles
of carbon. Except for the requirement for good mixing of the
fuel with the air, the requirements for low nvPM are therefore in
conflict with those for low NO,.

The design and development of combustors is very costly
and time consuming, taking perhaps two decades from start to
finish. Manufacturers therefore like to continue to use the same
combustor, or style of combustor from one engine to another.
There are two basic types of combustors in use now, the Rich-
Burn, Rapid Quench, Lean-Burn (RQL) and the lean-burn type
(see Fig. 3).

In the RQL combustor, the fuel initially burns in a rich
region which is rapidly diluted (‘quenched’) to a lean mixture; in
the rich region there is insufficient oxygen to form NO, and in
the diluted region the temperature is intended to be low enough
to avoid the formation of NO,. Only in the brief period when the
mixture passes through stoichiometric is NO, formation
appreciable; the process relies on the chemical reaction to form
NO, being relatively slow compared with the other major
chemical reactions. The production of nvPM, occurs in the fuel-
rich regions of the combustion system and the particles are
then mostly consumed in the leaner regions of the combustor.
Burning up the nvPM requires the temperatures in the latter
regions of the combustor to be high, which is in direct conflict
with the requirements for minimizing NO, production. The
mixing is never wholly complete and the level of NO, and nvPM
depends on how uniform the lean region is. However, this
inherent trade-off in the RQL combustors, which were originally
conceived for NO, reduction, means that the controlling nvPM
at the same time as reducing NO, provides design challenges.

In the lean-burn combustor, excess air is distributed around
the fuel injection so that the mixture is always lean, except for
the pilot injector, and temperatures are held well below stoi-
chiometric. When the combustor exit temperature becomes
high, approaching 2000 K, the time for full combustion also
gives time for NO, formation and NO, levels appear to rise
above the best RQL combustors. The lean-burn combustor also
needs a pilot stage for use at low power (i.e., low fuel-flow)
conditions. Except during pilot-only operation, downstream

1702 | Environ. Sci.: Atmos., 2023, 3, 1693-1740

View Article Online

Critical Review

Quenching air

Cooling air

Swirl
Fuel
Injector

To turbine

Fuel-lean

Fuel-rich PPF distributed flame
Rich Quenching Lean
primary zone zone dilution zone
Cooling air

To turbine

i

iluted primary flame
«—Pilot flame

Primary air,
Pilot alr\.; E
Fuel
P

/L;/ii

Fig. 3 Sketches of combustion chambers from Bergthorson and
Thomson (2015),%° showing RQL (top) and TAPS lean burn (bottom)
combustors.

lean-burn regions promote burn-out of any particles formed by
the pilot, so that exit levels of nvPM should be low. GE have
installed lean-burn (‘TAPS’) combustors (see Fig. 3) in some
recent engines and, very low levels of NO, are found for low
thrust versions of engines. However, the NO, rises rapidly as the
thrust, and turbine entry temperature, rises. Recent ground-
based certification measurement data confirm that nvPM
mass and number levels are low for these combustors.

At present, RQL combustion systems are more widely used
and based on the physical understanding of the processes in the
combustor, the tradeoff between NO, and nvPM should be more
significant than for lean burn engines.**

Water injection has also been suggested as a means to
limiting NO, emissions.*” Water ingestion into the air stream
ahead of the combustor will lower the temperature of the air
entering the combustor and will therefore reduce the formation
of NO,. Water ingestion can also lead to an increase in engine
efficiency and thrust. During the take-off cycle, when NO,
emissions tend to be important, it is a possible remedy, but with
considerable extra cost and complexity to the powerplant and
additional issues associated with operations.

A more recently investigated unregulated emission that may
play a role in overall particle emissions is that of engine lubri-
cation oil venting. There is a device to separate lubricating oil
from the air which gets entrained - the bearing chambers allow
air to enter them so that oil does not spill out in the gas path of
the engine. The separator has a breather pipe to take away the
air and the end of the pipe needs to be a low-pressure region,
venting to atmosphere. The vent can be in many places, some-
times in the bypass duct and sometimes on the outside of the
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nacelle. One solution is a vent pipe in the centre of the core jet
flow leaving the engine. The oil mist will get drawn into the
plume, and thence into the vortex.

4.3 Critical decisions in future technology development and
possibilities

The issues associated with emissions of NO, and nvPM on air
quality near airports are relatively straightforward in that there
are emissions regulations and ambient local air quality stan-
dards to be complied with. Attributing measured levels of the
pollutants to aircraft emissions is much more difficult, and
attribution can only be determined with dispersion models (see
Section 5) since there is no unique tracer associated with
aircraft emissions.

For the effect of emissions on climate, the issues are far more
complex and continue to be assessed (see Section 4). In the era
of net zero, the reduction and elimination of fossil-based CO,
emissions is the primary policy requirement associated with
climate protection. How the aviation sector responds to this will
have consequences for its non-CO, effects, and therefore poli-
cies to reduce emissions of NO, and nvPM. If the drive for CO,
reductions includes large and widespread uptake of SAF, then
nvPM emissions will be reduced as a potential co-benefit even
without combustion technology developments. This is because
SAF can have lower or even zero amounts of sulphur and
aromatic hydrocarbons, and soot is preferentially formed by the
combustion of aromatics.

NO, emissions would not be impacted by SAF fuel types and
if the effects of NO, on both climate and local air quality
continue to be of concern, there would therefore be continued
pressure to use combustor technology to reduce its levels. In
this SAF-led CO,-reduction scenario, the fuel impacts on
decreasing nvPM would provide a wider design space for the
combustion engineers to focus on NO, reduction technology.
However, the tension between OPR and turbine entry temper-
ature, to reduce fuel-burn and CO,, and NO, would still present
a challenge.

If direct air capture (DAC) of CO, with permanent removal
becomes viable (see Section 6.2), fossil-based kerosene may
continue to be used. In that case, the present issues of NO, and
nvPM would remain and the policy pressure to control both
would presumably make cleaner combustion produced by
better technology a priority. In the case of continued use of
fossil-based kerosene, the lean-burn and more advanced RQL
would continue to be developed.

5 Aviation emissions and effects on
the atmosphere—climate

5.1 Aviation effective radiative forcing and its relation to
current and historical aircraft emissions

The most frequently used measure of the climate importance of
different aviation-induced atmospheric effects (CO,, contrails,
etc.) is radiative forcing (RF) which has units of watts per square
metre (W m™?). It characterizes the size of the perturbation to
the planetary radiation budget due to the effect, relative to some

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prior period, typically pre-industrialization. The climate system
then responds to RF leading to, for example, surface tempera-
ture change (a positive RF leads to a warming, and vice versa).
The concept is discussed at length in IPCC assessments.*"*

RF enables a comparison of the size of different climate-
change drivers, e.g., greenhouse gases, and also both within
and between sectors. RF is proportional to the equilibrium
surface temperature change relative to (say) pre-industrial
temperature (T — Tp;), that would result if that RF was applied
for many decades, so that:

T — Ty = RFI)

where the constant of proportionality, A, is the equilibrium
climate feedback parameter in W m™> K. The actual value of A
is a chronic uncertainty in climate science (see also Box 7.1 of
Forster et al, 2021).** Hence it is more straightforward to
compare RF than temperature change between studies which
may use a different value of A. A similar expression can be used
to represent temperature changes in response to a constant
forcing over shorter time periods, but with a different constant
of proportionality.

It is important to note that this expression is valid when
applied to global mean forcing and temperature response. The
local temperature response is dependent to only a limited extent
on the geographical pattern of RF (see also Section 4.5.1), but it
is significantly dependent on climate feedback mechanisms
which are, for example, responsible for the so-called ‘Arctic
Amplification’ of the pattern of climate change whereby the
Arctic warms at roughly twice the rate of the global-mean
warming.**

There are additional reasons for using RF rather than surface
temperature in comparisons. If state-of-the-art Earth System
Models (ESMs) were used to characterize the surface tempera-
ture impact of aviation climate-change drivers, there would be
many difficulties. ESMs simulate many interactions in the
climate system: between weather systems of different spatial
scales, and between the atmosphere, oceans, and land surface.
By their nature, they therefore simulate climate ‘noise’—that is,
unforced natural climate variability. Distinguishing the
temperature signal of relatively small forcings, e.g., aviation
contrails, from this noise is difficult, requiring long integrations
of computationally intensive ESMs and/or performing experi-
ments with artificially inflated perturbations. The computa-
tional expense also means that radiative calculations in ESMs
are of reduced complexity and may not include all relevant
processes. Also, it is difficult to perform sensitivity experiments
in ESMs to fully capture the effect of uncertainties in the drivers
of climate change.

Since the early uses of RFs, conceptual refinements in its
definition have improved its use as a comparative measure, so
that the global-average temperature change from, for example,
a1 W m™? perturbation due to contrails, is more similar to that
resulting from 1 W m > due to aviation-induced CO, changes.
Recent IPCC assessments*** have adopted effective RF (ERF) as
the preferred measure, as it incorporates adjustments resulting
from an RF (e.g., in cloudiness) that occur on a more rapid
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timescale than resulting surface temperature changes (which
occur over periods of decades), see Fig. 4. ERF is still a concept
in development; in general, rapid adjustments can only be
calculated by using an ESM, and so are subject to the difficulties
noted above, and these adjustments can also vary significantly
between different ESMs. Diagnosing ERFs from ESM integra-
tions suffers from some of the same problems as mentioned in
the previous paragraph for diagnosing temperature change. The
ERFs have to clearly emerge from the ESMs climate ‘noise’. The
reduced complexity of radiative transfer processes needed in
ESMs may mean they do not fully represent all climate forcing
mechanisms. Moreover, even for ERF, studies find that A is not
identical across all forcing agents.*>*¢

For some climate change mechanisms, notably CO,, the
difference between RF and ERF is small (order 10%). For others,
notably contrails, results from the rather few available ESM
experiments are not in full agreement, but a consensus has
emerged that the ERF is around half the RF; this adds addi-
tional uncertainty to characterization of contrail climate effects.
We adopt ERF as the chosen metric.

Two other aspects of RF and ERF must be emphasized:

e First, although rooted in observational science and evalu-
ated where possible by comparison with observations, RFs are
largely a model-based construct. Quoted uncertainties emerge
from a mixture of modelling sensitivity experiments, compar-
ison between similar calculations performed by different
groups (and more limited benchmark calculations) and expert
judgement on the importance of poorly constrained processes.

e Second, RF is a measure of the effect of changes in, for
example, CO, or contrails, between two times. Because there
were no significant aviation emissions prior to 1940, our chosen
metric is the change between 1940 and the present-day (defined
here as 2018). It is, therefore, a snapshot at 2018 (with reference
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to Fig. 1) and it is important to recognize that the timescale of
emissions driving ERF depends on the atmospheric residence
time of the particular emission. For CO,, a significant fraction
(=80%) of emitted CO, effectively remains in the atmosphere
for decades to centuries, with around 20% persisting for more
than 10000 years; it is a persistent, or cumulative pollutant.
Therefore, the CO, RF reported for 2018 (Fig. 1) includes the
effect of emissions dating back to the early days of aviation. And
even if CO, emissions remained constant, CO, concentrations
and the resulting RF would continue to grow (see Section 2.2
and Fig. 5).

By extreme contrast, typical persistent contrail lifetimes are
several hours, and so the RF for 2018 (Fig. 1) results from very
recent aviation; contrails resulting from emissions even a few
weeks earlier do not influence ERF. In contrast to CO,, if contrail-
formation rates remained constant, then the RF associated with
them would also remain constant, as is illustrated in Fig. 5,
which illustrates the change in non-CO, RF and CO, RF under
a hypothetical constant emission scenario. This particularly
highlights the fact that the Radiative Forcing Index (the ratio of
total aviation RF to the aviation CO, RF) is not a fixed constant
but depends on the emissions scenario. Fig. 6 illustrates the
warming impact of aviation” resulting from different growth
scenarios, accounting for both CO, and non-CO, forcing. It
shows how the fractional contribution of non-CO, forcings to
aviation's total radiative forcing and hence warming impact
(contrast the length of the green and purple bars on the right-
hand side of this figure) is strongly scenario-dependent, and
depends on the rate of growth of aviation, even assuming no
change in fuel composition. In Section 7, we describe the full
impact of aviation in terms of ‘warming-equivalent’ CO, emis-
sions, meaning the CO, emissions that would have the same
impact on global temperatures over these multi-decade
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Fig. 4 Schema comparing (a) instantaneous RF (IRF), (b) RF, which allows stratospheric temperature to adjust, (c) flux change when the surface
temperature is fixed over the whole Earth (a method of calculating ERF), (d) the ERF calculated allowing atmospheric and land temperature to
adjust while ocean conditions are fixed and (e) the equilibrium response to the climate forcing agent. The methodology for calculation of each
type of forcing is also outlined. AT, represents the land temperature response, while ATy is the full surface temperature response. Based on

Myhre et al. 2013,** their Fig. 8.1.
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Fig. 5 The development of aviation radiative forcing for hypothetical
constant CO, and non-CO, emissions at 2000 levels, showing that
a non-CO, forcing, such as from contrails would equilibrate, whereas
CO, emissions continue to accumulate in the atmosphere and
therefore the radiative forcing attributable to CO, continues to
increase. The RFI (radiative forcing index) on the right-hand axis is the
ratio of the total (non-CO, plus CO,) forcing divided by the CO,
forcing which can be seen to fall continuously over the time period of
the plot (Forster et al., 2006).4”

timescales. The impact of these differing lifetimes is important
not only for understanding RF but also in the design of other
CO,-equivalent (CO,-e) metrics to compare aviation climate
effects including the Global Warming Potential (Section 7).

Annual CO, emissions of aviation
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5.2 Atmospheric lifetimes of aviation non-CO, forcing
agents

A further important distinction, partly related to differing life-
times, is the large dependence of non-CO, forcings on the
location and, sometimes, time of year or even the time of day of
aviation emissions. Because of 