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RESUMEN

El consenso cientifico generalizado es que las estelas de condensacion contribuyen, en promedio y a
escala global, al calentamiento global. Por ese motivo, se esta estudiando de manera activa la posibilidad
de mitigar la formacion de estelas de condensacion persistentes que contribuyen a dicho calentamiento.
El sector esta plenamente comprometido con la identificacion de soluciones operativas y técnicas que,
se espera, den como resultado medios viables para mitigar el impacto de las estelas de condensacion en
los proximos afios. Subsisten varias dudas e incertidumbres que deberan resolverse antes de que la
implementacion de dichas soluciones a escala suficiente sea factible en las operaciones diarias. Este
documento explora estas dudas y describe el trabajo que debera desempenarse para prevenir las estelas
de condensacion de forma efectiva, equilibrada y factible desde un punto de vista operativo.

Medidas propuestas a la Conferencia: Se invita a que la Conferencia tome nota de las acciones
descritas en el parrafo 3.2.

1. INTRODUCCION Y ANTECEDENTES

1.1 La aviacion tiene un solido historial trabajando sobre desafios globales complejos.
Recientemente, en un esfuerzo colectivo por hacer frente a su impacto sobre el cambio climatico, el sector
ha adoptado el objetivo de lograr cero emisiones netas de carbono para 2050. También aceptaron el reto los
gobiernos del mundo a través de la Organizacion de Aviacion Civil Internacional (OACI) en su 41° periodo
de sesiones de la Asamblea en 20222, La eliminacion del dioxido de carbono (CO) de las operaciones aéreas
exigira el desarrollo de nuevas tecnologias y fuentes de energia, asi como mejoras de eficiencia que

! Las versiones en drabe, chino, espafiol, francés, inglés y ruso fueron proporcionadas por el ATAG.
2 Resolucion de la Asamblea de la OACI/41, 2022: www.icao.int/Meetings/a41/Documents/Resolutions/10184 corr_en.pdf
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reduzcan el consumo de combustible. Si bien representa un reto importante, existe una buena comprension
del problema y ya se esta trabajando sobre las soluciones: con las politicas idéneas y el impulso y
determinacion adecuados, hay planes en marcha para la descarbonizacion de la aviacion civil.

1.2 Ademas de las emisiones de CO: provenientes del combustible usado en los vuelos, la
aviacion (al igual que muchos otros sectores) afecta al clima de otras maneras no relacionadas con el CO:
y que son el resultado de complejas interacciones entre las emisiones de las acronaves y la atmosfera. Entre
estas emisiones se incluyen los 6xidos de nitrogeno (NOx) y los 6xidos de azufre (SOy). Sin embargo, se
cree que el mayor impacto esta relacionado con la formacion de estelas de condensacion («contrailsy») que
pueden observarse en el cielo especialmente a latitudes medias, donde son més habituales.

1.3 Sigue habiendo muchas dudas sobre la magnitud del impacto que tienen las estelas de
condensacion sobre el clima. Segin el consenso cientifico mas reciente, en su conjunto afectan al
calentamiento y posiblemente tengan un forzamiento radiativo en el mismo orden de magnitud que las
emisiones de CO: de la aviacion, pero existe poca confianza con respecto a la cuantificacion de su impacto
(los calculos mas recientes muestran una variabilidad entre un tercio y tres veces el impacto del CO,).

1.4 Mientras se continua investigando para avanzar en la comprension del impacto que tienen
factores no relacionados con el CO; (donde existe menor certeza) y para validar y refinar las opciones de
mitigacion, la accion del sector y de los gobiernos en el ambito climatico deberia seguir priorizando la
reduccion de emisiones de CO, (donde existe un alto grado de certeza) y los importantes esfuerzos que ya
se estan realizando para alcanzar cero emisiones netas de carbono para 2050.

1.5 El sector de la aviacidn estd comprometido con mitigar y lograr una mejor comprension de
su impacto sobre el clima, y contribuye activamente a su investigacion cientifica, ademas de llevar a cabo
ensayos operativos, simulaciones y otros estudios que buscan desarrollar medios fiables para reducir las
estelas de condensacion persistentes que contribuyen al calentamiento atmosférico, mediante una variedad
de opciones de mitigacion y de forma que se siga reduciendo el impacto climatico del sector.

1.6 Se estan probando varias soluciones centradas principalmente en ajustar la trayectoria de
los vuelos con el fin de evitar las «regiones supersaturadas de hielo» (Ice Super-Saturated Regions o ISSR)
de la atmosfera, donde se puedan formar las estelas de condensacion persistentes y que podrian estar
provocando un calentamiento atmosférico. Estos cambios de trayectoria podrian suponer un mayor gasto
de combustible y, por tanto, mas emisiones de CO, y otras emisiones que no son de CO,. Por consiguiente,
haré falta evaluar cuidadosamente el impacto final sobre el clima.

1.7 Ensayos recientes con aeronaves comerciales que buscaban evitar las ISSR han demostrado
que no siempre son posibles los ajustes de trayectoria debido a la capacidad del espacio aéreo, que ya se ve
afectada por el volumen de trafico, la meteorologia y las restricciones militares sobre el espacio aéreo, entre
otros factores. En otras regiones como el espacio aéreo oceanico del Atlantico Norte, podria ser viable
efectuar ensayos a mayor escala para recopilar mas experiencia y datos operativos. Se podria poner el foco
en los vuelos cuyas estelas de condensacion tengan previsiblemente un impacto climatico considerable y
que se puedan desviar con un impacto insignificante o nulo sobre las emisiones de CO,, el consumo de
combustible y la capacidad del espacio aéreo.

1.8 Un documento informativo en el apéndice A ofrece un resumen detallado de la comprension
que tiene actualmente el sector del estado de la ciencia en estos momentos y de los esfuerzos que ya se estan
realizando para investigar las opciones de mitigacion disponibles en relacion con las estelas de condensacion.
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2. TRABAJO CLAVE EN MARCHA PARA IDENTIFICAR Y REFINAR LAS POSIBILIDADES
DE MITIGACION
2.1 A pesar de que se mantienen algunas dudas cientificas, el sector estd comprometido con

lograr una mejor comprension de su impacto climatico y reducirlo, lo que incluye trabajar sobre el
perfeccionamiento de las opciones operativas disponibles para mitigar la formacién de estelas de
condensacion. Se sigue trabajando en diversos aspectos necesarios para que se pueda actuar con la confianza
de poder reducir su efecto climatico.

2.2 Mejorar la precision de las previsiones meteorologicas en relacion a las ISSR sera
fundamental para poder mitigar eficazmente la formacion de estelas de condensacion por medio de la
navegacion. La humedad, la temperatura y el viento son factores importantes que afectan a la formacion de
las estelas de condensacion y su persistencia. Aumentar la disponibilidad de datos sobre la humedad en
altitud es una de las formas mas prometedoras de contribuir a mejores modelos meteorologicos en
colaboracion con los servicios meteorologicos. Se esta trabajando activamente en la identificacion de los
sensores apropiados y la exploracion de las opciones de despliegue, con el fin de aumentar la densidad y
disponibilidad de datos relevantes. Esta labor deberia coordinarse con la Organizacion Meteoroldgica
Mundial (World Meteorological Organization o WMO), desarrollando la infraestructura actual para la
asimilacion en modelos meteoroldgicos de los datos atmosféricos de los aviones para pasajeros.

2.3 Hay estudios para la deteccion de las estelas de condensacion, algunos de los cuales usan
inteligencia artificial, que estan ayudando a entender mejor la medida y las condiciones en que es probable
que las estelas de condensacion se formen y persistan, afectando al clima. Algunos estudios estan trabajando
sobre la elaboracion de medios para relacionar las estelas de condensacion con vuelos concretos. Este
trabajo resultard vital para la verificacion de medidas de mitigacion cuando estén listas para su
implementacion.

2.4 El efecto que puedan tener combustibles alternativos como combustible de aviacion
sostenible (SAF) o hidrogeno sobre la formacion de estelas de condensacion se esta investigando y todavia
debe llegar a comprenderse mejor. Hay trabajo adicional en curso para entender como la proxima transicion
energética en la aviacion y las mejoras en la tecnologia de los motores para lograr el objetivo ambicioso a
largo plazo (LTAG) podrian afectar también al impacto climatico de las estelas de condensacion.

2.5 Por tltimo, y muy importante, el desarrollo de un concepto de operaciones seguro, practico
y robusto que se pueda implementar para reducir la formacion de estelas de condensacion persistentes y
cirros que produzcan calentamiento, mediante el ajuste de las trayectorias de vuelos, potencialmente tendra
muchas repercusiones sobre la gestion del espacio aéreo, la carga de trabajo de pilotos y controladores y la
capacidad del espacio aéreo. Se estan llevando a cabo iniciativas de colaboracion en estudios y ensayos en
varias regiones, mientras se planifican otros que se centran en diversos enfoques pretacticos y tacticos.
Todavia no ha surgido un concepto de operaciones de preferencia para las técnicas de prevencion a la escala
del espacio aéreo, pero se espera que la labor que se esta llevando a cabo permita refinar las opciones
viables. Deberan emprenderse muchos mas ensayos de manera sistematica y coordinada.

3. CONCLUSION

3.1 Tras los importantes avances conseguidos en la gestion del impacto de la aviacidon sobre
las emisiones de CO,, la atencion se ha centrado en el impacto del transporte aéreo no relacionado con el CO,
incluidas especificamente las estelas de condensacion. A pesar de los importantes esfuerzos que se estan
llevando a cabo para probar las opciones de prevencion de estelas de condensacion, sigue habiendo un gran
vacio en la comprension de la observacion de las ISSR y su prevision, que debera dilucidarse antes de que
se puedan aplicar medidas utiles de mitigacion. Asimismo, atn falta trabajo para llegar a comprender el
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calculo de la compensacion entre la prevencion de las estelas de condensacion y la emision resultante de COs,
asi como la atribucion de esas métricas a vuelos individuales. Una accion reguladora prematura podria
provocar desafios operativos ulteriores y potencialmente aumentar las emisiones de CO,. Poner el foco en
la resolucion de algunas de estas incognitas proporcionara una base sélida para la toma de decisiones en los
proximos afios.

3.2 Se invita a que la Conferencia acepte las siguientes recomendaciones:

a) fomentar la cooperacion entre el sector, los Estados y la comunidad de investigacion
cientifica sobre los estudios cientificos y operativos necesarios para perfeccionar una
comprension colectiva del impacto del sector no relacionado con CO; y validar medios
eficaces para su mitigacion;

b) fomentar la ampliacion de ensayos para la mitigacion de las estelas de condensacion,
en un enfoque coordinado para identificar las soluciones dptimas antes de considerar
su despliegue en las operaciones diarias;

¢) animar a que los Estados eviten una accion reguladora o politica prematura que pueda
exigir la prevencion de las estelas de condensacion antes de desarrollar una
comprension de los medios disponibles para mejorar la prevision y crear conceptos
operativos de prevencion, y de las interdependencias existentes entre el impacto
climatico del CO, y otras causas ajenas al COy; y

d) asegurar que se siga manteniendo un enfoque centrado en la ciencia, plantedndose una
accion politica una vez que se haya madurado una buena comprension cientifica.
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CLIMATE ACTION:

ADDRESSING CONTRAILS

Aviation has a strong track record of solving difficult global
challenges.

Most recently, in a collective effort to deal with its climate change impact, the industry adopted a
goal of net zero carbon emissions by 2050. This was also taken up by the world's governments
at the International Civil Aviation Organization (ICAD) which adopted a similar goal at its 41st
Assembly in 2022', Removing carbon dioxide (CO2) emissions from aircraft operations will
require new energy sources and technological developments as well as efficiency improvements
to reduce fuel use. Whilst this remains a significant challenge, the problem is well understood
and the solutions are in progress: with the right policy, drive and determination, plans arein
place for the decarbonisation of civil aviation.

The aviation industry is also focused on another of its climate impacts which has less clarity
or mature solutions: the causes and consequences of other aviation emissions besides COz, and
their atmospheric effects. Among those non-C0z impacts, condensation trails, or ‘contrails’, (the
familiar white lines in the sky that are, in essence, human-made clouds) could have the most
significant warming effect.

This paper will focus on the state of science for contrail climate impact and the need for
continued research (including operational trials) in several areas before viable mitigation
approaches are brought into daily operation across the aviation system.

There is still
uncertainty

Contrails have an
overall warming
Impact

We are already
working on ways
to avoid contrail

over some key
implementation
aspects

formation

Scientific consensus
shows that persistent
warming contrails have a
climate impact.

Where contrails will
be formed and persist
(ISSR locations?).

ii. What the climate
impact of individual
contrails is, and how
this could balance
with the climate
impact of extra CO2
due to route changes.

Many trials and

research projects are
underway aiming to
provide operational and
technological solutions
to persistent, warming
contrail formation. These
should continue and be
coordinated to ensure the
most efficient outcomes.

iii. Understanding which
engine types drive
contrail properties.

iv. How to link any
mitigation measures
to individual flights,
or whether thisis
even desirable.
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Aviation has a firm
commitment to redce

its climate impact. it has

a robust plan in place for

the significant challenge of
net-zero COz emissions by
2050. At the same time, the
sector is stepping up efforts
to address the non-COz
impacts from aviation, most
prominently the formation

of some types of contrails.
Despite some complexities

in several aspects of the
underlying science, the sector
is engaged across a range

of research and operational
initiatives to identify how best
to avoid warming contrails as
part of a wider ctimate impact
mitigation effort. Large-scale
trails — both modelled and in
real-world operations — are
strongly supported to identify
how these mitigation efforts
could eventually play a role in
daily flight operations.
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The challenge of contrails

In addition to CO2 emissions, aviation (like many other sectors) is responsible for other “non-CO,
effects” that can have an impact on the climate. These result from complex interactions between
aircraft emissions and the atmosphere. They include mainly soot particles, nitrogen oxides (NOx)
and sulphur oxides (SOx). Soot particles are due to the composition of (carbon-based) aviation
fuel and combustion technology; NOx emissions are caused by combustion at high temperatures;
and SOx are due to the sulphur content of the fuel. The industry has been committed for years to
advancing innovative combustion technologies to reduce soot particulates and NOx emissions,
which also have a proven impact on the climate?®.

Water vapour is also emitted as a byproduct of fuel combustion and this can form
condensation trails, which are made of ice crystals and commonly referred to as ‘contrails’.
Contrails are formed during flight if the ambient conditions and water vapour in the atmosphere
are favourable for the condensation of water vapour from the engine exhaust. When small
carbon particles are released from the aircraft's exhaust, water vapour can condense onto these
particles and naturally-present aerosols will form high-altitude ice clouds. Some of these clouds
only last for a few seconds, but if the air is humid and cold enough, they can persist for hours and
spread across large sections of airspace.

Multiple efforts are underway to identify ways of avoiding the formation of impactful
persistent contrails, through alternative fuels, revolutionary combustion technology and
particularly operational improvements.

e P e o VNG

What we know and don't know

Some contrails (particularly those occurring during the day) have a cooling effect by reducing
the solar radiation reaching the Earth’s surface, much like naturally occurring clouds. Some
(particularly those occurring at night) have a warming effect by trapping heat in the atmosphere,
rather than allowing it to escape. The latest scientific consensus is that contrails have, on
balance, a warming impact, with a radiative effect potentially in the same order of magnitude as
aviation’s CO, emissions. Although the quantification of this impact currently has low confidence
levels and more research is needed to fully understand the overall climate impact, mitigation
options are already being trialled and tested.

The effects of a contrail depend firstly on how it is formed (ice crystal formation varies
according to the local temperature and humidity, aircraft engine and fuel composition), and
secondly on how the contrail will evolve over its life (evolution of atmospheric conditions, winds
shifting its position, the size of the ice crystals and quantity). The effect and existence of a contrail
depends also on its geographical position, as well as the season and time. Current scientific
understanding is that, on balance, contrails are warming and we should work to try and avoid the
formation of persistent contrails that produce a warming effect. There are indications that around
10% of the flights that produce contrails (so ~2-3% of all flights worldwide) account for around
80% of the warming that is generated by contrails.

Not all contrails are warming.
Some only last a few minutes
before dissipating, others

are cooling, or balance the
cooling and warming effects,
and a small proportion of all
contrails formed have a high
warming effect. Established
scientific consensus suggests
that, on balance, there is more
of a warming impact when all
contrails are considered.

enviro.aero
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The aviation industry is committed to mitigating its impact on the climate and is actively
contributing to scientific research, as well as undertaking operational trials and other studies
aimed at developing the means to reliably reduce persistent warming contrails through a variety
of mitigation options, further reducing the climate impacts of the sector. Studies to date have
shown high degrees of false positives (in which a persistent contrail was forecast to form but did
not) and false negatives (in which a persistent contrail was not anticipated to form and yet did).
This makes establishing effective operational mitigation methods and estimating the impacts
very challenging.

A number of solutions are being tested mainly focusing on re-routing flights in order to avoid
the “ice super-saturated regions” (ISSRs) of the atmosphere, where persistent (potentially
warming) contrails tend to form. Whilst weather forecasts can help to locate where these
regions may form, itis currently very difficult to identify them in real-time and forecast where
they might occur in the near-term. A certain degree of precision is critical to enable the industry
to build route deviations into flight operations as a mitigation option. Another challenge is
accurately estimating the warming or cooling effect of an individual contrail inside a given region.
This is particularly important to ensure the overall climate benefit of the re-routing, if the aircraft
deviation would result in extra fuel burn and associated COz emissions.

A strong collaborative effort is underway across industry and the research community to
provide greater clarity on the solutions to these challenges and better quantification of the
climate impacts.

State of the science: questions to resolve

Scientific uncertainty regarding contrails is primarily related to four aspects:

i Prediction and identification of contrail-prone regions. The exact location of
where contrails will form, known as ice super-saturated regions (ISSRs), are often very
concentrated localised zones of a few hundred kilometres in horizontal length (100-200
kilometres on average) and a few hundred meters in thickness, although they can also be
much more significant in size. As with other atmospheric conditions, they shift position
as ambient weather changes and are affected by the winds. There is uncertainty about
how to accurately forecast the presence of ISSRs (both geographically, and in altitude
and time) in a way that will allow for both pre-flight planning changes as well as in-flight
tactical route changes to avoid persistent contrail formation. The current low spatial
and temporal granularity of temperature and humidity observation data is a hindrance
to improved forecasting in such a way to be able to reliably operationalise the solutions.
Humidity data can be collected from ground stations (rapid, but altitude-limited), weather
balloons (infrequent), satellite observations (although these do not provide very granular
altitude-specific information), and on-aircraft sensors (see discussion belowy). In addition,
satellite imagery, as well as ground and aircraft observations can be used to detect where
contrails are already being formed and whilst this may aid weather modelling, often
these observations are in real-time or after the event, and so can only be used for tactical
deviations or to retrospectively identify where contrails were formed. More humidity
observations are required, with data fed into numerical weather prediction models to
increase the accuracy of forecasts. Studies have shown that in-situ measurements correlate
poorly with numerical models for humidity in the upper troposphere and lower stratosphere.

ii. Metrics to allow an assessment of long-term climate impact vs short-term contrail
impact. Whilst the long-term climate impact of COz is well-understood, the overall impact
of contrails is very short-lived (in the order of minutes and hours), so the total effect on
the climate is different depending on the duration assessed. The most commonly-cited
metrics: Global Warming Potential (EWP), Average Temperature Response (ATR), or Global
Temperature Potential (6TP) can be expressed in different time intervals (often 20, 50 or 100

years) with each providing a different assessment of the impact of emissions of COz and non-
COz over that period. For example, the climate impact of contrails could range from 2.3 times

to less than a tenth of the impact of COz depending on the time frame and metric of measure
chosen.

Whilst research continues

to advance understanding

of the non-C0Oz aspects of
aviation (where there is lower
certainty), the priority for
industry and governments
with regards to climate action
should continue to be COz
emissions reduction (where
there is high certainty) and the
significant efforts underway
to reach net-zero carbon by
2050.

enviro.aero
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Cumulated climate impact (relative to CO2)

The chart below ilfustrates the wide range of results, depending on the global warming metric chosen. This
wauld become even more important if applying this to determine mitigation options for individual flights.
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These metrics have not been developed specifically for aviation and therefore may not
adequately consider the effects of non-C0O2 emissions released at altitude, but they are the
most common ones used in the wider climate policy landscape (with GWP100 being the
standard for the United Nations Framework Convention on Climate Change (UNFCCC)). The
challenge in determining whether to mitigate a contrail comes from trying to assess what
the trade-off is between the avoided warming of a reduction in contrails, compared to the
warming created by the additional COz from the action of diverting a flight. There is ongoing
uncertainty as to how to balance the shorter-term warming effect of contrail formation vs
the longer-term warming effect of extra C0z (and other non-C0z) emissions from re-routing.
The short lifetime of contrails compared to COz makes them an appealing target with
immediate benefits to limit climate warming from aviation, however balancing reductions
in climate warming from contrail avoidance with increases from additional COz emitted for
flight diversions requires clarity on the metric for comparison. A recent paper® suggests it
may be too early to act on current knowledge and urges more work to better understand
these trade-offs.

The aviation industry will
continue to work on the
potential solutions which
will help us avoid contrail
formation and help the
research community get
darity on these remaining
fundamental questions.

iiil. Accounting for engine technology and fuel variability in determining contrail
properties and persistence. Variability in the performance of the different engine types,
emissions, and fuel compaosition in use across the industry will affect the precise exhaust
characteristics and any resulting contrails. Contrail radiative forcing and lifetime will change
meaningfully from these characteristics, but the exact impact is poorly understood.

iv. ldentifying individual flight actions and ‘attribution’ of a contrail and its associated
warming (or cooling). After scientific maturity is achieved on predicting the location
of ISSRs where contrails form and what climate impact they have, there must be an
understanding of what would have happened if that area was not avoided. Often, policy
measures attempt to incentivise change on an individual flight basis, but this may not be
appropriate for contrails. For example, the climate impact of re-routing one single flight
away from an ISSR, while allowing many other flights to go through it, will be negligible or
zero. If all flights were diverted away from that region, what will happen to it later? Will a
(naturally-occurring) cirrus cloud nevertheless form further downstream? Furthermore,
what is the water vapour budget in those regions: every time an aircraft flies through an
ISSR and produces a contrail, the ISSR will “dry” as the water vapour content condenses
into acirrus cloud. Itis impossible to know today how many contrails will be formed inside
one specific ISSR, and at what point the mass of air is "dry” enough so that it is no longer
necessary to deviate flights around it.

All these uncertainties are strongly linked: the capacity to solve the problems identified in i) and
the decisions to take as discussed in i} and iii) will affect the results of iv) and probably will define
if and how contrail avoidance measures should be applied.

enviro.aero Al XEa
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State of science: trade-offs and complexities

In order to avoid ISSRs, aircraft can be re-routed around, above or below those regions. These
changes in flight routing can increase fuel use and therefore COz emissions. While the extra

fuel burn needed to mitigate contrail formation has been “small” (around 296) in some trials,

itis important to appreciate that single flight experiments are not representative of real-life
conditions, or the mitigation of contrail impacts at scale. The climate benefit of deviating a
single flight to avoid an ISSR may be reduced if other flights pass through that region and create
contrails. For such measures to have any perceivable effect, the airspace identified as an ISSR
should be avoided as much as possible, with aircraft diverted vertically or horizontally. Such air
traffic measures would have impacts not only on the deviated flights but potentially on the whole
network. To date, limited studies have been done on mitigating all flights from forming contrails,
and therefore system impacts are not yet understood, but could easily increase COz2 more
substantially than current individual flight trials suggest. The impact on flight level congestion
also must be carefully assessed.

The other important area, as mentioned above, is the exact metric being used to determine
the CO2 vs non-COz calculation. Re-routing a single flight may make climate sense if using a
GWP20 metric, but not if using a GWP100 scale, where the CO2 penalty may outweigh the contrail
avoided.

The trade-offs between COz2 and non-C02 emissions have been mentioned, but there are also
trade-offs amongst types of non-C0z emissions. For example, some combustor technologies
might reduce particulate matter, but increase NOx, and vice versa. New engine technologies
with higher thermal and propulsive efficiency will reduce fuel burn and COz, but could be more
contrail-prone. All these trade-offs and the impact of each climate forcer must be carefully
understood. ICAQ's Committee on Aviation Environmental Protection (CAEP) regularly assesses
those aspects and proposes technical standards and methods to further understand and control
emissions directly emitted by engines.

State of science: observing and forecasting ISSR

The most challenging aspect of identifying where ISSRs will form is understanding the relative Identifying and forecasting
humidity and temperature in any given region. Often these regions are relatively narrow bands of the regions where persistent
airspace: sometimes no more than a few hundred metres in vertical airspace (perhaps two flight warming contrails will form is

levels) and extending over 100-200 km of horizontal airspace. Sometimes they can also cover a a fundamental building block
more significant region. In order not to simply block vast areas of useable airspace and toenable o help the industry mitigate
effective mitigation through adjustments of aircraft trajectory, current weather models require the effects. A key next step
more humidity observation data to improve their accuracy. One option is to install sensors on is to improve the quantity
board aircraft: there are already humidity sensors on commercial aircraft as part of the AMDAR and quality of near-real-time
and |AGOS projects. However, these are either not suited for accurately observing the required water vapour observations in

ice supersaturation, or the sensors are too cumbersome and sensitive for widescale deployment.  the upper troposphere.
There are additional uncertainties regarding the movement of contrails after formation that
would require any changes in aircraft trajectory to account for these movements.

Sensors are currently being developed that could be reliable and lightweight enough to
be installed on a statistically significant proportion of the fleet. Further work is needed to
industrialise these and propose them to airlines for installation on commercial aircraft. With
a portion of the global fleet equipped, the granularity of humidity monitoring would improve
significantly, making operational changes more accurate and, at the same time, improving
general weather forecasting. However, the development of such a sensor will take a few years
and once the technology is available, systems will need to be refined to ensure the data can be
transmitted to weather forecasters to include in their models.

Several computer models have also been developed to try and forecast where ISSRs are
likely to form ahead of time, but they still depend on data for evaluation or initialisation of the
simulations which can lead to more accurate modelling capabilitiesé. While numerical weather
prediction slowly continues to improve its ability to model the processes for cirrus cloud
formation and persistence, many advancements are required in order to correctly predict when,
where, and the extent of ice supersaturation”.
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Mitigation: operational contrail mitigation options

Once ISSR forecasting quality and the persistence and impact of individual contrails becomes
sufficiently accurate for decision making, the operational solutions could be 'relatively

simple": route some or all aircraft around, above or below these ISSRs. This could be done
tactically (when flights are in the air, post-departure), or pre-tactically (during the flight plan
stage, pre-departure). However, another area of research required will be the impact of these
flight deviations on the airspace system as a whole: one or two flights re-routed can be
accommodated, but if strategically significant areas of the airspace system, such as over Central
Europe or the United States are blocked off, the C0O2 and congestion and safety impact could

be large. Flying under an ISSR could put flights into more contact with unsettled weather and
also increase turbulence episodes. While globally, itis believed that a small number of flights
create the majority of the warming impact from contrails, when ISSRs are present in congested
airspace the capacity and traffic impacts may be significant.

Despite some fundamental guestions that remain to be answered, the aviation industry is
already fully engaged with the research community to better understand the dynamics of contrail
formation and the potential options for avoidance solutions once better observations and
forecasting of ISSRs is enabled.

Some of the current operational avoidance trials include:

» Air France, Meteo France: Meteo France provided predictions of contrail-prone
areas (ISSRs) and Air France undertook operational trails avoiding those regions.
The number of flights were limited and a diversion was not always possible due to
airspace constraints. The partnership is now working on a campaign for pilots to take
photographs of contrails at altitude to verify and validate Meteo France's weather

predictions.
» Delta Air Lines, MIT: Delta trialled avaiding contrails from certain flights and MIT used There is a significant amount
satellite observation of flights and contrails to verify weather models and the success of practical and operational
of re-routings. Results from the trial have not yet been published in peer-reviewed research underway to prepare
scientific journals. for mitigation options, once
some of the fundamental
» American Airlines, Google Research, Breakthrough Energy: limited flight trials questions have been resolved.

(around 70 flights) were conducted by American Airlines to determine contrail formation
from certain flights using satellite observation of flights and contrails and Al in ‘almost’
real-time. Questions remain as to the methodology and usefulness of results due to
difficulties in validating contrail aveidance, and uncertainties in the model and satellite
observations.

» Eurocontrol Maastricht Upper Air Centre (MUAC): Overnight contrail avoidance trial.
The study found challenges in determining the limits of horizontal bands of ISSR. Tactical
simulations with controllers discovered some safety challenges and a potential 20%
capacity hit.

» Airbus, Meteo France, IAGOS, DLR, NLR, ONERA, UPC, Imperial College,
Breakthrough Energy, Air France, Swiss Airlines, easyJet, NATS, DSNA,
Eurocontrol, Boeing: The SESAR-funded CICONIA project (2023-2026) develops
mitigation Concepts of Operations and their assessment in comparison to legacy
operations. CICONIA integrates COz and non-CO: trade-offs, metrics, the integration of
different climate models and aircraft specificities. Extensive simulations and trials in
oceanic and continental airspace will be performed.
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Mitigation: a role for alternative fuels?

Most types of sustainable aviation fuel (SAF) that are currently being promoted for the purpose
of reducing COz emissions also have a lower aromatic content than traditional fossil-based jet
fuel. There is a direct correlation with the amount of carbon particulates emitted. Furthermore,
some forms of SAF contain fewer sulphur compounds, which also impacts contrail properties.
Research is ongoing to determine what the effect of these emission profiles would have.

While SAF could cut particulate matter emissions by at least 50%, when used in its pure form,
there would still be an order of magnitude of trillions of particles per kilogram of fuel burnt.
Some studies have determined that despite this, SAF contrails might be more short-lived, but
others believe that secondary effects due to smaller amounts of soot could take place and the
benefits could be offset. In the future, the use of hydrogen as an aviation fuel would eliminate all
particulate matter emissions, but it is thought that contrails could still be created and nucleate
onto the already existing atmospheric aerosols.

Extensive research is currently underway by various bodies to determine how much of a
contrail mitigating role the shift to SAF will provide®:

» MNASA, DLR, Boeing: ACCESS-2 effects of SAF blends on cruise soot and contrail ice
particles. The measurements showed a reduction of 50-70% in emitted particles when
using a 50% HEFA SPK blend. (Moore et al., Nature, 2017). Contrail ice measurements
have not been published.

»  NASA, DLR: ND-MAX's mission to evaluate SAF blend effects on cruise soot and
contrail ice particles (2018)? showed a reduction in both soot emissions and contrail ice
particles formed when using SAF blends.

» Airbus, DLR, Rolls-Royce, Neste, Manchester Metropolitan Uni, Safran, NRCC
+ Airbus, DLR, Safran, Dassault, ONERA, French Ministry of Transport: ECLIF3
and VOLCAN are two extensive flight campaigns led by Airbus and DLR focussing on
measuring direct emissions and contrail formation / properties, as well as aircraft
performance and SAF compatibility by analysing, comparing and evaluating the effects
of different fuels (100% SAF and SAF blends). Results will support research on better
understanding and quantifying climate impacts of SAF compared to conventional fuels.

» Boeing, NASA, GE, DLR, FAA 2023 EcoDemonstrator: Over 100 combined DC8 and
737-10 flight hours and 2 days of ground testing studied how the combination of SAF
and the advanced lean-burn CFM LEAP-1B engines on the 737-10 impact engine particle
and gas emissions and characterised how reducing soot emissions and fuel sulphur
affect the number of contrail ice particles produced under a range of atmospheric
conditions.

» Pratt & Whitney, Missouri University of Science and Technology, Aerodyne Research,
US EPA and FAA ASCENT project: A Geared Turbofan engine combustor rig test stand
will be used to enable further understanding of the emissions benefits of SAF, including
reduced sulphur dioxide and non-volatile particulate emissions, which are associated
with contrail formation.
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A-8

Mitigation: regulatory environment and challenges

The European Union's Directorate-General for Climate Action (DG CLIMA) is embarking on an
effort to require aircraft operators to collect and report data on non-CO2 emissions from flights
departing European Union airports. The system is currently being developed and is intended

for use from 1 January 2025 with a review following several years of monitoring to determine
further action (including incorporating non-CO: into the EU Emissions Trading Scheme). Industry
believes it is premature for the application of such a system and, given many of the questions
outlined in this paper, if it could even be operationalised to avoid contrails. Recent publications
have shown that reanalysing data to backcast the creation of a contrail could be wrong 50-80%
of the time, and the uncertainty on the climate impact of individual contrails could be two orders

of magnitude higher than the uncertainty of the global fleet'®.

Industry supports

Continued academic and technical research into:

» Overall contrail impact on warming and understanding of
the formation and warming mechanisms.

» Other parts of the non-CO2 question, including NOx and
SOx.

» Humidity sensors (to commercialise for use regularly
during flights).

» Improving weather / ISSR prediction models and
verification efficacy.

» Understanding the impact of alternative fuels as a
mitigation tool.

Large-scale operational trials on contrail avoidance

» Multiple trials should take place, with global coordination
to maximise resource efficiency and knowledge sharing.

The DG CLIMA Non-CO2

data collection will likely

not produce data which will

be useful to operationalise

the avoidance of contrails:
application of additional
regulation in this area is
premature until trials are

able to assess the optimum
approach. It also assumes that
contrail mitigation should be
done on a flight-by-flight basis,
which may not be the most
appropriate method: testing
and trials should preceed
regulatory action. Focus
should also be given to the
identification and forecasting
of ISSRs so that these areas of
airspace can be avoided.

Industry does not support

Regulation moving ahead of science

» Including regulating the collection of data without a
clear contrail mitigation pathway in sight.

Daily / continual operationalisation of contrail avoidance

across the system

» (until trials have yielded results to ensure a better
understanding of CO:2 trade-offs, flight operational
impacts, efficacy of mitigation methods, etc...).

The monetisation of contrail avoidance

» The creation of carbon credits from the avoidance of
contrails is premature until more certainty exists over
verification of avoidance.

Deliberate creation of cooling contrails
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Core unanswered questions and concerns for industry

» Some proposed solutions or policy considerations seem to ‘monetise’ the avoidance
of contrails, comparing them with COz equivalent factors. Industry is not currently
supportive of this approach, given the difficulty in establishing that a contrail (and more
importantly an impactful, persistent, contrail) has been avoided. This is in addition to the
other uncertainties highlighted above.

» Individual flight shifts (or airline-by-airline actions) to avoid contrail formation are
already being trialled. But what happens when we try to shift all flights in a crowded
airspace system (for example over Central Europe, the North Atlantic or the US)? Is such
widescale avoidance in busy airspace safe and viable? Does the resulting congestion and
increased COz emissions outweigh the contrail impact? Furthermore, those individual
experiments have shown the difficulties in validating whether a contrail was avoided
through re-routing. Finally, measures are also needed to ensure that contrail avoidance
does not result in an increase in flights experiencing hazardous turbulence.

» Most discussions focus on the fact that identifying the exact ISSRs / areas of humidity
is one of the biggest challenges: monitoring of those regions would allow the solutions
to be rolled out. Can we focus for the short-term on encouraging better monitoring /
sensors whilst also conducting avoidance trials?

» There are some suggestions to not only try and avoid warming persistent contrail
formation, but to intentionally generate cooling contrails. Industry is very concerned
about the potential unintended consequences of this approach. Industry supports efforts
to avoid contrail formation, as they are developed, but would not want to intentionally
create them.

Requests for government support

Whilst scientific and operational mitigation questions remain, the industry is committed to
reducing its climate impacts, including from contrail formation. Importantly, industry and
governments must work together to operationalise modelling and simulations developed by the
research community. The following recommended steps have been identified for governments:

» Continue funding scientific research into contrail impacts to reduce the uncertainties
identified in this paper, investing in research to better understand the trade-offs between
the warming and cooling effects of contrail cirrus clouds, with the aim of providing
the best available information for climate-optimised flight operations and avoiding
unwanted warming effects.

» Expand support for larger-scale operational demonstrations of contrail avoidance
systems to enable a better understanding of airspace implications and potential
increases in CO2 emissions from re-routing.

» |CAO CAEP could undertake an assessment of the correct metrics and timeframes
could be used as part of this process, noting that GWP100 is the basis for most UNFCCC
assessments and the basis for the long-term goals underpinning the Paris Agreement.
CAEP should continue to convene its Impacts and Science Group (ISG) to provide the
best possible consensus from the research community on the climate impact from
aviation's non-C0z emissions, including interdependencies and trade-offs linked to
potential mitigation options.

» Continue support for investigating the effects that alternative fuels such as SAF
and hydrogen have on non-C0Oz emissions. SAF production must to be ramped up
significantly as part of the sector's efforts to address CO2
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» Improve humidity forecast data, which is crucial to achieving higher quality ISSR Further reading
forecast data in collaboration with weather services. This could include support for » Eurocontrol and CANSO
the development and deployment of humidity sensors (or improvements in satellite Sustainable Skies
observation technology) to identify ISSRs — sensor development is already underway Conference, November
but should be sped and scaled up for deployment. In the US, the Department of Energy 2023: hitps://tinyurl.com/
ARPA-E PRE-TRAILS programme is making progress with several suppliers. Once bdpysfar
the most appropriate sensors can be placed on aircraft, a comprehensive roll-out with T —
agencies such as the World Meteorological Organization (WMO) will be needed to pheil %heir Climate Effect
coordinate the data into useable forms and with funding support for the assimilation April 2024- https:/ At : [

pri - https://tinyurl.

programme. com/29ve3her

» Investigate operational and policy solutions that are specifically for non-C0Oz climate » Afrlines for America,
impacts, taking account of their behaviour differences compared to CO2 emissions Addressing Non-COz
and the distinct challenges they represent for the sector. In particular the use of tools Emissions from Aviation,
designed for CO2 management (such as emissions trading schemes) are not suitable April 2024: https://tinyurl.
for mitigating non-C0z impacts. This includes avoiding inappropriate simple multipliers com/uedné4nvé
for COz to account for non-COz impacts that do not reflect the complexity of the non-C02 » Airlines for Europe, Non-
phenomena. €Oz MRV Position Paper,

» Prioritise actions that lower both non-COz and COzemissions (e.g. operational ARGRSEEUEE: (R oe.
derisiona. eu/wp—co.n'tent/uploads/

A4E-Position-Paper-and-

» Recognise that the prevalence of non-COz climate impacts from persistent contrails Recommendations-Non-
varies greatly from region to region and from day to day, as it is a highly heterogeneous COZ-MRV-FINAL.pdf
phenomenon that requires a more bespoke approach, while the effects of COz emissions
are homogeneous regardless of geographical location.

» Develop practical, implementable and robust concepts that incentivise persistent
contrail cirrus avoidance without compromising safety. These will be investigated
further once the uncertainties have been resolved.

U ICAD Assernbly/41 Resolution, 2022-www icao int/Meetings/ a4 1/Decuments/Resolutions/ 10184_corr_en pdf Acknawledgements

2 |ce super-saturated regions (ISSRs) are areas of the atmosphere where the conditions exist for contrail formation

Sometimes these will be short-lived contrails, sametimes long-lived This POpEr Bsd collaborative

3 Although the industry has historically focused on reducing smoke nurmber {as a proxy for particulate matter mass eﬁ‘?"_fmm a number Of
concentration), it has also taken steps ta reduce total soot mass emissions and total seot number (particle counts) aviation /ndustr’y experts,
However, there are also some uncertainties assaciated with madelling cruise soot emissiens, especially soot number with spec/ﬁc /'nputfrom
(particle counts), an‘d uncertainties around contrail /‘\ce crystal formation in low-soot regimes: these elements are part of representatives of: Airlines for
axtensiva research into the solutions for contrail avoldance America: Association OfAS/G-

4 Global aviation contrail clirmate effects from 2019 to 2021, in EGUsphere, 2023 [preprint]: https://doiorg/10.5194/ Pacific Airlines: Airbus: Boe/'ng-

egusphere-2023-1859 -
S - CANSO; JATA: Pratt & Whitney:
5 Uncertainties in mitigating aviation non-C0z emissions for climate and air quality using hydrecarbon fuels in GEAE‘!’DS[JGCE" lniten Birlines:

Environmental Scfences: Atmospheres, November 2023: hitps //pubs.rsc arg/en/content/articlelanding/ 2023/ ea/ : o
deal0sle American Airlines; Safran.

& |ATA Aviation Contrails and their Climate Impact, April 2024: wwaw lata.org/
contentassets/724b8a255%ad 48fePdechaf2 53454754 /aviation-contrails-climate-impact-report. pdf

? How well can persistent cantrails be predicted? n Aerespace 7, na. 12, 2020: https://dolorg/ 10 3390/ aeraspace’ 12014%,
and How well can persistent contrails be predicted? — an update, in EGUsphere [preprint], 2024: https:/7/dol org/ 10 5194/
egusphere-2024-385

8 Reference studies: www nasa gov/news-release/nasa-dlr-study-finds-sustainable-aviation-fuel-can-reduce-

contrails/; wwwe nature comi/articles/s43247-021-00174-y; and https.//egusphere copernicus org/preprints/ 2023/
egusphere-2023-2638/

?* Cleaner buming aviation fuels can reduce contrail cloudiness, Nature Earth and Envirenment, 2021 www nature.com/
articles/s43247-021-00174-y, and Reduced |ce number concentrations in contrails from low-aromatic biofuel blends,
Atmospheric Chemistry ond Physics, 2021 https.//acp.copernicus org/articles/21/16817/2021/acp-21-14817-2021-
discussion.html

1o Mitigating the Climate Forcing of Aircraft Contrails by Small-Scale Diversions and Technology Adoption in Environmental
Science and Technology, 2020; https://core ac uk/download/pdf/3224859934 pdf
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