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Abstract—The environmental impact of aviation has been the
subject of significant research efforts for several decades. While
reducing carbon emissions has reached a consensus across differ-
ent stakeholders, leading to efforts to reduce route inefficiencies
in air traffic management systems, other climate effects like
contrails have spurred a different kind of discussion in the
research community. Some research has rapidly moved into
the pre-operational phase, aiming to reduce the climate impact
of aviation by optimizing flight trajectories to avoid contrail
formation. Notably, recent commercial projects from Google and
Breakthrough Energy have been fast-tracking the operational
perspective of contrail avoidance. In our past research, we
have established a robust and fast methodology for trajectory
optimization to minimize contrail formation based on TOP, a
trajectory optimizer using the OpenAP aircraft performance
model.

In this paper, we address the practical challenges of im-
plementing contrail-aware routing strategies in the aviation
industry. We analyze the trade-offs between fuel consumption
and contrail avoidance, the impact of weather forecast uncer-
tainty on contrail mitigation strategies, the effects of contrail
mitigation on airspace capacity and network operations, and
the implications of contrail reduction strategies on the aviation
industry and regulatory frameworks. We use a dataset of flight
trajectories over Europe on a day with significant contrail
potential to conduct a data-driven analysis of these challenges.
Then, we demonstrate the potential difficulties in implement-
ing contrail-optimal routing in practice, especially concerning
the uncertainties in weather forecasts, airspace capacity, and
the responsibility for optimal routing. Overall, we argue that
contrail optimal routing should be approached with caution,
and it may not be as straightforward as promoted by some
stakeholders.

Keywords — climate, contrail, emissions, airspace capacity, tra-
jectory optimization

I. INTRODUCTION

The aviation sector contributes roughly 3% of global CO; emis-
sions, a figure that is likely to grow with increasing air travel
demand. Transitioning to net-zero emissions in aviation is fraught
with challenges: the availability of synthetic aviation fuels produced
with green energy remains limited, current aircraft technology is
constrained in its fuel efficiency improvements, and the economic
burden of adopting new decarbonization measures is substantial.
In practice, reducing emissions involves not only developing and
scaling up synthetic aviation fuels but also implementing operational
changes that require coordinated efforts among regulators, manufac-
turers, and airline operators. This intricate interplay of technical,
economic, and regulatory factors underscores the complexity of
achieving a genuinely low-carbon aviation future.
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In addition to CO, emissions, aviation contributes to climate
change through the formation of contrails—cloud-like streaks cre-
ated by the condensation of water vapor from aircraft exhaust in the
cold upper atmosphere. These contrails can evolve into cirrus clouds,
which trap heat in the atmosphere and have a net warming effect on
the Earth’s climate. The 2022 IPCC report noted that contrail clouds
account for roughly 35% of aviation’s global warming impact, which
is over half the impact of the world’s jet fuel. However, the exact
contribution of contrails to climate change remains debatable due to
the largely uncertain form of the most commonly used model [1]].

Recent research has intensified in this area, notably supported by
initiatives such as Google’s Project Contrails [2]. This research has
focused on the automatic detection of contrails in satellite images
using machine learning techniques [3]], [4], estimating areas where
contrails are likely to form, and optimizing flight trajectories to avoid
contrail formation [5], [6]. The use of ground-based cameras has also
been investigated as another source of images, an effort announced
by the EUROCONTROL [7].

Studies have shown that contrail formation can often be avoided
through modest altitude adjustments, typically within 2,000 feet,
while keeping fuel penalties minimal [8]], [9], [S]. The operational
feasibility depends primarily on air traffic management capacity
constraints and airline policies regarding cost trade-offs. Beyond
altitude adjustments, researchers have investigated contrail-optimal
routing strategies that incorporate meteorological forecasts and real-
time atmospheric data. By leveraging ensemble weather prediction
models and optimization algorithms, flights can be rerouted to avoid
regions where persistent contrails are likely to form [10], [11].

While these contrail mitigation strategies have demonstrated po-
tential for reducing climate impact, they introduce operational chal-
lenges, including increased fuel consumption, longer flight times,
and potential congestion in contrail-free sectors that are managed by
limited air traffic control resources. Recent studies have conducted
cost-benefit analyses to identify optimal mitigation approaches that
balance emissions reduction with economic viability [12], [13]. The
feasibility of climate-optimal routing has been proposed by some
previous studies or tested in less complex airspace environments,
such as trans-Atlantic routes [14], [L15], and through limited tri-
als conducted by EUROCONTROL [16]. However, the practical
challenges of implementing contrail-aware routing strategies remain
largely unexplored.

Optimizing individual flights to minimize contrail formation
presents several challenges. Firstly, adjusting each flight’s trajectory
to avoid regions prone to contrail formation can incur additional
environmental costs. It may result in increased CO, emissions due
to longer routes or greater fuel consumption from flying at lower
altitudes. Airlines also face elevated operational expenses when
routing through airspace and higher operational costs. Secondly,
optimizing flights on an individual basis might not yield the most
efficient outcomes for the global air traffic system. These trajectory



adjustments may lead to airspace capacity challenges. Thirdly,
reliance on forecast data further introduces uncertainties; current
weather forecasts are often insufficiently accurate for critical con-
ditions such as humidity that influence contrail formation. Finally,
the question arises as to who should be responsible for optimizing
contrail reduction: airlines, who are incentivized to minimize their
emissions, or air navigation service providers, who are responsible
for managing airspace and air traffic flow.

In this paper, we analyze one day, with conditions favorable
to contrail formation, of flight data over Europe to address these
challenges and provide insights into integrating contrail reduction
with global aviation climate impact optimization. Using this dataset,
we explore the trade-offs between fuel consumption and contrail
avoidance, assess the reliability of contrail reduction strategies
under weather forecast uncertainty, examine the potential effects
of monetizing contrail production, and discuss whether contrail
mitigation should be implemented at the airline or network level.

The structure of the paper is organized as follows. Section [[Ij out-
lines the key questions addressed in this study. Section |[1I} describes
the dataset and scenario used in this study. Section &laddresses
the trade-off between fuel consumption and contrail avoidance.
Section [Q7] investigates the impact of weather forecast uncertainty
on contrail reduction strategies. Section @ explores the effects of
contrail mitigation on airspace capacity and network operations.
Section@discusses the implications of contrail reduction strategies
on the aviation industry and regulatory frameworks. Finally, we
present concluding remarks about the results and their implications
for future research.

II. OVERVIEW OF THE QUESTIONS

In the following, we conduct a data-driven analysis to address
these questions, leveraging real-world air traffic and meteorological
data to quantify both the challenges and potential benefits of
contrail-aware routing. We expose in this section the challenges
attached to those questions:

1) The trade-off between contrail avoidance and increased
fuel consumption. The first key question concerns the trade-
off between increased fuel consumption and contrail avoid-
ance. To what extent is it justifiable to accept a rise in
CO, emissions in order to mitigate the climate impact of
contrails? A crucial aspect is quantifying the amount of
contrail reduction achieved for a given increase in fuel burn
and determining whether the avoidance can provide climate
or network benefit. This question is particularly relevant for
airlines seeking to balance environmental sustainability with
operational efficiency. By analyzing the relationship between
fuel consumption and contrail formation, we can assess the
feasibility of contrail-aware routing and its implications for
airline operations.

2) The uncertainty in weather forecast. Another fundamental
issue is the role of uncertainty in weather forecasts and its
effect on the effectiveness of contrail mitigation efforts. To
what extent can contrail-aware routing strategies be robust to
forecast inaccuracies, and how do these uncertainties impact
the overall climate benefits of contrail reduction in real-
ity? Contrail formation is highly dependent on atmospheric
conditions such as temperature and humidity, which can
be challenging to predict with precision. The accuracy of
meteorological models in identifying contrail-prone regions
is, therefore, a critical factor in determining whether contrail
avoidance can be planned.

3) The impact on airspace capacity The impact of contrail mit-
igation on airspace capacity and network operations is another
essential consideration. What are the implications of contrail-
aware routing on air traffic management efficiency, sector
workload, and delay propagation? Implementing contrail-

aware routing within existing air traffic management frame-
works introduces operational constraints, particularly in con-
gested airspace, where flexibility is already limited. Un-
derstanding the effects of contrail mitigation on airspace
efficiency, sector workload, and delay propagation is crucial
for assessing its feasibility. An important question is whether
mitigation efforts can be seamlessly integrated into trajectory
optimization frameworks without significantly disrupting air
traffic flows or overwhelming air traffic controllers.

4) The responsibility of contrail optimal routing. A key

question is who should be responsible for contrail mitigation
efforts: airlines or air navigation service providers? Should
contrail-aware routing be managed at the airline level or as
a coordinated global initiative? Introducing a contrail charge
could incentivize airlines to minimize contrail formation by
incorporating it into their cost index, making mitigation an
individual optimization problem similar to fuel efficiency.
However, unlike CO, emissions, contrails have non-linear
aggregation effects, meaning airline-level decisions may not
lead to the best overall expected climate outcome.
A network-wide approach, managed by regulatory bodies
or air navigation service providers, could optimize contrail
reduction more effectively by considering interactions be-
tween flights and airspace constraints. However, this raises
the challenge of quantifying contrail impact and designing a
fair economic mechanism. Establishing a standardized metric
for contrail charges or incentives would require improved at-
mospheric models, real-time data, and a regulatory framework
to ensure compliance and effectiveness.

We will attempt to bring elements to answer these questions based
on data whenever possible.

III. DATASET, SCENARIO, AND METHODOLOGY

To address the questions outlined in the previous section, we
use a dataset of flight trajectories over Europe on 20 February
2022. We obtain the flight data from the OpenSky Network[17], a
global open-source platform that provides real-time air traffic data.
In addition to the flight trajectories, we also use meteorological
data from the ERAS reanalysis dataset [18] and the Meteo France
ARPEGE forecast model [19] to estimate atmospheric conditions
such as temperature, humidity, and wind speed.

The date of 20 February 2022 is chosen as it represents a day
when the meteorological conditions are prone to contrail formation,
with high humidity levels for a large region over Western Europe.
This scenario allows us to analyze the impact of contrail-aware
routing strategies on a day with significant contrail potential. We
filter the dataset to include only cruise flights with altitudes above
25,000 feet with a minimum duration of 30 minutes.

total flights -
flights w/ contrails
0k 2k 4k 6k 8k 10k 12k 14k 16k
Number of flights

Figure 1. The number of flights (around 15k) in the dataset and flights with
persistent contrails (around 4k) over Europe on 20 February 2022.

We identify flights with persistent contrails by analyzing the flight
trajectories and meteorological conditions. Segments of persistent
contrails are calculated using the fastmeteo library proposed in
[20], which considers both the Schmidt-Applemann Criterion and
the ice-supersaturated regions. Over the approximate 15,000 flights
in the dataset, around 4,000 flights are identified as having persistent
contrails (Figure [T), which provides the base for the optimization
and rerouting. It is worth noting that the percentage of flights with



contrails is related to the meteorological conditions, and the number
of flights with contrails can vary significantly from day to day.

For each flight with estimated persistent contrails, we run several
alternative optimization scenarios to analyze the trade-offs between
fuel consumption and contrail avoidance and the impact of weather
forecast uncertainty. These optimal trajectories include:

o Fuel-optimal trajectories: The flight trajectory that minimizes
fuel consumption while adhering to air traffic management
constraints.

o Contrail-optimal trajectories with ERAS reanalysis data:
The flight trajectory that minimizes contrail formation with
reanalysis data, under 2% and 5% of extra fuel, respectively.

« Contrail-optimal trajectories with ARPEGE forecast data:
The flight trajectory that minimizes contrail formation using
forecast data, under 2% and 5% of extra fuel, respectively.

In total, five alternative trajectories are generated for each flight
with persistent contrails, allowing us to compare the trade-offs
between fuel consumption and contrail avoidance under different
scenarios. The optimization is conducted using the TOP trajectory
optimization framework [21]], which has been improved to be able to
integrate any four-dimensional cost gird with the non-linear optimal
control optimization approachﬂ

In the paper, the four-dimensional cost grid represents the for-
mation of persistent contrails at the 0.25-degree grid. Unlike our
previous research, where the fixed mass was assumed, to generate
the optimized trajectories, we use a simplified mass model based on
the range and load factor. The model can be expressed as:

M = Moew + Miuel + Mpayload (D
where
Mfuel = Mfuel,max * fr;mge (2)
mpayluad = (mmmw — Mfuel,max — moew) . fluad (3)
frange - Chp (R/Rmax, 02, 10) (4)
f load - 0.8 (5)

Ihttps://openap.dev/optimize/costgrid.html

Here, Moew, Mmiow, and Miemax represents the operating empty
weight, maximum take-off weight, and maximum fuel weight. Addi-
tionally, frange represents the fraction between actual flight range R
compared to the maximum range Rmax. fioad TEpresents the assumed
load factor.

The fuel estimation used in this study is based on the OpenAP
model [22]. Flight states, including altitude, speed, and vertical rate,
from the trajectory data are used to estimate fuel consumption.

In this paper, we emphasize the operational feasibility of contrail-
aware routing strategies, and hence, the optimal trajectories are
generated under heavy constraints. Namely, we constrain the optimal
cruise altitude to be only 2000 feet below the initial cruise altitude
and 2000 feet above the maximum cruise altitude.

Q1. CAN WE REDUCE CONTRAIL FORMATION WITH
REALISTIC EXCESS FUEL CONSUMPTION?

To address the first question, we analyze the trade-off between
fuel consumption and contrail avoidance. We compare the fuel-
optimal trajectory with contrail-optimal trajectories that require an
additional 2% or 5% of fuel. The optimal trajectories are generated
based on the persistent contrail conditions obtained from the ERAS
reanalysis data, which provides a more accurate representation of
atmospheric conditions compared to forecast data. In this case, we
want to see how much contrail reduction can be achieved with a
realistic amount of extra fuel consumption.

A. Example flight

In Figure 2] we show an example of a set of trajectories with
different objectives and constraints. The trajectories are color-coded
based on their objectives: fuel-optimal, contrail-optimal with 2%
extra fuel, and contrail-optimal with 5% extra fuel. The altitude
profiles of the trajectories are shown in Figure 3] where we can
observe the altitude changes made to avoid contrail formation.

In each of the sub-figures of Figure 2] we can see the time,
completed flight trajectories (in solid lines), and the corresponding
contrail formation regions at the closest altitude. The fuel optimal
route is along the great circle route, as wind is not considered in the
optimization to simplify the computation. The difference in the flight
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Grid Altitude: 34000 ft
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Grid Altitude: 34000 ft,~

— actual flight
fuel optimal
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actual flight — actual flight
— fuel optimal — fuel optimal

—— contrail (+2% fuel)
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Time: 2022-02-2018:04
Grid Altitude: 35000 ft
|
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Time: 2022-02-2019:29
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Time: 2022-02-2018:46
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Figure 2. An example of a set of trajectories between Canaries and Riga, Latvia, with different objectives and constraints.
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Figure 3. The altitude profiles of the example set of trajectories with different
objectives and constraints.

paths between the two contrail-optimal trajectories is evident. In this
case, the contrail-optimal trajectories consume little additional fuel
and are thereby able to avoid the more significant contrail formation
regions.

In the corresponding altitude profiles from Figure [3} we marked
the exact times when persistent contrails are formed for all different
trajectories. Compared to the fuel optimal trajectory, we only see
a significant decrease in contrail formation when 5% extra fuel is
allowed. The contrail-optimal trajectory with 2% extra fuel could not
converge to a trajectory that reduces the contrail formation compared
to the fuel-optimal trajectory.

It is worth noting that the optimal trajectory is strictly constrained
to be within 2,000 feet below the initial altitude and 2,000 feet above
the maximum cruise altitude. Under this constraint, it is not always
possible to avoid contrail formation altogether, especially when the
ice-supersaturated region is large vertically.

B. Quantitative analysis for all flights

In Figure [] and Figure [5] we show the statistical distributions
of all the flights in our dataset, together with the joint distribution
of contrail distance and fuel consumption for the contrail-optimal
trajectories with 2% and 5% extra fuel.

The top left quadrant of the figures represents the flights where
contrail formation is reduced with additional fuel consumption. The
top right quadrants represent the cases where both contrail formation
and fuel consumption are increased, indicating likely local minima
for the optimization. The bottom quadrants represent the cases
where trajectories yield less fuel consumption than the fuel-optimal
trajectory, which is what can happen when a feasible solution cannot
be found within the constraints.
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0.02 1
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Figure 4. Changes in contrail distance with respect to fuel consumption for
contrail-optimal trajectories with 2% extra fuel.
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Figure 5. Changes in contrail distance with respect to fuel consumption for
contrail-optimal trajectories with 5% extra fuel.
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Figure 6. Contrail distance for contrail-optimal trajectories with an upper
bound at 2% and 5% extra fuel

Most notably, both figures demonstrate a limited reduction in
contrail formation despite increased fuel consumption, as shown
by the histogram on the x-axis representing changes in contrail
distance. This suggests that contrail-aware routing strategies may
be ineffective in reducing contrail formation under strict altitude
constraints, even when allowing for excess fuel consumption. Fig-
ure[6] presents a boxplot comparing contrail distances for trajectories
optimized with 2% and 5% extra fuel allowances. Overall, the results
indicate that contrail distances are not substantially reduced with
additional fuel consumption, suggesting that the trade-off between
fuel use and contrail avoidance may be unfavorable in many practical
scenarios. We believe 5% of excess fuel (or carbon emission) is
already considered a significant cost. This further raises doubts
about whether airlines would be willing to accept further extra fuel
consumption for the contrail reduction.

Q2. CAN WE RELY ON WEATHER FORECAST DATA FOR
CONTRAIL REROUTING?

Many of the previous studies have been relying on the reanalysis
data to estimate the contrail formation regions. However, in practice,
airlines and air traffic management can only rely on weather forecast
data to optimize flight trajectories during the flight planning phase.
In this section, we investigate the impact of weather forecast
uncertainty on contrail-aware routing strategies. Specifically, we
compare the contrail-optimal trajectories generated using reanalysis
data with those generated using forecast data.

A. Comparison between ERAS and ARPEGE data

Figure [7] shows the persistent contrail formation regions over
Europe on 20 February 2022, computed using both ERAS reanalysis
and ARPEGE forecast data. While both datasets identify similar
regions for contrail formation, they differ in spatial resolution and
precision. These differences significantly influence the resulting
optimal trajectories. To improve the data quality, we applied a 3D
Gaussian smoothing filter (with a standard deviation of 2 grid points)
to reduce noise and sharp discontinuities in both datasets.

To illustrate the differences between optimal trajectories gener-
ated from different data sources, Figure [§]compares contrail-optimal
trajectories obtained using ERAS reanalysis data versus ARPEGE
forecast data for the same flight. Figure 0] shows the corresponding
altitude profiles, with segments where contrails formed according to
reanalysis data highlighted. In this simple trajectory example, there
is a significant discrepancy between the trajectories optimized using
forecast versus reanalysis data, highlighting how weather forecast
uncertainty impacts the effectiveness of contrail avoidance strategies.
The differences in contrail distance are approximately 120 and 60
nautical miles for the 2% and 5% extra fuel scenarios, respectively.

At the network level, we analyzed the contrail distance for
all flights in the dataset. Figure shows the contrail distances
for trajectories optimized using both ERAS5 reanalysis data and
ARPEGE forecast data, where the contrail distances are calculated
using the ERAS5 data. The boxplot reveals that contrail-optimal
trajectories generated using forecast data result in longer overall

Figure 7. Persistent contrail regions obtained from ERAS reanalysis data
(left) and ARPEGE forecast data (right) over Europe on 20 February 2022.

contrail distances compared to those using reanalysis data. This
difference further diminishes the potential contrail reduction benefits
when compared to fuel-optimal trajectories.

The results demonstrate that contrail-aware routing strategies can
be sensitive to weather forecast accuracy. For individual flights,
discrepancies in contrail formation regions between reanalysis and
forecast data can lead to substantially different optimal trajectories.
Overall, at the network level, forecast uncertainties further limit the
effectiveness of contrail mitigation strategies, potentially reducing
their expected climate benefits and reducing climate impact during
operations.

Q3. ARE CONTRAIL-OPTIMIZED TRAJECTORIES
SUSTAINABLE FROM AN AIR TRAFFIC FLOW MANAGEMENT
PERSPECTIVE?

While most studies focus on reducing contrail impact by ad-
justing individual flight paths, this approach overlooks broader air
traffic management implications. Similar to how not all aircraft
can operate at their fuel-optimal altitude due to ATC capacity
constraints, widespread adoption of contrail avoidance strategies
could significantly strain sector capacities and controller workload.

To assess these network-level impacts, we analyzed airspace
capacity at the Area Control Centre (ACC) level over Europe. We
calculated traffic density by counting aircraft within each ACC using
10-minute intervals throughout the study day. Then, we compared
actual traffic patterns against three optimization scenarios described
in Section m which include fuel-optimal trajectories and contrail-
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Figure 8. Contrail optimal trajectories obtained from ERAS reanalysis data
(left) and ARPEGE forecast data (right) over Europe on 20 February 2022.

optimal trajectories with 2% and 5% additional fuel allowances,
using ARPEGE forecast data.

Figure [[1] presents traffic volume differences, measured in 10-
minute intervals, for ACCs showing the highest variability. A right-
ward shift in distribution indicates increased traffic volume, while
a leftward shift shows decreased traffic. Fuel-optimal trajectories
generally maintain consistent airspace capacity, with most distri-
butions remaining Gaussian and centered around zero. The main
exception is Paris ACC, which handles the traffic at Paris airports.
This exception likely reflects the significant fuel inefficiencies in the
Paris ACC region due to non-direct routings.

Contrail-optimal trajectories show a different pattern. They tend
to reduce traffic in sectors most affected by contrail formation
(like Brest, Lisboa, and Madrid ACCs) while increasing controller
workload in neighboring sectors such as Bordeaux and Reims
ACCs. In extreme cases, some centers experience peaks of up to
15 additional aircraft simultaneously. Such increases could require
regulatory measures and cause delays, potentially undermining the
intended environmental benefits of contrail avoidance.

Overall, the results suggest that contrail-optimized trajectories
may not be sustainable from an air traffic flow management perspec-
tive. While they can reduce contrail formation in specific regions,
they may lead to capacity issues and increased controller workload in
other areas. This trade-off highlights the need for a more systematic
approach to contrail mitigation that considers network-wide impacts
and operational feasibility.
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Figure 9. The altitude profiles of the example optimal trajectories conducted
with ERAS reanalysis data and ARPEGE forecast data.
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Figure 10. Contrail distance for contrail-optimal trajectories with an upper
bound of 2% and 5% extra fuel

Q4. WHO SHOULD BE RESPONSIBLE FOR CONTRAIL
OPTIMAL ROUTING MITIGATION STRATEGIES?

A. Stakeholders’ perspectives

The implementation of contrail mitigation strategies raises com-
plex political, economic, and operational challenges. Unlike fuel
efficiency measures, which offer clear financial incentives, contrail
avoidance is not yet supported by a pricing mechanism that would
encourage airlines to adopt climate-optimal trajectories voluntarily.
As a result, the responsibility for implementing contrail mitiga-
tion strategies remains an open question, with possible approaches
ranging from airline-level initiatives, ACC-level, FIR-level, or even
regional frameworks (e.g., Eurocontrol and FAA)

One of the primary obstacles to an airline-centered market-
driven approach is the uncertainty in weather forecasting. Contrail
formation is susceptible to atmospheric conditions, and without
significant improvements in forecast accuracy, specifically regarding
the humidity and clouds, it is difficult to establish a reliable pricing
mechanism. Airlines may only be willing to participate in contrail
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Figure 11. Traffic variations at the ACC level under different trajectory
optimization scenarios.

mitigation efforts if a financial incentive or taxation scheme is
introduced, yet designing such a system is complicated by the lack
of consensus on how to quantify and price the climate impact of
contrails.

Additionally, if airlines are expected to take responsibility for
reducing their contrails, air traffic control would need to grant
them greater flexibility in route planning. However, under current
ATC constraints, airlines do not have complete freedom to optimize
their trajectories, making it unlikely that they will voluntarily adopt
contrail-mitigating strategies. This raises the question of whether
contrail mitigation should instead be managed at the ACC level or
at the network level, where traffic flows are already regulated.

B. Stakeholders’ monitoring challenges

Another critical aspect is the ability to monitor contrail formation
effectively. Current geostationary satellites, even next-generation
systems like Meteosat Third Generation (MTG), lack the spatial
resolution needed to accurately track contrails, while low-Earth orbit
satellites provide insufficient coverage. Ground-based cameras offer
higher resolution but minimal geographic coverage and are ineffec-
tive for nighttime contrail monitoring. Without reliable observational
data, enforcing contrail mitigation policies could prove difficult.

To examine contrail formation, we analyze satellite imagery.
Figure [T2] provides a satellite view of contrails over Western Europe
during our study period, along with the persistent contrails estimated
from flight data. The top image was captured by SEVIRI (Spinning
Enhanced Visible and InfraRed Imager) aboard Meteosat Second
Generation satellites and has been reprojected to center on Western
Europe. This image is a brightness temperature difference (BTD)
product, derived from the difference between IR 9.7 and IR 12.0

channels, which highlights contrails and clouds. In the bottom im-
age, we overlay flight trajectories from our dataset on the estimated
contrail regions (based on ERAS data) to compare observed contrails
with predicted formation regions.

Figure 12. (Top) Meteosat SEVIRI high-rate image data reprojected over part
of Western Europe on 20 February 2022, 11:00, provided by EUMETSAT
data services. (Bottom) Flight trajectories that predicted to form persistent
contrails between 10:00 and 10:45

In the satellite image, both contrails and cirrus clouds appear
as white features against a dark background. Linear white features
typically indicate aviation-induced contrails, while more diffuse
white regions suggest cloud formation. The contrail patterns slightly
visible over France align reasonably well with the regions predicted
to be conducive to contrail formation based on the Schmidt—
Appelmann criterion, as shown earlier in Figures[7]and [§] However,
we also observe large areas of clouds where contrails are not visible.

This comparison highlights several key observations. First, not all
aircraft traversing contrail-prone areas appear to generate persistent
contrails that can be observed in the satellite image, suggesting that
the theoretical predictions based on atmospheric conditions may
overestimate actual contrail formation. Second, the image reveals
significant cloud coverage in the region. While extensive research
has focused on the impact of persistent contrails in clear skies, their
interaction with existing cloud systems is not as well understood.

Contrails forming within or above existing clouds may have
different radiative forcing effects compared to those in clear sky
conditions due to changes in albedo and atmospheric moisture
content. This complexity raises questions about the reliability of
current optimization approaches that do not fully account for cloud-
contrail interactions.



C. Climate pricing

A further key challenge in designing a regulatory framework
is determining the appropriate climate metric for contrail pricing.
For example, should pricing be based on ATR20, ATRS50, or
ATR100 (which measure climate impact over 20, 50, and 100 years,
respectively)? The choice of time horizon significantly affects the
perceived severity of contrail-induced climate effects and could
lead to disagreements among stakeholders. Establishing a widely
accepted standard for contrail impact assessment is crucial for any
future regulatory or pricing mechanisms.

The climate impact of contrails is not uniform; compounded con-
trails, where earlier contrails influence the persistence and radiative
effects of subsequent contrails, add another layer of complexity.
Research suggests that earlier contrails may have a more signifi-
cant climate impact than later, overlapping contrails. Should future
regulatory frameworks account for this effect when evaluating the
climate impact of flights?

Overall, the question of who should take responsibility for
contrail mitigation remains unresolved. While airlines, ANSPs, and
regulatory bodies all have a role to play, achieving an effec-
tive and equitable solution will require international coordination,
improvements in forecasting and monitoring capabilities, and the
development of a standardized climate pricing mechanism.

Finally, the complexity of such a challenge can be shown in the
following diagram (Figure [I3). Currently, most of the pieces are
incomplete in making the contrail optimal routing a reality.
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Figure 13. Challenges in implementing operational contrail-optimal routing
practices. Contrail pricing is the central missing piece, which remains largely
infeasible given current research limitations.

CONCLUSION

In this paper, we considered a day of data over Europe in 2022
and computed some possible state-of-the-art optimizations in flight
plans designed to limit the contrail formation on that day. While it is
technically within reach to devise aircraft trajectories as solutions to
an optimization problem (QI)), the real impact of such measures is
still unclear. We addressed several limitations in terms of uncertainty
in the weather forecast (Q2), but also in the possible effect of those
contrails on climate, whether they occur in the clear sky, sum up on
top of each other, or appear within other clouds.

Today, airlines play a hide-and-seek game with network managers
when they file their flight plans, anticipating possible regulations or
possible flight plan changes in order to try to limit their CO, impact
as it directly relates to their operational costs. If airlines were to
submit flight plans designed to limit their contrail impact on climate,
typical capacity issues would most likely occur (Q3), leading to

a more complex game to resolve a multi-objective optimization
problem.

Lastly, the impact of contrail formation is at present still not
economically quantifiable (Q4), and there is no incentive for airlines
or airspace operators to limit their contrail impact on climate.
Furthermore, if any stakeholder were to be charged for the contrail
they produce, technology would be behind in terms of capabilities
to monitor any contrail formation and match it to a given aircraft.

Limiting aviation’s impact on climate remains a critical challenge.
While contrail mitigation strategies have been extensively studied in
academia, their implementation in real-world operations is still in
its early stages. We now have access to high-quality trajectory and
weather data, mature mathematical optimization tools, and sufficient
computational power to conduct robust simulations. However, even
then, the uncertainties associated with the climate impact of contrails
are still significant issues in the adoption of actual operations.

However, beyond technical advancements, progress also depends
on political decisions, regulatory frameworks, and scientists to refine
climate models and better understand contrail dynamics. Perhaps, as
seen in other sectors like energy, the immediate priority should be
achieving zero CO, emissions first, with other climate forcers, such
as contrails, addressed in a subsequent phase when contrail’s impact
on climate can be scientifically quantified.
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