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Abstract. Aviation contributes to anthropogenic climate change inter alia through carbon dioxide (CO3) and nitrogen oxides
(NOy) emissions, as well as contrails. Only a small fraction of flights accounts for a disproportionately large share of the
contrail-related CO»-equivalent (COseq), which might be mitigated through minor, spatially limited flight level adjustments.
This study investigates such pre-tactical operational contrail mitigation measures for the full air traffic through Northern Europe
for 16 days in 2023, aiming to reduce the sum of CO5 and non-CO- effects. The climate impact assessment follows the
European Union’s planned monitoring, reporting and verification (MRV) framework for non-CO, effects, here employing
the 100-year global warming potential (GWP100) as usually applied by the Intergovernmental Panel on Climate Change
(IPCC). On average, CO2 and non-CO; effects contribute equally to the total COzeq, with contrails and NO, having similar
magnitudes. Weather-related uncertainties from the ECMWF ERAS reanalysis ensemble are found to be comparably small.
Only 6% of the flights caused 80 % of the cumulative contrail-induced COseq. Trajectory adaptations could reduce about
48 % of the contrail effect in this study, at the cost of a fleet-wide fuel increase of circa 0.4 %. 40% of the contrail effect
could be avoided when limiting to fuel burn changes per optimized flight to < 5% or meteorological uncertainties < 20 %.
Approximately 28 % of the contrail effect could be mitigated without changes to the fleet-wide fuel burn due to the presence
of apparently non-fuel-optimal flight plans in the original air traffic dataset. On specific days, particularly during nighttime,
fractions of rerouted flights reached up to 17 %. However, only in the domains of 3 out of 11 air navigation service providers
were high total contrail COseq produced simultaneously, showing the spatial limitation of contrail formation areas. While flight
altitude changes slightly increase the occurrence of significant air traffic concentrations (4+3 % for 4-9 aircraft per 2° x 2° x
1000 ft x 10 min grid cell) and of small horizontal separations (+10% for minimal horizontal separations of 5 NM) in this
study, the frequencies of these conditions are still comparable to those observed for the original filed flight plans; thus, airspace

capacity on average barely limits climate optimization of flights. NOy-related climate effects were not substantially reduced,
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Figure 1. Overview of the airspaces managed by air navigation service providers belonging to the Borealis alliance. Only flights within this

combined airspace are optimized in this study.

reflecting their weaker spatial variability. Overall, the results demonstrate the feasibility of pre-tactical air traffic management
that avoids airspace regions identified as climate-sensitive by the applied climate assessment framework. While the study is
purely model-based and, thus, does not provide an assessment of real-world climate effects, it establishes the concepts and
procedures required for the future integration of contrail-avoidance strategies and climate-optimized trajectory planning into

operational decision-making and regulatory air traffic management frameworks.

1 Introduction

Aviation contributes to anthropogenic atmospheric warming (Penner et al., 1999), making up about 3.5 % in terms of effective
radiative forcing (Lee et al., 2021). This impact is attributed in similar parts to the emission of COs, NOy and contrail cirrus
formed from condensation trails, although the strength of the non-CO, effects is still relatively uncertain. In particular the
need to reduce aviation’s non-CO effects—and not only COz—has been increasingly recognized in recent years (Arrowsmith
et al., 2020), which led to the European Union’s establishment of a monitoring, reporting and verification (MRV) system for

non-CO,, effects, potentially leading to legislative measures for their reduction in 2028 (EU Directive 2023/958, 2023).
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Figure 2. Overview of the air traffic considered in this study, differentiating flight segments within Borealis alliance airspace (red) and

external (blue).

Contrails are caused by the emission of water vapor and aerosol particles (e.g., soot) from aircraft engines into sufficiently
cold and humid ambient air in order to trigger formation of liquid droplets via condensation and their subsequent freezing to
form ice particles (Schumann, 1996; Kércher, 2018). If the contrail formation takes place in ice-supersaturated regions (ISSRs),
the contrail can persist, potentially living more than 10 h (Vazquez-Navarro et al., 2015; Lewellen, 2014) until sedimentation,
sublimation, advection and dispersion finally lead to its dissipation (Burkhardt and Kércher, 2009; Schumann, 2012; Schumann
and Heymsfield, 2017). Similar to natural cirrus, contrails reflect incoming shortwave solar light and trap outgoing longwave
thermal radiation. The global net radiative effect is positive (Lee et al., 2021), while locally depending on contrail properties,
solar insolation, surface properties (e.g. albedo, surface temperature), and particularly the natural ambient cloudiness (Schu-
mann et al., 2012; Wolf et al., 2023). In fact, recent works have indicated that conditions allowing persistent contrail formation
exist mainly within subvisible or visible natural cirrus (Petzold et al., 2025), but on average such embedded contrails still have
a warming radiative effect (Seelig et al., 2025; Wang and Voigt, 2025).

The aviation-induced climate effect of NO, emissions is non-linear and therefore highly dependent on the spatio-temporal
location and evolution of emission (Dameris et al., 1998). NOy emissions from aircraft in the upper troposphere and lower
stratosphere modify atmospheric ozone (O3) and methane (CH,4) chemistry through short-term formation of O3, which has a
warming effect, and the depletion of CH,4, which leads to a cooling effect. As a secondary effect, the reduction in ambient CH,
causes a long-term reduction of Os, i.e., the primary mode ozone (PMO), and a decrease of stratospheric water vapor, both
effects resulting in a long-term cooling. The net NOy climate effect of these four components is complex, depends on location,
season and weather conditions, is subject to strong variability across different models, and is positive on average (Lee et al.,

2021; Cohen et al., 2025). Furthermore, there has been a trend of increasing aircraft NO, emission indices over the last decades
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(Quadros et al., 2022) due to the technology trade-off in gas turbines, where advances have favored higher fuel efficiency at
the expense of higher NO, emissions (Freeman et al., 2018).

There are different options to reduce aviation’s climate effect, including improvement of aircraft propulsion system effi-
ciency, development of new engines based on hydrogen combustion or fuel cells, usage of sustainable aviation fuels, or the
operational optimization of flight trajectories regarding their climate effect (e.g., Kircher, 2018; Voigt et al., 2026). Whereas
most of these solutions come with long preparation times (e.g., commercial aircraft have life cycles of multiple decades, Penner
et al. 1999), operational measures are expected to be feasible within a few years.

The avoidance of contrails is based on the physical properties of ISSRs. Due to their limited horizontal extent (relevant
scales of 100km, Gierens and Spichtinger 2000, see also Vazquez-Navarro et al. 2015; Wolf et al. 2024) and particularly
vertical thickness (around 100-1000 m, Spichtinger et al. 2003; Dickson et al. 2009), persistent contrails can be avoided
by rerouting aircraft around ISSRs (Mannstein et al., 2005). Depending on the geographical regime, 2—-12 % of all flights
cause 80 % of the atmospheric contrail impact (Teoh et al., 2020a, 2022a, 2024). A flight altitude change of 4 2000 ft' often
already allows significant reductions of the climate effect (Teoh et al., 2020a, b; Matthes et al., 2021; Sausen et al., 2024),
with vertical flight adjustments being favored over lateral reroutings (Rosenow et al., 2018; Liihrs et al., 2021). As necessary
trajectory adaptations to reduce contrail effects can cause increases in flight time and fuel burn, a trade-off (often given as
Pareto-fronts) between additional CO5 emissions and the reduction of contrail-related COseq must be found. The derivation
of the latter is sensitive to the choice of the climate metric, e.g., global warming potential (GWP), relative average temperature
response (rATR), etc., and the time horizon (Borella et al., 2024), with different choices stressing climate forcers and climate
changes slightly differently (Megill et al., 2024; Dahlmann et al., 2025), eventually turning a specific selection into a political
decision. However, if strongly warming contrails are formed, their COseq generally overcompensates potential CO5 costs of
flight reroutings independent of the climate metric choice (Kirschler et al., 2026). Consequently, case studies with different
modeling setups (including scenarios and climate metrics) find that fleet-wide fuel increases of < 1% enable reductions of
the climate effect by > 70% for contrails (Teoh et al., 2020b; Martin Frias et al., 2024) or around 50 % for the total climate
effect for a day with strong contrail formation (Liihrs et al., 2021). In recent years, multiple real world trials have demonstrated
the operational feasibility of diverting individual aircraft around airspace marked as contrail-sensitive (Sausen et al., 2024;
Sonabend-W et al., 2024; Kirschler et al., 2026; Ehrmanntraut, 2025).

In order to mitigate NOy climate effects, one can reduce the cruise speed (Simorgh et al., 2022), or fly constantly below the
tropopause (Castino et al., 2024). The latter leads to a wider spread of mean flight altitudes and an increase in the lateral flight
distance (Castino et al., 2024). However, generally model studies indicate that it is cheaper to reduce the total non-COs climate
effect by avoiding warming contrails than by reducing NOy effects (Castino et al., 2024).

When scaling up operational measures to the full fleet, additional difficulties arise for air traffic management (ATM) in

regions with high air traffic density, as avoiding contrail formation lowers the available airspace and, subsequently, increases

!Following common standards and practices in the aviation sector, aircraft altitudes and flight levels are given in feet in this work. It holds 1 ft = 0.3048 m
(Baucom et al., 2026). A flight level is defined as a surface of constant atmospheric pressure converted to feet assuming standard atmosphere with a surface
pressure of 1013.2 hPa and divided by 100 (ICAO, 2024).
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the flight concentrations in neighboring sectors or flight levels, air traffic complexity, and human workload (Andrews et al.,
2024). In simulations for the Japanese airspace, slightly less than 14 % of diverted flights experienced a loss of required aircraft
separation (Teoh et al., 2020b). The air navigation service provider (ANSP) Maastricht Upper Area Control (MUAC) estimated,
in a real-time simulation with human air traffic controllers, a 20 % capacity reduction under normal traffic conditions, and that
contrail avoidance might not be feasible in high traffic scenarios (Ehrmanntraut, 2023). In a multi-month tactical real-world
trial at MUAC, contrail avoidance through sector clearing was demonstrated to be feasible, although often constrained by ATM
capacity limitations (Sausen et al., 2024). Consequently, from an operational perspective, pre-tactical (airline-led) measures
might be preferred over tactical ones (Molloy et al., 2022; Ehrmanntraut, 2023), particularly in regions with dense air traffic.
However, as contrails interact with each other—directly via radiative transfers (Schumann et al., 2021b; Teoh et al., 2024;
Gierens, 2025) or indirectly by competing over available humidity (Burkhardt and Kircher, 2011; Schumann et al., 2015;
Unterstrasser et al., 2017b)—it is currently unclear whether contrails can be treated individually, or whether extended contrail-
sensitive airspaces should be cleared; the latter would require a central coordination of flight diversions (Ehrmanntraut, 2025).
Different factors introduce uncertainties in operational measures to avoid contrails. Weather forecasts are imperfect (Wolf
et al., 2024, 2025), and in particular (horizontal and vertical) edges of ISSRs are inaccurately predicted (von Bonhorst et al.,
2025), although lateral displacements are in the order of one flight-hour (Dean et al., 2025). Usage of generic aircraft/flight
settings influences the estimations of potential contrail climate effects used for trajectory optimization (Engberg et al., 2025).
Finally, model predictions are uncertain due to their incompleteness regarding physical processes covered and the usage of
parameterizations (e.g., Lee et al. (2021) assume an uncertainty of 70 % for contrails). A recently presented risk assessment
method by Prather et al. (2025) allows to quantify the chance of mitigation success by taking into account the mitigation
potential, its costs, and the before-mentioned model uncertainties; for contrail avoidance, this method indicates a high chance
of success (Voigt, 2025). Different future contrail avoidance implementation scenarios were studied by Smith et al. (2026).
This study presents work carried out within the SESAR (Single European Sky ATM Research) project CONCERTO ("Dy-
namic Collaboration to Generalize Eco-friendly Trajectories"), which aimed at reducing aviation’s total climate effect related
to non-CO,, effects by pre-tactical flight plan adaptations at flow level under consideration of meteorological uncertainties and
airspace capacity limitations. Focusing on the airspace of the ANSPs organized in the Borealis alliance (see Fig. 1), the full air
traffic of 16 representative days in 2023 (see Fig.2) was climate-optimized. The remainder of this work is structured as fol-
lows: Sec. 2 summarizes the assumed concept of operations, datasets and models. Results and their discussion are presented in
Sec. 3, including the unoptimized reference situation (i.e., the filed flight plans), the potential of different mitigation strategies

and their operational impact. Finally, conclusions are drawn and an outlook is given in Sec. 4.

2 Methods and data
2.1 Concept of operations

Within CONCERTO, a new possible concept of operations was proposed with the goal to reduce the total climate effect
(CO2 and non-CO-) of the full air traffic in a given airspace. Flight plans would be adapted pre-tactically, i.e., about 3—12h
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prior to departure and based on initial flight plans of the airspace users (AUs) filed to the network manager (NM, which is
EUROCONTROL in the case of Europe). The (automatized) selection of flights to be rerouted would be performed by flow
management positions (FMPs) within the individual air navigation service providers (ANSPs), and subsequently the rerouting
proposals of affected flights would be communicated to the AUs to update and re-file their flight plans to the NM.

CONCERTO’s concept of operations is split in multiple independent tasks. First, so-called "Eco-areas" (i.e., climate-
sensitive airspaces) are simulated by climate response models that rely on numerical weather prediction (NWP) data. They
are defined as airspaces where the total non-COs, effect exceeds a given threshold expressed in global warming potential for a
time horizon of 100 years (GWP100), although their occurrence is determined mainly by potential contrail effects (as shown
below). Predicting the total non-COs effect for each member of an input data ensemble, an Eco-area certainty is derived as
the fraction of simulations exceeding the before-mentioned threshold. Note that our Eco-areas are comparable to the SESAR
concept of "environmental hotspots" (which is, however, based on a different contrail model, climate metric and a different,
dynamic threshold definition, see ALARM 2022). Second, initial flight plans filed with the NM would be considered and
flights that cross an Eco-area are selected. Third, for the selected flights, climate-optimized trajectories are determined. Fourth,
savings in the total COseq, i.e., the sum of CO5 and CO2eq from non-CO- effects, are calculated, considering the weather
prediction ensemble to quantify the variability in COzeq. Fifth, from the set of identified and rerouted flights, a selection is
made by the FMPs, taking capacity consideration and operational constraints into account. This can potentially be automatized
based on predefined rules. Sixth, the affected AUs are informed and requested to consider the updated flight plan.

In this study, the following simplifications/specifications of the described concept of operations are made:

— The combined airspace of the ANSPs organized within the Borealis alliance is considered (see Fig. 1). This airspace is
suitable as most of them implemented a free route airspace (FRA), many even allowing cross-border FRA operations,
allowing more flexible operations as flights are not required to follow a defined route network. Whereas the original
motivation for FRA was to increase air space capacity and fuel efficiency (Majka and Pasich, 2022), FRAs are also an

important enabler to allow contrail avoidance.

— For the calculation of climate effects, the Contrail Cirrus Prediction Tool (CoCiP, Sec.2.3.1) is used for contrails and
the algorithmic climate change functions (aCCFs, Sec. 2.3.2) for the other gaseous non-CO5 emissions; this follows the

recommended setup for the non-CO, MRV (Eichinger et al., 2025). An exception is the sample day selection (Sec. 2.4).

— The calculation of the total non-COs effect and COseq is based on the global warming potential from a pulse emission for
a time horizon of 100 years (GWP100, see B), with the non-COy GWP100-threshold for Eco-areas defined as Towpioo =
0.995 (see Sec. 2.4 and compare the approach of Widmaier et al. 2026). Note that also the flight trajectory optimization

is influenced by the choice of the climate metric.

— Two different input data ensembles are used: For the Eco-area determination, a 10-member meteorology ensemble (see
Sec. 2.2.1), two typical aircraft (A321 with engine 04P10IA027 as a light and B77W with engine 01P21GE217 as a heavy

aircraft, see Widmaier et al. 2026) and two headings (northward and eastward) are considered (effectively leading to 40
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example for Eco-areas on 16 September 2023, 9:00 UTC, FL 360, and affected flight with vertical diversion
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Figure 3. Example showing Eco-areas for 16 September 2023, 9 UTC, at flight level 360 as shaded areas for agreements of 10 % (light grey),
50 % (grey) and 90 % (dark grey) in the 40-member ensemble. The original (bold) and optimized (thin) trajectory for a selected flight from
Keflavik (Iceland) to Stockholm (Sweden) is shown, with the altitude indicated by the color. Due to an extended Eco-area covering large
parts of Southern Sweden, Norway and extending all the way across the United Kingdom, the flight performs an early descend to dive under

the Eco-area in the area indicated by the rectangle.

members), comparable to the approach by Engberg et al. (2025). For the flight-specific evaluation, only the 10-member

meteorology ensemble is considered (aircraft type and heading are well-defined in this case).

— Following a conservative approach to keep the amount of missed mitigation opportunities minimal, flights are selected
based on Eco-areas with 10 % certainty, i.e., at least 4 out of 40 ensemble members must predict an Eco-area at a given

point.
— No operational or capacity constraints from FMPs are considered during the selection of flights for optimization.

An example for different Eco-areas and a flight that experiences a rerouting is shown in Fig. 3.
2.2 Data
2.2.1 Meteorology

Climate effects are simulated by response models based on the ECMWF (European Centre for Medium-Range Weather Fore-
casts) ERAS 10-member reanalysis ensemble (Hersbach et al., 2020). It has a horizontal resolution of 0.5° x 0.5°, consists
of 37 pressure levels, and is available every 3 hours; thus, it is lower resolved than the single ERAS hourly, high resolution
realization. As NWP models still have problems in accurately and consistently representing ice supersaturated regions (e.g.,
Gierens et al., 2020; Wolf et al., 2025; Dischl et al., 2022; Wang et al., 2025), a correction of the relative humidity is needed.
Here, the humidity scaling of Teoh et al. (2022a) based on a comparison with in-situ measurements from IAGOS (In-service

Aircraft for a Global Observing System) is applied (with a = 0.9779, b = 1.635 and an upper clipping of 1.65, see their Eq. 1).
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2.2.2 Air traffic

Actual flight plans filed to EUROCONTROL were collected. They were converted to flight trajectories using aircraft per-
formance calculations based on EUROCONTROL'’s base of aircraft data (BADA3) with standard mass assumptions (EURO-
CONTROL, 2022). Only flights which at least partially traverse the Borealis alliance airspace at the study dates 4- 24 h were
selected. Given typical ISSR and contrail sizes and aircraft cruise speeds, the flight trajectories are upsampled to a temporal
resolution of 60 s to resolve contrail formation along the flight path (Schumann et al., 2021b; Teoh et al., 2022a). Based on
trajectory start and end points, callsigns and aircraft types, multiple filters were applied to remove potentially duplicated flight
plans (A).

Note that this air traffic data—in contrast to, for example, ADS-B (automatic dependent surveillance — broadcast) data—
does not represent actually flown trajectories and, thus, does not include trajectory alterations due to operational impacts (e.g.,
delayed aircraft takeoffs, directs offered tactically to the pilots by air traffic controllers, flight reroutings due to unpredicted se-
vere weather events). Thus, our air traffic data differs from actual historical flight data as often used in other studies (Schumann
et al., 2021a, b; Teoh et al., 2022a, 2024; Borella et al., 2024).

2.3 Models
2.3.1 Contrail Cirrus Prediction Tool (CoCiP)

The Contrail Cirrus Prediction Tool (CoCiP) is a Lagrangian contrail plume model including various physical processes in
parametrized form, and based upon meteorological data, flight trajectories and settings including aircraft, engine and fuel
type (Schumann, 2012). First, the aircraft performance (including fuel burn and engine efficiency) along the flight trajectory
is simulated using the base of aircraft data (BADA3) performance tables (EUROCONTROL, 2022). Second, emissions of
non-volatile particle matter (nvPM) are calculated from the fuel burn and the ICAO aircraft engine emission databank (EDB)
when covered, alternatively using approximations based on the gaseous emissions covered by the ICAO EDB or constants
(Teoh et al., 2022b, a; Stettler et al., 2013; Abrahamson et al., 2016). Here, Jet A1 fuel is assumed for all flights. Third, for
each flight segment a contrail is formed if the Schmidt-Appleman criterion (SAC) is fulfilled (Schumann, 1996). Fourth, the
wake vortex downward motion is considered with a parameterization of the probabilistic two-phase vortex decay and transport
model of Holzépfel (2003) and spatial displacements due to wind shear. A Gaussian concentration profile is assumed, whose
position, size and shape can change over the contrail’s lifetime. Fifth, the initial ice water content and the ice particle number
are estimated, taking adiabative heating, particle loss processes and limited ice activations in parameterized form into account
(Schumann, 2012; Briuer et al., 2021). Sixth, the further development of the contrail’s micro- and macrophysical properties
takes place iteratively (here with a timestep of 30 min) by advection and wind shear within the 4D meteorological fields and
using parameterizations of particle sedimentation, aggregation and sublimation (Schumann, 2012). The contrail reaches its
end of life when it reaches a predefined age (here set to 12 hours), or if one of its microphysical, macrophysical or radiative
properties lies outside predefined, physical ranges. Finally, the atmospheric impact is evaluated by calculating the contrail-

related net local radiative effect, i.e., the instantaneous change in the local radiative energy balance, using a parameterization
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(Schumann et al., 2012) of the radiative transfer model libRadtran (Mayer and Kylling, 2005). The time integral of the product
of local radiative forcing (RF) and contrail size is called energy forcing (EF) and attributed to the producing flight segment.

Instead of this trajectory-based application, the CoCiP model can also be applied to small, generic flight segments at each
point of a 4D grid, effectively producing a scalar field of potential contrail impacts (Engberg et al., 2025) that can be used to
identify climate-sensitive airspaces (here Eco-areas) or to optimize flight trajectories.

Notable limitations of CoCiP include neglected radiative interactions between contrails in the grid mode (Schumann et al.,
2021b; Teoh et al., 2024; Gierens, 2025), missing humidity feedbacks affecting both the interaction between contrails (Schu-
mann et al., 2015) and between contrails and natural cirrus (Burkhardt and Karcher, 2011; Unterstrasser et al., 2017b). The
high degree of parametrization of physical processes in CoCiP—compared to, for instance, large eddy simulations (Lewellen
et al., 2014; Lewellen, 2014; Unterstrasser et al., 2017a, b)-might cause non-negligible inaccuracies. When comparing CoCiP
against the higher-fidelity Aircraft Plume Chemistry, Emissions, and Microphysics Model (APCEMM), Akhtar Martinez et al.
(2025) found 3.8 times larger time-integrated total extinctions for APCEMM, and opposite sensitivities with respect to the
relative humdity. Despite that, CoCiP has been thoroughly compared with ground cameras (Schumann et al., 2013), satellite
observations (Schumann and Graf, 2013; Schumann et al., 2017, 2021a, b; Schumann and Heymsfield, 2017; Teoh et al., 2024;
Wang et al., 2025), and in-situ measurements (Voigt et al., 2010, 2022; Harlass et al., 2024; Dischl et al., 2024; Mirkl et al.,
2024).

Here, CoCiP is used as implemented in the Python package pycontrails version 0.50.2 (Shapiro et al., 2023) together with
the BADA-wrapper pycontrails-bada version 0.5.3.

2.3.2 Algorithmic climate change function (aCCF)

Algorithmic climate change functions (aCCFs) are weather-dependent response functions that approximate the spatially and
temporally resolved climate effect of aviation emissions over the North Atlantic flight corridor (NAFC) at cruise altitudes (van
Manen and Grewe, 2019; Yin et al., 2023; Dietmiiller et al., 2023). They were derived by statistical fits to climate change func-
tions (CCFs) that were calculated by computationally demanding climate—chemistry simulations using Lagrangian methods
(Grewe et al., 2014; Fromming et al., 2021). The currently available prototype aCCFs are computationally light and available
for relevant non-CO5 emissions, i.e., NO,-induced O3 and CH,4, HO, and contrails. The current aCCF formulation is based on
five typical winter and three summer weather patterns within the NAFC for pressure levels between 200-400 hPa (Fromming
et al., 2021; Yin et al., 2023); the usage of the aCCFs elsewhere and for other seasons is an off-design application, poten-
tially limiting their accuracy. Here, we limited our investigation to the vertical extent of 150-400 hPa. The climate response of
gaseous non-CO- emissions was assumed to be zero at pressures >400hPa and <150 hPa; the same limitation was applied
to CoCiP results to enable a fair comparison of contrails and other non-CO; effects. Following the current recommendations
for the non-CO5 MRV (Eichinger et al., 2025), the aCCFs for NO, and H2O are used in version 1.0A which includes factors
to align original aCCF results to the considerably lower values of the climate response model AirClim (Simorgh et al., 2024),

whereas for contrail effects the original CoCiP version (without alignment to a climate model) is applied. We use the open-
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source Python library CLIMaCCF (Dietmiiller et al., 2023), which provides an implementation of the aCCFs, using its version
dated 6 September 2024 (GitHub commit 6d5696a).

2.3.3 Flight trajectory optimizer

Generally, two different approaches for a trajectory optimization are possible: minimization of a cost function including CO2
and non-CO,, effects, or defining airspaces which should be completely avoided (Niklaf et al., 2019; Engberg et al., 2025).
Here, we follow an intermediate approach using a very simple experimental trajectory optimizer. For a flight crossing an Eco-
area, its corresponding entry and exit points along the trajectory are determined. Up to 100 alternative trajectories are created
with local vertical deviations to lower flight altitudes, varying a) the start and end points of the rerouting, and b) the altitude to

which the flight is lowered. For each alternative trajectory, the cost function c is evaluated between the entry and exit point,
c= dEcofarea —k- hmean . dtotah (1)

with the mean flight altitude hpean, the total distance of the flight trajectory dio,, and the flight distance crossing the Eco-area
dEco-area- The factor k = 1.6 x 10~*m~"! was selected by manual fine tuning to achieve a trade-off between the avoidance of
the Eco-area and flying at higher, more fuel-efficient flight altitudes. The trajectory with the lowest cost c is accepted if the fuel

burn increase stays below 2 %, otherwise no trajectory optimization is conducted.
2.4 Sample selection

We identified a set of 16 sample days in the form of 8 consecutive two-day blocks distributed throughout the year 2023 (see
Table 1). Blocks of 48 h were chosen to include full flights during day and night, such as overnight trans-Atlantic flights. The
selection considers different seasonality (summer months including May to September, and winter months including November
to March), type of day (weekday, weekend), and daily climate effect scenarios ("normal”, "large"; see definition below). In
order to select these days, we analyzed 4 full months (March, June, September, December) of Borealis air traffic in 2023.
Flight numbers in the Borealis area show seasonal variability: In summer (June, September), daily flights averaged to 11151 and
9621, respectively, while in winter (March, December) they averaged to 8085 and 8184. Weekdays experienced higher air traffic
than weekends for three months (June, September, December), with significant differences in June. During March, weekends
were slightly busier than weekdays. The two climate effect scenarios refer to days in which the total length of all simulated
flight segments exceeding a non-COy GWP100 of Tgwpioo = 0.995 is close to the monthly mean ("normal") or exceeds it
significantly ("large"). For a robust selection, we chose sample days for normal and large climate effects based on the qualitative
agreement of two different modeling approaches for the climate effect: Approach (1) uses CoCiP for contrails and additionally
the NO and H2O aCCFs for gaseous non-CO5 emissions, the BADAS3 aircraft performance model (EUROCONTROL, 2022),
and the climate metric GWP100 for pulse emissions. Approach (2) uses the aCCFs for both contrails and NOy, the Poll-
Schumann aircraft performance model (Poll and Schumann, 2021), and the climate metric rATR20 for pulse emissions. Both

approaches use deterministic ECMWF ERAS reanalysis data (in contrast to the meteorology ensemble data used otherwise in
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this work, see 2.2.1) and air traffic data within a rectangular boundary box covering Borealis alliance airspace, resampled to
one minute resolution (see 2.2.2).

Approach (1) also allowed to derive the non-COy GWP100 threshold Tweioo as the 20 % percentile (an ad hoc decision
based on reports of similar quantiles in Teoh et al. 2020a, 2022a, 2024) of the cumulative non-COy GWP100 (including
positive and negative effects) of all simulated flight segments of the full 4 months for the complete Borealis domain. Using
the same simulations, weights were determined to approximate weighted averages for the full year (see Table 1). Each weight
denotes the fraction of days within the considered 4 months that are represented by a sample day based on the similarity of the
corresponding flown distances above Tgwpigo- Note that this weighted average might slightly overestimate annual results as

days with particularly small climate effects are not considered specifically.

#  Season Day Climate Selected Weight
effect days

1 Summer Weekday Normal June 7 0.197
June 8 0.082

2 Summer Weekday Large June 13 0.016
June 14 0.09

3  Summer Weekend Normal Sep 2 0.041
Sep 3 0.016

4  Summer Weekend Large Sep 16 0.025
Sep 17 0.025

5  Winter Weekday Normal Dec 27 0.041
Dec 28 0.098

6  Winter  Weekday Large Dec 21 0.041
Dec 22 0.008

7  Winter  Weekend Normal Mar 18 0.213
Mar 19 0.074

8  Winter  Weekend Large Dec 16 0.016
Dec 17 0.016

Table 1. Selected sample days varying in seasonality ("summer" covers May to September and "winter" the months November to March),
type of day (weekday or weekend, with weekdays tending to have increased air traffic volume), and climate effect ("normal" denotes days
with typical climate effect, "large" indicates unusually high climate effect, see text). Two consecutive days (48h) in 2023 were selected per

case. For each day, a weight is provided to determine a weighted mean as an estimate for the annual average.
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Figure 4. 10-member ensemble mean CO2 and CO2eq emissions per date from all waypoints within the Borealis alliance airspace for the
original air traffic. The contrails bars represent the sum of warming and cooling contrails, and the non-CO2 bar shows the sum of contrails,

NOy and H2O. The uncertainty range indicates the 95 % confidence interval of the mean for the 10-member meteorology ensemble.

3 Results and discussion
3.1 Reference situation

In total, the comprehensive set of 145092 flights with at least one trajectory waypoint within Borealis alliance airspace at
the study dates are considered as a reference. Of those flights, 19.4 % completely stay within the Borealis alliance airspace,
whereas 80.6 % enter and/or leave it. Consequently, 29.1 % of all waypoints are located inside and 70.9 % outside of Borealis
alliance airspace (compare Fig.2). Therefore, we differentiate in the evaluation between an ANSP perspective (considering
only waypoints within Borealis alliance airspace at the study dates, taking incomplete flight trajectories into account) and an
AU perspective (considering all waypoints of flights with at least one waypoint inside the Borealis alliance airspace at the study
dates); thus, in the AU perspective also waypoints outside the Borealis alliance airspace or at days before or after the selected

study days might be included.

3.1.1 ANSP-perspective

The COzeq emissions per date and per species are shown in Fig. 4. The forcers show different temporal variability and effect:
The effects from CO5 and NOy vary only slightly as they depend mainly on the number of flights/the total flight distance;
additionally, the effectiveness of the NOy climate effect has a weak seasonal dependence (Castino et al., 2021), see also D.

Contrails vary strongly between around 0kt and 200 kt, indicating that contrails are also the main factor in the definition

12
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Figure 5. Heatmaps based on all waypoints in the original air traffic within Borealis alliance airspace at the study days, showing a) the total
number of flights, b) the mean fuel consumption per flight distance, c) the mean flight altitude, d) the total CO2eq from warming contrails,

e) the mean GWP100 of warming contrails, and f) the mean CO2eq of warming contrails per flight distance.
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of the Eco-areas. The weighted annual means are (88.6202 +0.0006) kt d~! for CO,, (42.5+0.5) kt d~! for contrails, and
(50.508 +0.002) kt d~! for NO,, showing that the combined non-CO effect has about the same size as the COs.

The study days 16—17 September, 16—17 December, 21-22 December show significantly larger contrail effects than the rest
of the study periods which agrees with their initial classification, see Table 1. The fourth period initially predicted to have
a large climate effect (13—14 June) actually has a contrail effect close to zero (Fig.4). This might be explained by the fact
that the initial classification in the sample selection was based on deviations from monthly averages, with summer season
being overall less favorable for persistent, strongly warming contrails (Teoh et al., 2022a, 2024; Dischl et al., 2022; Kaufmann
et al., 2024). During the days in spring, summer and fall both warming and cooling contrails are produced, whereas nearly no
cooling contrails are produced at the days in December. For the 3 September, the net contrail effect is cooling for the complete
confidence interval, whereas the confidence interval includes positive and negative values for 7 June. Generally, the confidence
interval of the contrail mean impact is notably larger than for CO, and NOy but still remains small relative to the contrail mean
impact for the study periods in late-September and December (around 10 %).

As the contrail climate effect has the largest variability, the temporal and spatial distribution of the effect of warming
contrails in the ANSP sectors is shown in Fig. 5. During the days with large climate effect in late-September and December,
the largest contributions in terms of total COzeq from warming contrails come from only few airspaces (Shanwick Oceanic,
EGGX; England, EGTT; Sweden, ESAA). Other airspaces are hardly affected during this time, e.g., Bodg Oceanic (ENOB),
whereas Estonia (EETT) and Latvia (EVRR) have significant contributions only on 16 September. Whereas the high impact
for England coincides with the fact that this airspace experiences the most flights (see Fig. 5a), this argument does not hold for
Shanwick Oceanic. Instead, the combination of the localized presence of conditions favoring persistent and strongly warming
contrails and the typical high flight altitudes for a large fraction of the cross-Atlantic air traffic (see Fig. 5¢) most likely explains
the strong impact over the Atlantic airspace. For example, Teoh et al. (2024) modeled that globally the North Atlantic flight
corridor has the highest ratio of energy forcing to total flight distance. If the CO2eq from warming contrails is normalized
with the flight distance (see Fig. 5f), other sectors stand out, including Finland (EFIN), Estonia (EETT) and Latvia (EVRR)
on 16 September and Bodg Oceanic (ENOB) on 21-22 December, indicating that the few flights in those domains produce
very high contrail climate effects. When normalizing the COseq from warming contrails with the CO5 emission (corresponds
to GWP100, see Fig. 5e), the situation is similar, although Bodg Oceanic (ENOB) has only an average value in this metric
due to the extraordinary high mean fuel consumption per flight distance (see Fig. 5b). Although it cannot be concluded that
certain Borealis alliance airspaces are more susceptible for strongly warming contrails from this study, Fig. 5d demonstrates

that typically only a fraction of its airspace is affected at the same time.
3.1.2 AU-perspective

Fig. 6 shows the normalized cumulative distributions of CO2eq against the fraction of all flights, and against the fraction of the
total flight distance. The main contribution from CO2, NOy and contrails are caused only by a fraction of the flights. However,
those are not necessarily the same flights (distributions are sorted separately in Fig. 6). Considering the CO-eq relative to the

flight distance, the contributions from CO3 and NOy are much more homogeneously distributed over all flight distance. Thus,
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Figure 6. Normalized cumulative values for CO2eq per fraction of all flights with at least one waypoint within the Borealis alliance during
the study periods for the original air traffic (upper row) and per fraction of total flight distance for the same set of flights (lower row). Each
species is sorted individually (i.e., the flight with the highest contrail climate effect not necessarily has also the highest NOx climate effect).

The graph for cooling contrails is positive due to its normalization.

the fact that 80 % of the CO5 and NO,, emissions are caused by 24 % and 16 % of all flights, respectively, is explained mainly
by the fact that these are long-haul flights, burning large amounts of fuel and, thus, producing large amounts of CO5 and NOx.
This cannot easily be mitigated. It also shows that aviation climate effects should always be evaluated relative to the flight
distance (or fuel burned) when comparing the different non-CO; effects.

For contrails, the situation is different: Around 20 % of the flights produce significantly cooling and 30 % produce warming
contrail segments. 80 % of the total contrail COzeq is caused by only 6 % of the flights. This agrees quantitatively with similar
attributions of 12 % of all flights when considering the North Atlantic (Teoh et al., 2022a) and 2 % globally (Teoh et al.,
2024) when considering cumulative energy forcing (which is proportional to our CO-eq definition, see B). With respect to the
overall flight distance, < 2% cause 80 % of the total contrail COseq. The attribution of the contrail climate effect to only few

flights/flight segments also allows an effective contrail avoidance with only limited operational costs.
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Flight Climate Flight Share of  COzeq/t GWP100 CO2eq/dist.
type effect distance / km flights / % /kgkm™!
CO>
long-haul / 7659 194 158.4 1 20.1
medium-haul / 2288 30.9 20.5 1 8.9
short-haul / 798 49.7 6.8 1 8.3
Contrails
long-haul large 7203 23 623 +£13 5.6+0.1 86+2
long-haul medium 7690 13.8 53+1 0.30£0.01 6.61+0.1
long-haul small 7847 33 —47+2 —-0.31£0.01 —-6.1+0.3
medium-haul large 2355 53 222£8 10.8+0.4 98+4
medium-haul  medium 2274 20.2 4+£0.2 0.18£0.01 1.6240.09
medium-haul small 2272 54 —19+1 —0.99+£0.05 —-89+04
short-haul large 1002 4.9 104+6 11.14+0.6 99+5
short-haul medium 749 41.0 0.8+£0.04 0.086+0.004 0.79+0.04
short-haul small 1065 3.8 —-11+08 —-1.12+£0.09 —-9.6+0.7
NO«
long-haul large 8108 10.3 157 0.8 19
long-haul medium 7153 9.0 78 0.6 10
long-haul small 6172 0.1 3 0.1 0.4
medium-haul large 2590 1.8 20 0.8
medium-haul  medium 2270 28.9 10 0.5 4
medium-haul small 2112 0.2 0.4 0.1 0.2
short-haul large 1209 0.4 5 0.7 4
short-haul medium 930 37.1 3 0.4 3
short-haul small 388 12.3 0.1 0.02 0.2

Table 2. 10-member ensemble mean per flight for the CO2eq, the COz2eq per CO2 emission (equals GWP100), and the COzeq per flight
distance. Considered are all waypoints of flights with at least one waypoint inside the Borealis alliance airspace at the study days for the
original air traffic. The uncertainty range indicating the 95 % confidence interval of the mean for the 10-member meteorology ensemble is
given for contrails only as weather-related uncertainties are 2 or more orders of magnitude smaller than the means for CO2 and NOy. Flights
are grouped per type according to their flight distance following EUROCONTROL (2011) ("long-haul": > 4000 km, "medium-haul": 1500-
4000 km, "short-haul": < 1500 km), and their GWP100 ("large": > 87.5% percentile, "medium": between 12.5 % and 87.5 % percentile,

"small": < 12.5% percentile; percentiles determined species-specific). The share of flights and a mean flight distance are given per category.
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Table 2 shows mean values for the per flight COseq as well as COzeq per fuel burned and per flight distance. Flights are
grouped based on their flight distance (short-, medium- or long-haul) and their GWP100 (small, medium or large climate
effect); see caption of Table 2 for definitions. The CO, emission per flight distance agree well with literature values, e.g., a
long-haul A350-900 flight has a fuel burn of approximately 6.5 kg(fuel) km~! (Aircraft Commerce (2018); corresponds to
20.5kg(CO2) km™1; here 20.1 kg(CO2) km ') and a short-haul A319 burns 2.9 kg(fuel) km~! (Aircraft Commerce (2005);
equals 9.2 kg(COy) km~!; here 8.3kg(COy) km~!). Regarding NO,, Table 2 shows again a strong dependence on the flight
distance: most flights with large climate effect are long-haul flights, whereas most flights with small climate effect are short-
haul flights. Also the NO,-related COyeq per flight distance increases from short- to long-haul flights, caused by differences
in typical flight altitudes and aircraft types. However, for contrails we find that small and large climate effects are relatively
equally distributed between short- to long-haul flights. Also, the contrail-related COseq per flight distance remains relatively
constant (same order of magnitude) for flights with large/small climate effect but different flight lengths; amplitudes for COzeq
per flight distance are largest for short-haul flights. Cooling contrails occur with similar frequency for all flight lengths. Overall,
Table 2 shows that for contrails the absolute effects increase in amplitude with flight length (i.e., longer flights produce more
contrail-related CO2eq), whereas the normalized effects decrease (i.e., shorter flights are more efficient in producing contrail-

related CO2eq emission).
3.2 Mitigation strategies

In the following, the consequences of an optimization of the full air traffic are discussed, focusing on reductions in the climate

effect and on operational impacts (including amount of flight plan modifications, airspace congestion, and aircraft separations).
3.2.1 Climate effect

Based on the Eco-areas, about 12.8 % of all flights were selected and a climate-optimized trajectory was derived by avoiding
these Eco-areas. Reevaluating these trajectories with flight-specific model calculations showed that the total COseq was re-
duced for all members of the 10-member meteorology ensemble for 46 % of the optimized flights, and reduced in some of the
ensemble members in additional 39 % of the cases. This demonstrates the robustness of the investigated mitigation approach
despite the simplicity of the concept of operations and the trajectory optimization, as well as the limitations of the applied
climate response models.

The COseq was reduced in none of the ensemble members only for 15 % of the optimized flights. This can be explained by
the usage of generic climate effect field calculations instead of flight-specific properties such as the aircraft type (in particular
due to the conservative approach pursued here by considering Eco-areas with 10 % certainty, see Sec.2.1) or the fuel burn.
Additionally, the selection of flights and their trajectory optimization was performed based on the Eco-areas, which were
derived with a temporal resolution of 3 hours (i.e., the temporal resolution of the meteorological data) and kept spatially fixed
in the meantime. In contrast, the flight-specific simulation of non-CO, effects was based on the same meteorological data
which, however, was linearly interpolated both spatially and temporally to the flight waypoints. This difference can lead to

cases in which a flight is assumed to cause a significant non-CO» effect (i.e., it crosses an Eco-area) but the more accurate

17



Preprint. Discussion started: 14 August 2026

(© Author(s) 2026. CC BY 4.0 License. J E

https://doi.org/10.5194/jecats-2026-14 M
DISCUSSIONS \)

o (a) o (b)
> 1.0 > 1.0
© ©
1] [}
$ 0.81 0.8+
@] @)
O 0.6 © 0.6
S 8 flights
2044 2 0.4 with lower flights
€ = confidence with lower
3 0.21 == full flight trajectory (i.e. all waypoints) 302 interval confidence
) . . . : . bound interval
€ 50l —— only waypoints within Borealis domain € 50, > 1% mean bound > 0
o T T T T T T T T o T T T T
c 0 1 2 3 4 5 6 7 8 9 < 0 10 20 30 40 50
© fraction of flights modified fleet-wide / % ) ratio standard error to total CO,eq saving per flight / %
o (C (=)}
C c
© (o]
w 7]
g 0.8+ 0.8
(@) @)
O 0.6 O 0.6
s B
2 0.4+ 2 0.4
IS 1S
3 0.2 302
g 0.0 ‘ . . . g 0.0 : : . . : .
= 0 20 40 60 80 100 = 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
©) fraction of flight distance modified per flight / % 0 fraction of flight distance modified fleet-wide / %
o (e o
c c
§ 1.0 _— § 1.0
= 0.8 / = 0.8
(@) o
© 0.6 © 0.6
s I
2 0.41 8 0.41
1S 1S
3 0.21 202
g 0.0 . . . . § oot !l . . ]
c =10 -5 0 5 10 15 20 < -0.1 0.0 0.1 0.2 0.3 0.4
change in fuel burn per flight / % change in fleet-wide fuel burn / %

Figure 7. Normalized cumulative total CO2eq saving using the full optimization with respect to a) the fraction of optimized flights, b) the
standard error divided by the mean of the total CO2eq saving per optimized flight, c) the fraction of flight distance modified per optimized
flight, d) the fraction flight distance modified relative to the flown flight distance of all flights, ) the mean in the relative change in fuel burn
per optimized flight, f) the relative change in fleet-wide fuel burn. Distributions are shown for the full flight trajectories including waypoints
outside Borealis alliance airspace (red) and for the subset of waypoints inside Borealis alliance airspace (blue). Black dotted lines indicate
specific points mentioned in the text. Curves shown for fleet-wide estimates (a, d, f) depend on the ordering of the individual elements in
the fleet before calculating cumulative values; they are ordered starting with the highest mitigation potential (a, d) or the lowest fuel burn

increase ().
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flight-specific simulation of its non-CO; effect does not confirm this. A more effective selection of flights for optimization as
well as trajectory optimization might affect the numbers above and the mitigation potentials presented in the following.

In the remainder, we consider only trajectory optimizations that reduce the mean total CO2eq across the 10-member meteo-
rology ensemble (9 % of all flights, called "full optimization" in the following). Fig. 7 shows the achievable mitigation potential
depending on different quantities; we focus only on waypoints within the Borealis domain in the following. Even within the
9 % of flights optimized, only a subset produces the major share of COseq: Optimizing just 1 % of all flights already allows
to achieve > 60 % of the mitigation potential (Fig. 7a). The fraction of flight distance that needs to be modified per optimized
flight is not limited, but at least circa 10 % of the flight distance needs to be modified to realize a notable mitigation (Fig. 7c).
Relative to the whole fleet (i.e., including all optimized and unoptimized flights), about 1.25 % of the overall flight distance
needs to be optimized to achieve 60 % of the mitigation potential (Fig.7d). Limiting fuel burn changes to < 4.9 % per op-
timized flight also allows to achieve 60 % mitigation potential (Fig. 7e), consistent with reported per-flight fuel penalties of
2-5 % in comparable contrail mitigation studies (Engberg et al., 2025; Kirschler et al., 2026). Notably, some flights exhibit
negative fuel burn changes (i.e., fuel savings due to rerouting), likely reflecting non-fuel-optimal original trajectories caused
by operational constraints. Consequently, presented results might overestimate the mitigation potential as fuel penalties could

be underestimated.

Study Region Flight NWP Air Number  Flights  Fleet-wide  Contrail
rerouting data traffic of rerouted fuel mitigation
strategy data flights increase potential
1] Japan vertical reanalysis flown 149000 1.7% 0.014 % 59.3%
trajectories
2] North vertical &  forecasts flight 84839 13 % 0.11% 73 %
America lateral* plans
3] Central & vertical &  forecasts & flown 25t 2-8 %" 0.14 % 56 %
Southern Europe lateral* reanalysis  trajectories
this Northern vertical reanalysis flight 145092 9 % 0.37 % 48.2 %
study Europe plans

Table 3. Overview for different contrail avoidance studies, including Teoh et al. (2020a) [1], Martin Frias et al. (2024) [2], Kirschler et al.
(2026) [3]. T For the study by Kirschler et al. (2026) note that they conducted 25 actual contrail avoidance flights in a real world trial and
subsequently estimated the fleet-wide impact based on their experimental findings, whereas all other studies (including this one) merely
carried out simulations. * The studies by Martin Frias et al. (2024) and Kirschler et al. (2026) utilized commercial flight planning tools and

considered airspace constraints.

Fig. 7f shows the mitigation potential against the relative change in fleet-wide fuel burn. The results indicate that 58.2 % of
the possible total COseq saving can be achieved without any changes in the fleet-wide fuel burn (again due to apparently non-

fuel-optimal original flight plans). For 100 % mitigation potential, we estimate an increase of 0.37 % for the fleet-wide fuel burn.
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Table 3 compares our results against other studies, all based on the same contrail model but covering different geographical
domains, applying different trajectory rerouting strategies, using different weather and air traffic data, and consequently finding
different impacts on the amount of flights rerouted, the fleet-wide fuel increase, and the contrail mitigation potential. Despite
these differences, 3 out of 4 studies (including this one) show reasonable agreement, with approximately 10 % flights rerouted,
a fleet-wide fuel increase of 0.1-0.4 % and a reduction of contrail climate effects by 50-70 %; thus, these results appear to be
robust.

Fig. 7b shows the distribution against the ratios of standard error to mean total COzeq saving which we use to quantify
the weather-dependent uncertainty in the modeling of the total COseq saving. The definition of confidence interval C'I for a

normal distribution is
CILipperfiower = mean ¢ x standard error, 2)

with ¢ depending on the sample size and the confidence level (Henze, 2010). Thus, we can estimate that here (with the 10-
member meteorology ensemble) the lower end of the 95 % two-sided confidence interval (thus, ¢ = 2.262) of the potential
saving is positive for ratios < 44 %, corresponding to 97.8 % of the achievable saving. In other words, even when conservatively
confining to cases for which the climate benefit is positive with a chance of 97.5 %, the majority of the possible climate
mitigation potential can be realized. A lower end of at least half of the mean (an even more conservative approach) is given for
ratios < 22 %, allowing 87.2 % of the achievable saving. 60 % of the possible total COseq saving can be achieved for ratios of
standard error to mean total COqeq saving < 11.7 %. Consequently, significant parts of the mitigation potential can be achieved
by focusing on economically acceptable additional fuel consumptions or high-certainty COseq predictions.

Based on the full optimization we consider different subsets of climate-optimized flights, including optimization strategies
selecting a) only the most relevant flights with respect to COseq savings, b) flights based on the maximum allowed fuel burn
increase (for single but complete flights), or c) flights based on the maximum allowed ratio of the 10-member meteorology
ensemble standard error and the mean total COseq saving. Figure 8 shows the results both for the ANSP and the AU perspective,
with the latter being smaller due to the inclusion of unoptimized waypoints outside the Borealis alliance airspace. Focusing on
the ANSP perspective, we find that trajectory adaptations mainly reduce the CO-eq related to contrails, whereas changes in
COs and NOy, are negligible. The full optimization reduces the contrail impact by about 48.2 %; considering only one quarter
of those flight optimizations allows for a 41.4 % reduction. Even adjusting only the 100 most impactful flights according to
the contrail effect allows to reduce the latter by about 6.6 %. Confining the optimization to fuel burn increases < 1% leads
to a 24.7 % reduction of contrail COqeq. Allowing larger fuel burn increases still increases the mitigation potential, but with
decreasing efficiency. Results are in agreement with Fig. 7e (red curve as fuel burn changes are given for the full flight in
Fig. 8). Also a limitation to uncertainties (relative standard error over mean for the 10-member meteorology ensemble) < 10 %

leads to a saving of 25.2 % contrail COseq (again in agreement with Fig. 7b).
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Figure 8. 10-member ensemble mean relative changes in CO2eq per species for different air traffic optimization strategies. Results are given
for ANSP-perspective including only waypoints within Borealis alliance airspace at the study dates (bold) and for AU-perspective including
all waypoints of flights with at least one waypoint within the Borealis alliance airspace at the study dates (faint). The uncertainty range
indicates the 95 % confidence interval of the mean based on the 10-member meteorology ensemble. A detailed representation of results for

CO3 and NOy is shown in the inset, using a different y-axis due to the large difference in changes for CO2 and NOy compared to the situation

for contrails.

3.2.2 Operational impact

To first order, the complexity of a climate optimization strategy for ANSPs/AUs increases with the amount of flights that are
modified. Thus, the corresponding fractions per date and per day-/nighttime are given for the full flight optimization in Fig. 9,
with flights categorized based on their mid-flight time and position. Based on the presence of sunlight, flights during night
are more often optimized than during day, which reflects the fact that contrails always have a warming radiative effect in the
absence of daylight (compare also, e.g., Fig. 9f of Teoh et al., 2024). As flight schedules are generally independent of daylight,
we consider also a static differentiation of day (6-18 UTC) and night (18-6 UTC); the results are qualitatively similar.
3.5-13.6 % of the flights are optimized during daytime, but 5.6-17.2 % during nighttime. Again, the days with large cli-
mate effect in September and December stand out, requiring optimization of > 10% of all flights independent of the day- or
nighttime. Although it was shown in Sec. 3.1.2 that only 6 % of all flights in the Borealis area cause 80 % of the total contrail
COaqeq, Fig. 9 demonstrates that these flights are not equally distributed, but that during contrail impact peaks about 3 times as
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many flights (in relative terms) need to be rerouted. Note that as the Borealis alliance domain covers rather high latitudes, the
number of daylight hours varies significantly stronger between seasons than at mid-latitudes; consequently, also the variability
in Fig. 9 might be stronger than for, e.g., typical Central European air traffic.

Rerouting air traffic to avoid Eco-areas might result in increased air traffic densities in neighboring airspaces. To evaluate
this, flight concentrations are counted based on a grid covering the Borealis alliance airspace with a resolution of 2°, the flight
altitudes between 19500 ft and 41500 ft with 1000 ft resolution, and the 16 study days with a temporal resolution of 10 min.
Considering typical cruise speeds of 900 km h~!, an aircraft passes 150 km in 10 min which approximately corresponds to 2°
at 60° N; thus, aircraft are expected to have moved to different spatial grid cells and produce different density configurations for
each timestep. The size of the described grid is assumed to be the overall available airspace and used to derive corresponding
fractions. Figure 10 shows that in most cases only a single aircraft is located in a grid cell (corresponding to 2.5 % of the
available 4-dimensional airspace), whereas high concentrations occur rarely. For example, concentrations of 4 (10) aircraft per
grid cell are about 2 (4) orders of magnitude less frequent than a single aircraft per grid cell. Considering the fully optimized
air traffic, the distribution is generally the same. However, the occurrence of 4-9 flights per grid cell is increased by about 3 %.
Fig 11 shows the change in the amount of grid cells with 4—12 aircraft after full optimization for the different time periods,
ANSP sectors and altitudes. Fig 11b indicates that such cases occur less often at altitudes of 32000 ft and higher (relative
reductions up to 100 % per date and altitude) but more frequently at 30000 ft and 31000 ft (relative increases > 100 %). This
demonstrates the expected behavior, with flights being rerouted to lower altitudes to avoid contrails, consequently forming a
new hot spot region. Inspecting changes per ANSP sector leads to a mixed picture of increases and decreases in the occurrence
of grid cells with 4-12 aircraft (Fig 11a). However, there are i) increases which are strong in relative (> 100 %) but small in
absolute terms (e.g., Finland, EFIN, Estonia, EETT, Latvia, EVRR on 16—17 September), as well as cases ii) with small relative
changes (10—15 %) but which are notable in absolute terms (ca. 70, see EGTT on 21-22 and 27-28 December).

For safety reasons, aircraft need to obey specific regulatory-required separations. For instance, a horizontal separation of
5 NM is necessary when air traffic control (ATC) has access to sufficient surveillance systems (with larger separations other-
wise; see ICAO, 2016). Thus, we evaluate the horizontal distance to another flight for each trajectory waypoint (considering
waypoints above 20000 ft and at even flight altitudes such as 20000 ft, 21000 ft, 22000 ft etc.) and select the minimum horizon-
tal separation (MHS) for each pair of flights. Each pairing of flights is counted once. Results are shown in Fig. 12; note that the
integral over the histogram does not need to be constant when changing altitudes of individual flights. Fig. 12 shows that MHS
for the original air traffic peaks around 65 NM, although also separations < 10 NM are often found; note that a calculation of
MHS based on ADS-B data (i.e., actually flown trajectories; not shown) produces nearly no separations < 10 NM, indicating
that such close encounters are solved tactically by ATC. Considering the fully optimized air traffic, all MHS occur more often
(including < 5 NM). In some cases the increase in MHS is even of similar order of magnitude as the fraction of rerouted flights
(e.g., around 10 % for MHS of 5 NM). For comparison, in a modelling case study considering the Japanese airspace, Teoh et al.
(2020b) derived a ratio of about 10 % between flights in conflict and rerouted flights, whereas Ehrmanntraut (2023) reported a
capacity reduction of 20 % under moderate traffic conditions based on a real-time simulation for MUAC. In Fig. 13 the events

with MHS < 10 NM are shown again for different dates, ANSP sectors and altitudes. Figure 13b shows again the consequence
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of the vertical rerouting: separations < 10 NM happen more often at 30000 ft, 26000 ft, and 22000 ft (relative increases of
> 100%) but generally less often above. Changes in separation events < 10 NM per ANSP sector are again very mixed, see
Fig. 13a, with the same cases standing out as in Fig 11a: i) on 16—17 September, Finland (EFIN), Estonia (EETT), and Latvia
(EVRR) experience > 20 additional events with MHS < 10 NM, which corresponds to an increase of more than > 100 %;
ii) on 21-22 and 27-28 December, England (EGTT) experiences a relative change of ca. 20-30 % in events with separations
< 10 NM which, however, corresponds to far more than 100 cases per 48 h-period.

Overall, the operational impact remains inconclusive. On average over the full spatial and temporal domain, changes in
concentrations and small horizontal separation events appear relatively small. Given that, e.g., critical separations occur already
for the original planned flight trajectories—events that are tactically solvable by ATC—it appears feasible that the relatively small
number of additional small horizontal separations could be solved as well. However, for specific days and ANSP sectors the
absolute and/or relative increase in potentially critical events (either derived from flight pairs with MHS < 10 NM or from
the occurrence of concentrations with 4—12 aircraft per grid cell) are significant, potentially indicating a limitation of contrail

avoidance maneuvers due to ATC.
3.3 Limitations

This study tries to follow as closely as possible the setup defined for the MRV. Still, some limitations of the quantitative

outcome need to be taken into account:

— Not using the aCCF alignment to the more complex climate response model AirClim—i.e., using version 1.0 (Yin et al.,
2023) instead of 1.0A (Simorgh et al., 2024), see Sec. 2.3.2—would generally increase the NO,-induced climate effects
reported here by about a factor 5 (O3 increases by a factor 5.6, CH,4 plus PMO increases by a factor 17). aCCF version
1.0A was critically discussed, with raised issues including, e.g., the complex and potentially unclear derivation of the aC-
CFs from various models and simulations, the insufficient justification for the usage of AirClim as reference model, the
unclear functional relation between results from aCCF and AirClim using tagging and perturbation approaches, respec-
tively, an unconventional choice of climate metric, and the sheer size of the resulting alignment factors (see Anonymous
Referee #2, 2024).

— GWRP is used in this study, which is the mainly reported climate metric of the [IPCC, although limitations, uncertain-
ties and application-dependencies of the climate metric-choice are acknowledged and no conclusive recommendation
has been made (Shukla et al., 2022; UNFCCC SBSTA, 2023). Considering an efficacy-weighted GWP instead of the
unweighted GWP would decrease the contrail climate effect by a factor 0.42 (Lee et al., 2021), 0.37 (Borella et al.,
2024) or 0.21 (Bickel et al., 2025), depending on the assumed globally averaged efficacy value. Regionally, the surface
temperature response is distinctly non-homogeneous (Ponater et al., 2005) and is known to be determined by both the
forcing and the feedback patterns (e.g., Boer and Yu, 2003; Juvin-Quarroz et al., 2026). Additionally, feedbacks may be

expected to be case-specific for contrail cirrus (Juvin-Quarroz et al., 2026).
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— This flight optimization study is based on reanalysis NWP data and, thus, represents an optimal case in the sense that
there are no weather forecast uncertainties, but actual measurements were assimilated during the reanalysis process.
However, reanalysis NWP data is of course not available for real operations. Usage of actual NWP forecasts would
reduce the contrail mitigation potential on average by roughly 30 % for lead times of 48 h (Dean et al., 2025) due to

inaccuracies in the prediction the ambient meteorology and particularly of ISSRs.

— The estimation of the 95 % confidence intervals are purely based on the meteorological variability in the reanalysis data,
not on forecast data. Within the weather data, the most critical quantity is the predicted relative humidity: As stated
in Sec.2.2.1, a correction is applied to handle a known underestimation of the relative humidity by NWP models. As
the contrail persistence and climate effect strongly depends on the ambient humidity, it has a significant impact on the
CoCiP output. Teoh et al. (2022a) conducted CoCiP simulations with and without humidity correction, finding a 49 %
smaller annual mean contrail radiative effect for the North Atlantic when not correcting the relative humidity. Similarly,
Schumann et al. (2021b) reported that a change of +5 % in relative humidity changes the net contrail radiative effect by
around 60 %. Despite corrections, the prediction of the relative humidity might be one of the most important sources for
uncertainty when predicting contrails. Beyond NWP issues, also other model uncertainties are not taken into account,
e.g., from CoCiP and aCCFs, due to the radiative effect parametrization, etc. Consequently, the results presented in this

study are a lower bound on the confidence intervals.

— Flight trajectories are based on actual flight plans filed to NM before departure. Those flight plans do not reflect opera-
tional impacts. Directs offered in-flight by ATC might lower fuel burn and flight time, airspace limitations from severe

weather etc. might increase them, whereas delayed departures might render pre-tactical climate optimizations ineffective.

4 Conclusions and outlook

Flight trajectories of the full air traffic crossing the Borealis alliance airspace (including Iceland, United Kingdom, Ireland,
Scandinavia, part of the Baltics and the Northern Atlantic with large parts of the North Atlantic flight corridor) at 16 selected
days in 2023 have been climate-optimized by applying vertical reroutings. Relevant flights and flight segments have been
identified and optimized using a new concept called "Eco-areas", denoting 4D airspaces that are prone to producing a warm-
ing climate effect exceeding a certain, non-zero threshold. Different flight selections for the overall air traffic optimization
have been explored. As a novelty, this study combines the climate response models CoCiP for contrails and aCCFs for NOy
(which is the modeling approach implemented in the EU’s non-CO, MRV) to estimate the total CO5eq based on the climate
metric GWP100, including 95 % confidence intervals due to meteorological ensemble inputs. Based on these simulations, the

following conclusions can be drawn:

— Regarding the annual average, the climate effect of CO5 and non-CO; are about the same; the same holds for contrails
and NO,.
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Nearly half of climate effect due to contrails could be avoided by vertical trajectory optimizations. Around 40 % reduction
is already achievable when limiting to additional fuel burns per rerouted flight < 5% and meteorological uncertainties
< 20%.

— Climate effects due to NOx could not be significantly reduced in the presented approach, in particular as NOy effects are

much less localized than contrail effects.

— The contrail climate effect is temporally and spatially localized. During the studied time periods, no more than ca. 3 out

of 11 ANSPs simultaneously experienced strong climate effects related to contrails (i.e., high total COzeq).

— About 6 % of all flights and less than 2 % of the total flight distance caused 80 % of the total cumulative contrail COzeq.
However, these flights are temporally not homogenously distributed. During some time periods, about 17 % of the flights
might require trajectory optimizations. Fortunately, the need for optimization peaks at night, i.e., during times with

comparably lower air traffic.

— As expected, spatio-temporal flight concentrations are slightly increased, whereas small horizontal separations occur
more frequently. On average, increases in congestion are small relative to the typical flight concentrations and separations
that we found already for the original air traffic scenario. This indicates that operational impacts are generally no obstacle
for the implementation of contrail avoidance strategies. However, significant increase of events with potentially critical
horizontal separations/spatio-temporal concentrations occurred in specific cases, and it remains unclear whether these

changes are solvable by ATC.

This work can be extended in multiple ways. Similar regional case studies should be carried out for other airspaces, focus-
ing particularly on complicated high air traffic domains (e.g., Central Europe). More thorough investigations on the impact of
airspace capacity should be carried out, taking realistic ANSP capabilities and sector capacities into account. To increase the
simulation’s realism and allow for a more thorough uncertainty management, the air traffic optimization should be based on
historical weather forecast data, with the outcome being evaluated against reanalysis data. The dependence of the optimiza-
tion success on criteria such as the applied forecast lead time or the accepted forecast uncertainty could be investigated. The
concept of operations should be revised, including a) the flight selection concept via Eco-areas, b) pre-tactical communication
possibilities from ANSPs/NM to AUs regarding suggestions for trajectory modifications to reduce climate effects, c¢) tactical
communication pathways of AUs to ANSPs regarding their climate-optimization status, and d) de-conflicting and prioritiza-
tion rules for multiple climate-optimized flights; in particular b—d might require adjustments of the regulatory framework by
EUROCONTROL. Finally, based on the demonstrated theoretical feasibility of pre-tactical climate-optimization of air traffic,

such mitigation strategies need further testing via real world trials at increasing scale.
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Appendix A: Air traffic filters

Upon inspecting the historical flight plan data provided by EUROCONTROL it was found that it most likely contained dupli-
cates. Besides clear duplicates, the dataset contained the same or very similar trajectories under different callsigns. Based on
the callsign (and the derived 3-digit airline ICAO code), aircraft type, and start and end points, three filters were applied where

duplicates were determined based on the following criteria:

1. airline ICAO code, start and end time (rounded to 60 minutes), first and last latitude and longitude (rounded to one

decimal place)

2. aircraft type, start and end time (rounded to 10 minutes), first and last latitude and longitude (rounded to one decimal

place)

3. callsign (first 6 letters), start and end time (rounded to 60 minutes)

Appendix B: Derivation of COzeq

The derivation of all CO2eq combines CoCiP, CLIMaCCF and literature results. First, the absolute global warming potential
(AGWP) for a time horizon of H = 100 years is derived from the model results for all forcers. Second, the global warming
potential (GWP) is derived as the unitless ratio of AGW Pyoycer and AGW Pco,. Third, the COzeq mass is calculated by
multiplying the GWP ratio with the emitted CO5 mass. Note that efficacies are not considered. A pulse emission is assumed.

For contrails, AGW P,,,,; per flight distance (in units of J m~2 m~!) is derived as

to+H
AGW Py = [ RE.oni(t)i B1)

to
to+H .

~ / iRFont(t) X W(t) x L(t) gt (B2)
; SEa'rth
EFcont

_ B3
SEarth ( )

with Sgq.¢p denoting Earth’s surface area, W and L being the contrail’s width and length, RF,,,; its radiative forcing,
1RF,,p; its instantaneous radiative forcing, and EF,,,; its energy forcing (with the last three quantities per flight distance).
As the RF,,,; is a global mean, the ratio of the contrails horizontal extent and the Earth’s surface is included. Using the :RF’
instead of RF' is an approximation as stratospheric adjustments are neglected. Additionally, the ¢ RF' from CoCiP is rather a
radiative effect than a radiative forcing as it is calculated relative to the contrail-free case, not pre-industrial conditions. As H
is generally much larger than typical contrail lifetimes, the time integral can be replaced by the full EF predicted by CoCiP.
Next, AGW P,y is divided by

AGW Pgo, = 88.0 x 107 W m ™2 kg(COy) ~tyr (B4)
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which is based on Gaillot et al. (2023). Note that the AGW Pgo2 by Gaillot et al. (2023) is close to the estimate of 92.5 x
1015 Wm~=2kg(COy)~tyr by Joos et al. (2013). After a division by Elco, = 3.159 and a multiplication with the flight
distance per fuel burned as simulated with CoCiP, one arrives at a unitless ratio.

For gaseous emissions, CLIMaCCF outputs are converted from their native output pulse average temperature response for a
20 year horizon (P-ATR20) to pulse AGWP for a 100 year horizon (P-AGWP100) using corresponding conversion factors (see
C). For O3 and CHy results are given relative to the mass of NO- emitted and not per fuel burned; thus, corresponding values
are multiplied by the NOy emission per fuel mass, which is taken from flight segment-specific CoCiP simulations for trajectory
calculations (internally using the Boeing fuel flow method 2 and the ICAO EDB, see also Sec.2.3.1) or set to 0.01514 (Lee
et al., 2021) for grid calculations. Instead of using AGW Pco, from Gaillot et al. (2023) as for contrails, the estimate from
CLIMaCCeF calculations is considered to derive the GWP; thus, the gaseous non-CO, emissions are treated consistently in the
sense that all AGWPs come from CLIMaCCF. However, AGW P¢o, from CLIMaCCEF is circa 8 % smaller (see C) than the
corresponding estimate by Gaillot et al. (2023), eventually leading to an increase in the estimates for the COseq by the same
percentage.

Finally, the emitted CO2 mass is taken from flight segment-specific CoCiP simulations for trajectory calculations (internally
using BADA3 and El¢co,, see also Sec.2.3.1).

Appendix C: Conversion from P-ATR20 to P~ AGWP100

Dahlmann et al. (2025) presented a set of constant, multiplicative conversion factors that allow to switch between different
climate metrics. They give results for four emission scenarios, five climate metrics and four time horizons, based on calculations
with the climate response model AirClim and the REACT4C emission inventory (see their paper for details). In this study, we
apply conversion factors to turn the average temperature response over a 20 yr horizon for a pulse emission (P-ATR20, the
native output of CLIMaCCF) into the corresponding absolute global warming potential for a 100 yr time horizon for the same
emission scenario (P-AGWP100) (Table C1). We use an older, unpublished version of the conversion factors which follows
the methodology of Dahlmann et al. (2025), but which was derived without efficacies and used the parameterization of Sausen
and Schumann (2000) instead of the one by Boucher and Reddy (2008) for the surface temperature evolution depending on the

radiative forcing.

Species  Conversion factor / Wm 2K~ ! yr

CO2 343.03
H20 66.22
O3 66.22
CH4 116.38
PMO 116.38

Table C1. Conversion factors to derive P-AGWP100 from P-ATR20 values.
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For example, the P-ATR20 value of CO; from Yin et al. (2023) is 7.48 x 10716 K kg(fuel) ~!; multiplied by the factor
343.03Wm~2K~!yr (see TableC1) and divided by Elco, = 3.159 gives 81.2 x 1071 Wm =2 kg(COy) ! yr which is

smaller but of the same oder of magnitude as corresponding results of Joos et al. (2013) and Gaillot et al. (2023).

Appendix D: Seasonal cycle of NO effectiveness

Castino et al. (2021) reported a seasonal dependence of the NO, climate effects per flight length when considering the climate
metric ATR20 and the European air traffic. For NOy and Os, they found a maximum climate effect for the months August
and September, and a minimum for February to April, whereas CH4 exhibited an inverted behavior. A similar dependence is
also visible in our results (see Fig. D1), with largest values for NOy-related CO-eq per flight distance for the study days in

September, and lowest values in March and December.
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Figure 9. Histogram for the fraction of flights optimized at different times when considering the full optimization. Each flight is evaluated
based on its mean time and position. Classes include a static day- and nighttime definition (6—18 UTC and 18-6 UTC, respectively) as well

as a solar insolation-dependent definition (considering local sunrise and sunset time).
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Figure 11. Same data as in Fig. 10 but only cases with 4-12 aircraft per grid cell and visualized against date, and a) ANSP sector or b)

altitude. Absolute changes are denoted in the grid cells whereas relative changes are indicated by the color scheme.
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Figure 13. Same data as in Fig. 12 but only cases with a minimum horizontal separation < 10 NM and visualized against date, and a) ANSP

sector or b) altitude. Absolute changes are denoted in the grid cells whereas relative changes are indicated by the color scheme.
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Figure D1. 10-member ensemble mean NOy emissions per fuel burned for each of the 16 study days from all waypoints within the Borealis
alliance airspace for the original air traffic. The uncertainty range indicates the 95 % confidence interval of the mean for the 10-member

meteorology ensemble.
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