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Overview

O Contrailsorg

® Global non-profit applied research organization

B Mission

Drive the development and deployment of large-
scale contrail management systems to reduce
aviation’s climate warming impact.

® Vision

Intelligent route planning and management
eliminates climate warming contrails with near-zero
cost
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Focus Areas

Enable Adoption

Transfer Knowledge

Validate Operations . .
Operational Trials
Science & Tools

De-risk Contrail
Science




Team

18 Core contributors
(10 US, 8 UK)

Key Advisors
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Marc Shapiro Marc Stettler Tom Dean Nick Masson Tyler Robarge
Executive Director Chief Scientist Research Director Engineering Director Trials Director

lan McKay Ken Caldeira John Platt Annie Petsonk David Victor

Orca Stanford Google Former Asst. Secretary — ycsp
Transportation (Aviation)
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FAA 2025



https://www.faa.gov/contrails
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Contrails form on jet engine exhaust
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® Jet engines emit water vapor, ® Water droplets condense around " Droplets freeze into ice particles
CO2 and other pollutants, such some of these pollutants that make up contrails
as soot particles.
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Contrails form in cold humid regions of the atmosphere

Contrail Map


https://map.contrails.org/
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Contrails can persist and spread into synthetic cirrus regions

B Cirrus cover



https://map.contrails.org/
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Earth’s energy budget is a balance of incoming and outgoing radiation

@ NASA Scientific Visualization Studio



https://svs.gsfc.nasa.gov/20328

Why do contrails matter? B 29 Sep 2026

Clouds have a major influence on kEarth’s radiation budget

—— e G

. _::illi M . |O_U-ds :
L — '

Thick, low clouds



https://news.mongabay.com/2021/08/new-study-says-changes-in-clouds-will-add-to-global-warming-not-curb-it/
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Overall, contrall cirrus is strongly warming

Incoming solar radiation Outgoing thermal radiation
minimally reflected strongly absorbed
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Contrail radiative forcing depends on space and time

Contrail Map


https://map.contrails.org/
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Contrails cause 1 - 2% anthropogenic radiative forcing

MODIS image over the English Channel
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How do we reduce contrail forcing”

Avoid persistent contrail formation Change ice nucleation with fuels Remove ice nucleation with new
aircraft
memememememe N \
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Available now Potential future solutions



Why do contrails matter?
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https://pubs.acs.org/doi/10.1021/acs.est.9b05608
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Operational avoidance is low cost

m <5% of flights cause 80% of the contrail forcing
m ~/0% reduction in forcing = ~0.1% increased cost

B No new technology, just another weather layer

AE I:contrail [%]

m At scale (estimate)

~31 — S10 per tonne COe abatement cost

-10 +

_20 .

_30 -

-40 +

_50 .

_60 .

_70 .

_80 .

—— Time Horizon = 20 years
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4 6 8 10
Specific cost [$ / Tonne CO»e]

Teoh et al 2024; Frias et al. 2024; Contrails Notebook



https://acp.copernicus.org/articles/24/6071/2024/
https://dx.doi.org/10.1088/2634-4505/ad310c
https://notebook.contrails.org/the-cost-of-contrail-management/

Why do contrails matter?

The opportunity

® Contrail radiative forcing is ~57 mW m™
(~33 Gt atmospheric CO2, +50 mK by 2050)

m Avoidance will cost ~O(S100M) per year
at full scale

Remove 1 - 2% of human caused warming at a
cost of ~S1 — $10 per tonne by 2035
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MODIS image over France; Smith et al. 2026


https://www.nature.com/articles/s41467-026-68784-8
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Navigational Contrail Avoidance

1. Predict where contrail-cirrus will likely form

Volume of airspace
forming contrails

Contrail Navigator


https://nav.contrails.org/

Contrail management H 29 Sep 2026

Navigational Contrail Avoidance

Y

1. Predict where contrail-cirrus will likely form
2. Characterize the expected climate effects T 5 BT EEE
forming warming
contrails

Contrail Navigator


https://nav.contrails.org/
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Navigational Contrail Avoidance

1. Predict where contrail-cirrus will likely form

2. Characterize the expected climate effects Flight crossing

airspace

3. Integrate into flight planning and management

Contrail Navigator


https://nav.contrails.org/

Contrail management

Navigational Contrail Avoidance
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Predict where contrail-cirrus will likely form
Characterize the expected climate effects
Integrate into flight planning and management

Feedback observations
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Cirrus cover

Google Contrail Explorer



https://contrails.webapps.google.com/main
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Contrail forecast enables trajectory co-optimization
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Engberg et al. 2024



https://gmd.copernicus.org/articles/18/253/2025/
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Distribute as aviation weather
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Flight Planning

Air Traffic Control

Electronic Flight Bag (Cockpit Tablet)

Flightkeys; MUAC
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Contrall forecast & monitoring ecosystem
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f we are spending money (and CO2), we need to get it right

B Humidity forecasts in the upper atmosphere . jam @ ' '
have low pointwise accuracy %rl ;
Oct

1.5

RH; (ERA-5)

RH, (MOZAIC)

Gierens 2020


https://www.mdpi.com/2226-4310/7/12/169
https://www.mdpi.com/2226-4310/7/12/169
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f we are spending money (and CO2), we need to get it right

® Humidity forecasts in the upper atmosphere . ight Jevel 419 - 29.9-07-01 05:99
have low pointwise accuracy
) 02:30
m But contrail forecasts often get the 104
morphology right 0520
= Measurement
;' 0 B No contrails
> B Contrails
% _10 .
_20_
160 17|0 léO léO 2(I)O

longitude [degrees_east]



Forecast confidence

f we are spending money (and CO2), we need to get it right

B Humidity forecasts in the upper atmosphere
have low pointwise accuracy

m But contrail forecasts often get the
morphology right

® And aviation operations
naturally constrain interventions
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Altitude

. True Positive . False Negative

False Positive

_________________

Mm Segment Length

Time

Dean et al 2025


https://doi.org/10.1088/2634-4505/ae1da5
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How we evaluate forecasts?

B Measurements (point)
m Cameras (area) Landsat
O
O

Good for measuring contrail formation and
Initial persistence

Global Meteor Network
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How we evaluate forecasts?

® Measurements (point)

m Cameras (area)

Good for measuring contrail formation and
Initial persistence

DLR / Airbus



Forecast confidence

How we evaluate forecasts”

m Radar / LIDAR (line)

Good for measuring contrail
properties and cirrus coverage
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Height (m)

Across-track (i)

Contrails
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EarthCARE


https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/EarthCARE_s_atmospheric_lidar
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How we evaluate forecasts?

B Heat detectors (area)

Good for measuring radiative impacts

McCloskey 2023


https://doi.org/10.1016/j.rse.2022.113376

Forecast confidence

How we evaluate forecasts?

B (Reanalysis data)

Good for filling in the gaps

H 29 Sep 2026

Horizontal Grid
(Latitude-Longitude)

Vertical Grid

(Height or Pressure) |

ATMOSPHERE
pt — e ’
e % - {
e i 0 X '
| RCY =~ advection
e
::o ;x " : 1
Lz A © snow :: | :::'
.0 |
0% [ W momentum  heat

Physical Processes in a Model

solar  ‘errestrial
radiation radiation
L

—

N [
’

Wikipedia


https://en.wikipedia.org/wiki/General_circulation_model

Forecast confidence
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Integrate observations to build confidence and reduce cost

% of warming avoided

A

Precise
Intervention

Read about ContrailBench!

bench.contrails.org

Broad
interventions

»

No intervention

Intervention cost

bench.contrails.org



https://bench.contrails.org/
https://bench.contrails.org/
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Contrall forecast & monitoring ecosystem
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Simulations & Trials are the key next step
® Build capability
Incentivize service providers (planners, EFBs) to implement contrail features

® Provide evidence
Measure actual operational impacts and effectiveness of interventions.

® Inform protocols
Airlines that implement trials now can inform the protocols that get adopted.

B Provide immediate climate benefit
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Simulations & Trials

UK Airspace Virgin

1,000
NAVCANADA  (P000%) (50+)
Mente (Simulations) ® TUI Fly
(10+). @ P ‘ (500+)
AirFrance
(100+)
AAL .

(1,000+)

Airline Trial
(# Flights)

‘ Airspace Trial
(# Flights)

@

Cathay .
(100+) JAL
® (Simulations)
Singapore
Airlines

(Simulations)

41



Integrate into operations

AA Scientific Trials (2025)

m 112 flights automatically filed by AA dispatchers

® Measure contrail formation length in satellite
imagery
®m Qutcomes

m >60% reduction in contrail formation length

®m No discernable added fuel (need larger sample)

H 29 Sep 2026

1 CFMU Status OK!

Sankar et al. 2026


http://arxiv.org/abs/2603.06909

Integrate into operations

AA Scientific Trials (2020)

® Build on success of 2025 trial
®m Targeting 1000 flown avoidance flights
B Focus on warming contrails, not just formation

m Goals

B [argest contrail avoidance trial by 10x

m Statistically significant warming reduction and
quantifiable fuel impact

H 29 Sep 2026

Flight Planning  eerimental X

latitude,longitude flightlevel, datetime, labe ;
I

15T06:52:00Z,KLAX
22222222




Integrate into operations

TUI Operational Trials

® >b00 avoidance flights to/from Germany
® Includes 2 weeks of avoidance across all flights

m Qutcomes

®m High response rate and engagement from pilots
B 11% added fuel on avoidance flights
B Saved 8,600 tonnes CO2e (including 200t added fuel)

B Released great video summarizing experience

29 Sep 2026

TUI & Contrails: From the Sky to the Science



https://www.youtube.com/watch?v=37yp3yZUBNk
https://www.youtube.com/watch?v=37yp3yZUBNk
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UK Operation Blue Skies

B Re-route all aircraft flying through trial regions
m ~500 aircraft per region, per shift

m Winter 2026-2027 and 2027-2028
® Trial will cover 10,000+ aircraft, ~100,000 tCO,e s

Scottish

B Detect contrails using geostationary imagery London

Shanwick Contrails:

16 Mt CO, .,
© Contrailsorg Google
NATS 2= Met Office
IMPERIAL <% CAMBRIDGE
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Contrail avoidance will be cheap
from a climate perspective " —— Time Hortzon = 20 years

Time Horizon = 100 years

m ~5% of flights cause 80% of the contrail forcing ~201

m ~/0% reduction in forcing = ~0.1% increased cost

AE I:contrail [%]
A
o

m At scale (estimate)

~S1 - S10 per tonne COye abatement cost

0 2 4 6 8 10
Specific cost [$ / Tonne CO»e]

Teoh et al 2024; Frias et al. 2024; Contrails Notebook



https://acp.copernicus.org/articles/24/6071/2024/
https://dx.doi.org/10.1088/2634-4505/ad310c
https://notebook.contrails.org/the-cost-of-contrail-management/
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This will still cost the airline industry money

B 0.1% added fuel to global aviation ~ S230M / year

m |f SAF used, it will cost more R&l
. L. . . Infrastructure
m Air Traffic improvements will solve this 10%

Need to develop incentives once tech has been
refined and demonstrated at scale S

Contrails Notebook



https://notebook.contrails.org/the-cost-of-contrail-management/
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The path forward

B The tools exist, but need more real-world validation and testing

® Early results are promising, but still small scale

The critical work moving forward
® 1. Large-scale airline and airspace trials
m 2. Benchmark contrail forcing with observations

B 3. Develop near- and long-term incentives to integrate contrail aware operations
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Thank you

Contact

Marc.shapiro@contrails.org




Why do contrails matter?
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This among the lowest-cost climate interventions available

Contrail Avoidance
Contrails.org (2026)

Carbon Offsets (Voluntary)
MSCI Carbon Markets Report (2024)

Sustainable Aviation Fuel (SAF)
[CAO CORSIA SAF Assessment (2023)

Direct Air Capture
IEA Direct Air Capture Report (2023)

$0 $100 $200 $300 $400 $500 $600 $700 $800 $900 $1,000

I S0.50-$14 / tonne CO2e

- $5-5200 / tonne CO2e




~ Global deployment
of contrail avoidance

Effective Radiative Forcing

ERF

— Aviation CO,
& Contrails
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= = AviationCO; = i Aviation CO,
(historic & future) (historic only)

W/ m?
350 - e Airspace-Scale
Living Labs
300 A completed by
2030. .
250 - o The Uncertainty in the e Latest global E:ldetlU‘ﬂ
rate at which contrails around 2050 if satellite
200 A warmed Earth in 2018 & SYSte"TS change ?re
s + 7O% substantial and policy
0.
150 4 and scale up complex.
100 - _ -
o e —=- “"\@ Earliest global adoption
L i = T T e, Nersseestrereneantesisenanas — around 20389 if satellite
o & systems change are
2010 2020 2030 2040 2050 2060 Minor and policy and

scale up issues prove
relatively simple.

AlA 2025


https://report.aiazero.org/
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Chart title
Observation limitations
100%
. . Radiosonde Aircraft
B High accuracy observations generally have low . Sorsor
coverage 80% .
[ ] [ ]
o ground LEO
% amera
- GEO
9 .
=
S 40%
< °
Reanalysis
20%
0%
0.0% 0.1% 1.0% 10.0% 100.0%

Coverage [Log scale]

* Numbers either rough or placeholder currently



Observations

Observation limitations

B High accuracy observations generally have low
coverage

m Observations have various levels of data
processing

m Adopted a formal data process level hierarchy

®m | O: Raw, directly from the source

m [ 4: Outputs fromn models or analyses

H 29 Sep 2026

L2: Projected
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Conseguence for contrail metrics

Observations can be used to measure hit rate, but not false alarm rate
Observations are poor at confirming we
SRR OlssarEtiore of made a false alarm: hard to tell if forecast
. was wrong or observation just missed it

contrail regions

HIERAES (Recal Sk e Sl False Alarm Rate

o i i . o i . "
‘ are observed which Vliesed = . % of contrail region

were also forecasted Opportunity Alarms forecasts that are

false positives

%

Observations can tell us about missed
opportunities: we reliably detected a Observations
contrail, but never forecast one

Forecasts

Forecast of
Contrail Regions



Forecast confidence

Forecast benchmarking approach

m Forecast region

m Buffer

Hit rate (%)
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Trial Phasing

Pre-trial — Dry Full Trial Evaluation and
Runs Execution Iteration

Forecast Integration

Contrail forecasts  Procedures Avoidance Fuel, workload, Results

embedded in your agreed and mManeuvers and climate independently

dispatch and flight  tested; dry-runs executed on outcomes validated and

planning system and selective live  qualifying flights ~ measured and shared with the
runs confirm analyzed field

readiness before
full execution
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