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Abstract.

Contrail-avoidance is a widely studied measure to reduce the non-CO- climate effect of aviation. However, some mitigation
gain is likely to be compromised through increased emissions (COq, NOy, and H2O) and their climate effect. Here, we analyse
the impact of contrail-optimised flights on the overall net climate benefit. We evaluate more than 4,000 flights with large
contrail impact traversing Northern Europe in 2023, each with two trajectory options: the filed trajectory submitted to the
network manager and a contrail-optimised trajectory, allowing only vertical deviations and a maximum fuel penalty of 2%. Our
model setup is based on the European Unions’s non-COy monitoring, reporting and verification (MRV) framework, modelling
contrails with the contrail cirrus prediction model (CoCiP) and employing the algorithmic climate change functions (aCCFs)
for NOy and H»O effects. This paper highlights three points: First, while 93% of contrail-optimised flights emit more NOy
(on average +2.5%), they emit it at lower, less climate-sensitive altitudes, so only 65% of flights exhibit an increased NOy
climate effect (+1.1%, measured in efficacy-weighted global warming potential over 100 years, EGWP1g), with considerable
spatial and daily variability. Second, we find a risk of only 2% that the net climate benefit is not achieved when optimising for
contrails alone, whereas using forecast weather data poses a far greater risk, causing optimisation to fail in ~15% of cases. The
net climate benefit, however, is reduced from -16.5% to -11.1%, measured in EGWP1 g, when including NO, and HyO effects
in the evaluation. Third, we find that the results are consistent to the choice of climate metric, with net climate benefit rates of
-11.1%, -12.4%, and -16.2% obtained for EGWP, the average temperature response over 100 years (ATR (), and EGWPy,
respectively. We conclude that savings attributed to contrail-avoidance under a hard constraint on extra fuel and considering
flights with large contrail impact only, exceed the NOy and H2O penalties. We do, however, recommend further research that
accounts for model uncertainties, in order to determine whether the clear dominance of contrail over NO, (and H>O) effects

identified here for contrail-optimised trajectories remains robust.

1 Introduction

Aviation contributes to around 3.5-4.0% of the global anthropogenic warming through CO- and non-CO; emissions since

1940, when calculated in effective radiative forcing (ERF) for the year 2018 (Lee et al., 2021; Jaramillo et al., 2022). Consid-
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ering the best estimates, the largest net warming is caused by contrail cirrus (57%), followed by CO5 (34%) and NOy (~17%)
(Lee et al., 2021). NO, emissions at the upper troposphere and lower stratosphere leads to ozone (O3) formation (warming)
and methane (CHy) destruction (net cooling), with ozone formation being about 2—-3 times larger in magnitude (ERF), making
it the driving force of the NOy climate effect (Grewe et al., 2019; Lee et al., 2021; Szopa et al., 2021). The methane destruction
also leads to a decrease in primary mode ozone (PMO) (Stevenson et al., 2004) and reduces stratospheric water vapour (Myhre
et al., 2007). Other non-CO effects include those caused by the emission of water vapour (H20), soot, and sulfate (IPCC,
1999; Wilcox et al., 2012; Lee et al., 2021).

While CO5 emissions contribute to global warming regardless of when or where they occur, non-COs, effects behave non-
linearly and are sensitive to the time and location of the emissions (Fromming et al., 2021; Maruhashi et al., 2022, 2024).
Hence, numerous modelling studies have indicated that non-CO4 effects can be significantly reduced through operational
measures, particularly by optimising flight trajectories to avoid climate-sensitive regions (Matthes et al., 2012; Grewe et al.,
2017; Matthes et al., 2020; Jaramillo et al., 2022). However, all studies applied only some uncertainty aspects, but did not
investigate a full-range uncertainty. Most modelling studies are small-scale studies and only consider a single flight or a small
number of flights, and few studies analyse air traffic on a larger scale (Simorgh et al. (2022), their Table 2 and 3; Simorgh and
Soler (2025), their Table S1). Analysing a larger scale is relevant to capturing the conflicts that arise when multiple aircraft
simultaneously adopt climate-optimal trajectories, since individually optimised trajectories can increase air traffic complexity
and reduce the potential to resolve these conflicts. Such effects only become visible at network scale (Baneshi et al., 2023).
Regardless of the number of flights analysed, the trajectory optimiser used, the climate effect addressed in the optimisation, or
the climate metric chosen, all studies point to the same conclusion: substantial climate mitigation gains are achievable at little
extra fuel cost.

Existing literature further demonstrates that only 2—-6% of flights account for a share up to 80% of contrail warming for the air
traffic they analysed (Teoh et al., 2020, 2024a; Piontek et al., 2026). That means deviating only flights with large contrail impact
has already the potential to reduce the non-CO,, effects substantially. Contrail avoidance is generally more straightforward than
avoiding NOy-sensitive regions. The regions of persistent contrails are usually characterized by sharp gradients due to their
dependency on relative humidity with respect to ice, which varies quickly and on a daily basis. In contrast, NO, sensitive
regions are more depending on the general circulation and the transport pathway of the emitted species, e.g. advected towards
the tropics or mid-latitudes (Rosanka et al., 2020). This leads to smooth gradients, which also show a seasonal pattern and
dependency on how far away from the tropopause the NO, was emitted (Fromming et al., 2021; Grewe and Stenke, 2008;
Castino et al., 2024).

Trajectory optimisation can be achieved through either lateral or vertical flight path adjustments. Liihrs et al. (2021) found
that, for the same fuel penalty, reducing cruise altitude yields greater climate reductions than lateral deviation. Matthes et al.
(2021) similarly compared flying permanently at lower versus higher altitudes, finding the same trend: a reduction of ~33%
versus an increase of ~14% in non-CO4 climate effect. More precisely, flying lower leads to a reduction of 11%, 18% and
26% in the contrail, NOy and H2O climate effect, respectively (Matthes et al. (2021), their Table 3). Another case study

confirms the reduction of the NOy climate effect when flying lower and slower (Zengerling et al., 2023). The authors further
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show that contrails and NOy contribute more to the total climate effect during summer, and CO, and H2O during winter
(their Fig. 7). However, considering contrails, this is in disagreement with results by Teoh et al. (2024a), who show a clear
seasonal trend with contrail net RF peaking in winter and reaching its minimum in summer. While the trend of a reduced NOy
climate effect is similar for all three studies, they differ in their study setup from our work: Liihrs et al. (2021) adjusts the
trajectory continuously along its entire path, Matthes et al. (2021) uses a traffic inventory in which emissions are distributed
continuously at lower altitudes, and Zengerling et al. (2023) investigated two sample flights and also reduced the speed of
flights. Our approach introduces deviations at discrete air navigation fixes (waypoints) only (see Sect. 2.1), and we did not
adjust the aircraft speed.

While previously mentioned results are based on modelling studies, Sausen et al. (2024) conducted the first operational
tactical trial for contrail avoidance over multiple months in 2021 over airspaces in the Netherlands, Belgium, Luxembourg,
Germany, and the North Sea. They were able to demonstrate that avoidance of persistent contrails is possible by air traffic
management (ATM) for a small number of flight in non-peak times, however, the exact climate benefit is complex to quantify.
Piontek et al. (2026) presented a fast-time simulation study on pre-tactical climate optimisation where 9% out of 145,000
flights were deviated vertically, based on historic weather data and applying a polygon-based climate optimisation approach.
In polygon-based optimisation, polygons are created around climate-sensitive regions when a grid cell exceeds a predefined
threshold. The optimiser then tries to avoid these regions completely, just like it would avoid an airspace with expected turbu-
lence (Engberg et al., 2025). Kirschler et al. (2026) conducted a real world pre-tactical contrail avoidance trial of 25 commercial
flights where they used weather forecasts and a cost-based climate optimisation approach to deviate flights vertically and lat-
erally. In a cost-based optimisation, no threshold exists like in a polygon-based approach. Here, each grid cell is assigned a
climate impact-related cost, and the optimiser tries to minimize the total cost when determining the trajectory. Engberg et al.
(2025) demonstrated that cost-based optimisation reduced contrail-induced warming by 64%, while polygon-based optimisa-
tion achieved a 60% reduction. Within this study, we follow a cost-based optimisation that accounts for the climate effects of
COs and contrails.

To compare the climate effect of CO5 and non-CO5 emissions, a common climate metric has to be chosen. The non-CO,
monitoring, reporting and verification (MRV) framework of the European Union suggests the usage of the efficacy-weighted
global warming potential (EGWP) over 20, 50 or 100 years (European Commission, 2026; Grewe et al., 2026; Eichinger et al.,
2025). Megill et al. (2024) tested various climate metrics against a set of requirements and came to the conclusion that the
EGWP or the average temperature response (ATR) for a time horizon of at least 70 years is most suitable for representing the
climate effect of aviation non-CO4 emissions. Within this study, our baseline metric is the EGWP;(o. We further evaluate the
robustness of our results by comparing the EGWP;yg with the ATR; g, i.e. changing the climate metric. In addition, we also
compare our results with the EGWPy, i.e. changing the time horizon at which expected climate changes occur.

Lastly, one has to mention that modelling non-CO- effects is inherently uncertain, due to model limitations and the spread
in results that arises when multiple models are applied under the same boundary conditions. This affects the robustness of
contrail mitigation gain through operational measures (Lee et al., 2023; Grewe et al., 2026). To account for these uncertainties,

several studies propose ways to address the associated risks (Prather et al., 2025; Grewe et al., 2026; Gierens, 2026; Borella
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et al., 2026). Grewe et al. (2026), for instance, call for thorough validation and verification of the methods used, including
consistency checks, rather than treating uncertainty as a reason for inaction. Smith et al. (2026) similarly points out that

inaction is the largest climate risk.

In this study, we target flights with a large contrail impact and employ forecast weather data for optimisation and reanalysis
data for evaluation to reflect the pre-tactical operational constraints. We follow a cost-based optimisation that accounts for
the climate effects of CO5 and contrails quantified in EGWP;og. The resulting trajectories are then evaluated against the full
spectrum of non-COs, effects, including NO, and HoO emissions, using different climate metrics (efficacy-weighted GWP1(,
ATR 9, and GWPy). To the best of our knowledge, no prior study has examined how contrail-focused trajectory optimisation
affects NOy and H5O climate impacts, nor whether the net climate mitigation benefit is preserved once these effects are
accounted for. This study aims to address that gap.

The remaining paper is structured as follows: In Sect. 2, the used dataset is presented next to an overview of our model setup

and the metric conversions. Then Sect. 3 describes the results of this study, answering specific research questions:
— RQ1: What impact does optimising for contrails have on the NO, climate effect? (Sect. 3.2)
— RQ2: How much does the overall climate impact mitigation gain change when including NOy and H,O? (Sect. 3.3)

— RQ3: What impact does the climate metric choice have on the mitigation gain? (Sect. 3.4)

The results are further discussed in Sect. 4 before Sect. 5 draws conclusions of this study.

2 Data and methodology
2.1 Traffic data and trajectory optimisation

In this work, we analyse a subset of 4,112 flights selected from a broader dataset of around 150,000. The flights represent the
ones with the largest contrail warming, which underwent trajectory rerouting (see Appendix A and Appendix B). The flights tra-
verse airspaces managed by the Borealis alliance, a consortium of Northern European air navigation service providers (ANSPs)
that implemented a free route airspace (Fig. 1). Of all flight segments, 29.4% lie within the Borealis airspace (accounting for
a total of 5.7 million kilometres flown), with the remaining segments located in other airspaces. The flights were sampled
on 16 systematically selected days in 2023 (see Sect. 2.4 in Piontek et al. (2026)) and cover 61 aircraft types.The number of
flights with large contrail impact varies per day-pair: from 137 in June to 1083 in September (Fig. 1b). There is in general a
significant share of long-haul flights, with short- and medium-haul flights together accounting for a similar proportion. The
busiest airspaces are Shanwick, Ireland, Scotland and England, while Iceland, Bodg, Finland, Estonia and Latvia are rather
quiet (Fig. 1c). The busiest day-pairs are 16 & 17 September 2023 and the day-pairs in December 2023, rather quiet are March
and June 2023.

For each flight, two trajectory options are available in the dataset: the filed trajectory submitted to the network manager

and the vertically adjusted contrail-mitigation trajectory. The contrail-optimised trajectories were generated based on HRES
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Figure 1. (a) Borealis airspaces (orange lines) and flight trajectories having large contrail impact (purple lines) in the dataset. (b) Number of

flights having large contrail impact per day-pair in 2023 and haul type following the classification: up to 3 hours is a short-haul flight, up to

6 hours is a medium-haul flight, and beyond 6 hours is a long-haul flight. (c) Number of flights having large contrail impact crossing each

airspace per day-pair. Note that one flight can cross multiple airspaces and therefore the sum of the rows is usually larger than the number of

individual flights. Hatched boxes show airspaces with no flights on those days. Map in panel (a) made with cartopy and natural earth.

forecast data with lead times of 9-21 hours (see Appendix B). This decision was made because the lead time reflects operational

constraints. Dean et al. (2025) further identified a reduction potential of contrail EF of 80-90% with lead times of 8—24 hours.

Out of the original dataset with 4,112 flights, contrail avoidance is achieved for 88.2% of flights (lower contrail impact in

the optimised trajectory, A Contrail < 0), while overall climate mitigation, accounting for both contrail and CO5 (A CO, +

A Contrail < 0), is achieved for 85.2% of flights when evaluated with reanalysis data. The optimisation was carried out based

130 on a cost-based approach with the objective of providing the most operations-oriented solution, which is essential for large



135

140

145

150

155

160

Preprint. Discussion started: 28 July 2026
(© Author(s) 2026. CC BY 4.0 License. E

https://doi.org/10.5194/jecats-2026-13 M
J DISCUSSIONS \)\

scale deployment. The operational point of view establishes acceptable limits and constraints imposed by the involved actors
(network manager, ANSPs, and airspace users) with regards to the extra costs and benefits associated to the solution. The

following operational constraints are enforced:

— Direct cost limits: Extra fuel is limited to less than 2% and extra flight time to less than 5 minutes relative to the filed

flights.

— Minimum benefit threshold: Re-routing is only carried out if the potential climate benefit exceeds 5 t(COzeq), EGWP1go
with contrail efficacy of 0.42. The optimiser therefore proposes alternatives only to flights whose impact exceeds this
threshold.

— Trajectory structure: Vertical deviations are permitted only within Borealis airspace, at most once per trajectory, and only

at real-world air navigation fixes (waypoints), as required for flight plan management.

— Complexity at flow level: A complexity filter addresses the risk that too many flights are re-routed to lower flight levels,
which could create excessive air traffic control (ATC) workload by increasing sector occupancy. Each optimised flight
is assigned a mitigation index score reflecting the re-routing induced (in)convenience from an Air Traffic Flow and
Capacity Management (ATFCM) perspective. Optimisations that would push ATFCM complexity beyond an acceptable

limit are automatically removed, based on analysis of past sectorisation plans, capacity, and occupancy.

Within these constraints, vertical deviations take one of four forms: descent and climb again during cruise, delay the climb,
descent early, or not fully climb at all (Fig. 2). These are all deviations which are in principle feasible for ATM operations and
differ from the optimisation approach allowing continuous climb (Liihrs et al., 2021) or constantly flying lower (Matthes et al.,
2021).

The altitudes of the majority of flights (74.2%) deviate from the filed trajectories by 1000 to 8000 feet, with most deviating
by 3000 to 4000 feet (30—40 FL) (Appendix C Fig. C1). This is comparable to the range of 1000 to 2000 feet for a fuel penalty
of 2% that Liihrs et al. (2021) report, and to the range of 0 to 6900 feet that Grewe et al. (2014a) report. Only the tactical flight

trial by Sausen et al. (2024) limited the vertical deviation to 200 feet, but also considered a different airspace structure.
2.2 Model setup of evaluation

We follow the recommendations for the MRV by Eichinger et al. (2025). To evaluate the model setup, simulation results of
aircraft performance, emissions, and climate effects were compared against literature data obtained under similar conditions
(Sect. 3.1).

We use the aircraft performance model Base of Aircraft Data (BADA) 3.16 to estimate fuel flow (EUROCONTROL, 2022).
BADA is a total energy model that provides a set of coefficients to calculate thrust, drag, engine efficiency and fuel flow
during all phases of a mission. Nuic et al. (2010) report a mean error of less than 5% in the calculation of fuel consumption

using BADA3. Version 3.16 supports 1,822 aircraft types, including the 61 aircraft from the dataset. We perform the fuel flow
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Figure 2. Tllustrative examples of vertical profiles of the filed and contrail-optimised trajectories for four flights crossing different Borealis
airspaces: (a) descent and climb during cruise-phase for flight BIKF-EHAM (A320neo), (b) late climb for flight EVRA-EBBR (A220), (c)
early descent for flight EPGD-EGPH (A320), and (d) no full climb for flight EGAA-EGSS (A320neo0).

calculation using BADA via the Python libraries pycontrails (version 0.54.11) and pycontrails-bada (version 0.7.7) (Shapiro
et al., 2025).

To derive in-flight NO, emissions, we apply the fuel flow method 2 (FFM2) (DuBois and Paynter, 2006), which extrapolates
ground measurements of NO emissions from aircraft at four thrust settings from the ICAO emissions databank (EASA, 2025).
This procedure indicates an uncertainty of about 10% when compared with measurements (DuBois and Paynter, 2006; Harlass
et al., 2024).

In a similar way we calculate the in-flight non-volatile particulate matter (nvPM) emissions, both in mass and number.
We apply the T4/T2 method developed by Teoh et al. (2022, 2024b) that extrapolates ground measurements of nvPM from
the ICAO emissions databank (EASA, 2025) to cruise levels. The T4/T2 method has been compared with measurement data
(Dischl et al., 2024) and estimates nvPM emissions with acceptable level of accuracy for the cruise phase. We calculate both

NOy and nvPM emissions using the pycontrails library (Shapiro et al., 2025).
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We estimate the CO, emissions based on the calculated fuel flow, with a constant emission index of Elco, = 3.16 kg(CO2) kg(fuel) ~*
(ICAOQ, 2018). The take-off mass and the aircraft type are taken from the dataset and use the BADA default values.
175 For meteorological data, we use ERAS reanalysis data from ECMWF (Copernicus Climate Change Service, 2018a, b), with
an hourly temporal resolution and a spatial resolution of 0.25°x 0.25°, and pressure levels ranging from 1000 hPa to 150 hPa.
The ERAS tropopause height, based on the WMO lapse-rate definition, is taken from Hoffmann and Spang (2021). The data
is needed for the analysis of the NO, and H»O climate effects, which are linked to the tropopause height (IPCC, 1999; Castino
et al., 2021; Fromming et al., 2021).

180 2.2.1 Contrail modelling

The contrail climate effect is calculated with pycontrails (version 0.54.11) (Shapiro et al., 2025), which is based on the contrail
cirrus prediction model (CoCiP) (Schumann et al., 2012). CoCiP is a Lagrangian Gaussian plume model that simulates contrails
over multiple hours for their climate effect. First, the Schmidt-Appleman criterion (SAC) (Schumann, 1996) is applied to
determine whether or not a persistent contrail is formed. Then, the contrail wake vortex downwash is applied based on a
185 parametrization, and the contrail width and depth are determined. Third, the ice water content and activated soot particles are
calculated based on the emitted nvPM, to determine the ice crystals. From here on, the contrail evolution (including advection,
lifetime, and micro-, macro- and optical properties) is simulated, considering wind shear and sedimentation. The instantaneous
radiative forcing is estimated based on a parametrization of a comprehensive radiative transfer model. Lastly, the radiative
forcing (RF) is estimated for both long wave and short wave radiation, to then determine the simulation output in energy

190 forcing (EF, in J) as in

tmaz

EFcontran|J] = / RFE',(t) x L(t) x W (t)dt (1)

net

0

with the instantaneous net radiation change RF),., (in W m~2), the contrail lifetime t,,4; (in s), and the segment length and
width of the contrail L (in m) and W (in m), respectively. CoCiP has been verified against in-situ measurements from flight
campaigns (Schumann et al., 2017; Voigt et al., 2022; Harlass et al., 2024; Markl et al., 2024) and ground-based remote sensing
195 (Low et al., 2025). In this study, we configure pycontrails with 12 h maximum contrail age (which is a conservative estimate,
since most contrails dissolve after a few hours), 10 minutes time integration (as a reasonable compromise between temporal
resolution and computational cost), and humidity scaling according to Teoh et al. (2022) (to correct the underestimation of

ice-supersaturation in ERAS data). This is in line with recommendations by the MRV as well (Eichinger et al., 2025).
2.2.2 NOy and H-O climate effect modelling

200 The climate effects of NOy-related O3 and CHy as well as HyO are calculated using the algorithmic climate change functions
(aCCFs) (Van Manen and Grewe, 2019; Yin et al., 2023; Dietmiiller et al., 2023), as also recommended for the MRV (Eichinger
et al., 2025). aCCFs are based on climate change functions (CCFs) developed by Grewe et al. (2014b), that describe the
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estimated climate effect of an emission at a certain location and time considering a specific weather situation. CCFs were
originally developed for five representative winter and three representative summer weather patterns over the North-Atlantic
corridor (Irvine et al., 2013; Fromming et al., 2021). Rosanka et al. (2020) and Fromming et al. (2021) showed that the impact of
an emission of NOy as well as H,O has a clear dependency on the weather pattern, in which the emission occurs. For NOy, e.g.,
the initial transport pathway largely controls the strength and duration of the main ozone signal. Van Manen and Grewe (2019)
used this finding and approximated the eight CCFs through a regression analysis and created the aCCFs, a computationally
efficient model that relies solely on meteorological inputs such as temperature, potential vorticity, and geopotential. Based
on the similarity of the transport pathways, the authors claim that the aCCFs can be applied to the northern hemisphere for
30-60° N. In general this has been shown by Maruhashi et al. (2022), however, one should still be cautious in their usage since
the adjusted regression coefficient R2 of below 0.5 for the NO, components ozone and methane indicates that the regression
explains less than half of the variance in the data, and thus, their accuracy is limited. Later work by Dietmiiller et al. (2023)
highlights important seasonal and regional limitations to consider as well. The NO-O3 aCCFs were evaluated by including the
aCCFs in an EMAC simulation that allows an aircraft trajectory optimisation (Yamashita et al., 2020; Yin et al., 2018b). The
results show that those NO,-O3s aCCF-optimised trajectories reduce the ozone radiative forcing for both lateral and vertical
re-routing (Rao et al., 2022; Yin et al., 2023). Although a basic verification was performed (see above), a proper validation of
(a)CCFs against observational data is not feasible (Grewe et al., 2014b).

In this work, we use the aCCFs in their version 1.0A (Matthes et al., 2023), and consider a pulse emission scenario. Version
1.0A was chosen as Matthes et al. (2023) aligned the individual climate effects of aCCFs with the climate response model
AirClim (Grewe and Stenke, 2008; Dahlmann et al., 2016), yielding in aligned absolute values which are relevant for this study
to quantify the potential trade-off between COs, contrails, NOy and H2O. In the original set of aCCFs, the emphasis was on the
temporal and spatial gradients of non-COs, effects, so that aCCFs could be used as objective functions to identify trajectories
minimising climate impact. Maruhashi et al. (2024) showed that the CCF modelling approach for NO4-O3 and thereby the
aCCFs well describe the sensitivities of the more detailed EMAC model, however an offset was identified. Therefore the
alignment of the aCCFs to AirClim ensures that the climate effect from annual air traffic is reproduced, while maintaining the
sensitivities from the detailed EMAC model. A review of the three different aCCF versions is given in Table 1, and the scaling
factors to get from one aCCF version to the other are shown in Appendix D.

Furthermore, the validity range of the aCCFs was set to 150-350 hPa. Outside these boundaries the aCCFs and thus, the
quantified climate effect, is set to zero. The original CCFs were based on standardized emissions at pressure levels 200, 250,
300, and 400 hPa (Fromming et al., 2021). Whether extrapolation beyond this range is valid remains unknown. However,
since 25.9% of all flights in this study have filed flight segments at pressure levels <200 hPa (i.e. flying higher; see Appendix
C Fig. C1), we decided to extrapolate towards 150 hPa. This is taken into consideration in the evaluation. Looking at the
other side of the range, CCFs and aCCFs for ozone show a different trend between 350 to 400 hPa (Van Manen and Grewe
(2019), their Fig. 8), mainly due to the conversion from RF to adjusted RF. With new aCCF versions in the pipeline based
on work by Maruhashi et al. (2022, 2024); Rao et al. (2024); Fromming et al. (2026), this inconsistency would likely be

eliminated. However, for now we decided to exclude the pressure level 400 hPa from our validity range. In addition, whenever
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aCCF version Species Characteristics

Van Manen and Grewe (2019) O3, CH4, H20 Original version, directly derived from CCF output. Shows a good representa-
tion of the mechanism, and follows the climate response function of Boucher

and Reddy (2008).

Yin et al. (2023) and O3, CH4, H20, First complete set of aCCFs based on consistent pulse emission scenario, fol-
Dietmiiller et al. (2023) Contrails, CO2 lowing the climate response function of Sausen and Schumann (2000).
Matthes et al. (2023) O3, CH4, H2O, Absolute values are aligned with AirClim (Grewe and Stenke, 2008; Dahlmann

Contrails, CO2 et al., 2016) using alignment factors. Follows the climate response function of

Sausen and Schumann (2000).

Table 1. Characteristics of the three different algorithmic climate change function (aCCF) versions. In this work we use the aCCFs by

Matthes et al. (2023).

an optimised flight segment falls outside the validity range, its corresponding (unoptimised) segment is also excluded entirely
from the evaluation. This is required since the delta would otherwise always equal the climate effect of the filed flight segments

and hence, over/underestimate the real change (Appendix C Fig. C2).

To improve computational performance, we run CoCiP and the aCCF calculation and interpolation along the trajectory
waypoints on the DelftBlue supercomputer (DHCP, 2024). Thereby, we divide the full set of flights into eight day-pairs of
48 h, and also separate between filed and contrail-optimised trajectories. We further parallelize the CoCiP calculation using
12 tasks via the message passing interface (MPI), dividing the flights within the 48 h groups into 12 subsets, each processed
independently (Rogowski et al., 2023).

2.3 Climate metric conversions

To compare the climate effect of CO5 emissions, contrails, and NOy and HoO emissions, different model outputs must be
converted to a common climate metric. The climate metric is a combination of emission scenario (e.g. pulse (P), business-
as-usual (BAU)), climate indicator (e.g. efficacy-weighted absolute GWP (EAGWP), average temperature response (ATR)),
and time horizon (e.g. 20, 100). In this work, all emission scenarios are pulse emissions (prefix P). For clarity, we only use
the prefix in this section and omit it elsewhere. We follow the approach by Piontek et al. (2026) (their Appendix) to convert
climate metrics using conversion factors « from Dahlmann et al. (2025) (their Table 3). The relevant subset of these factors is
listed in Table 2, where .. . denotes the entry in row 7 (climate metric) and column c (species).

Drawing on factors &, . from Dahlmann et al. (2025), we define f;_,;(x) as the conversion factor that describes the conver-

sion from climate metric ¢ to j for any species x:

fios(@) = ~2 2)

)

10
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K CO; H>0 O3 CH,; Contrail

P-EAGWP1g0 46.5486 1.0192 1.0702 13.8903 0.2100
P-EAGWP3g 15.1263  1.0192 1.0702 11.0517 0.2100
P-ATR100 0.3223  0.0078  0.0082 0.1059 0.0016
P-ATR2¢ 0.3481 0.0320 0.0337 0.2838 0.0065

Table 2. Conversion from RF to other climate indicators and time horizons for pulse emissions (P2025), from Dahlmann et al. (2025) (their

Table 3). The units are year for AGWP and K (W m~2)~"! for ATR.

Parameter Value Reference

CO2 1.00 -

(O} 1.05  Ponater (2010)
CHy 1.04  Ponater (2010)
Contrail (optimisation) 0.42 Leeetal. (2021)
Contrail (evaluation) 0.21  Bickel et al. (2025)
H,0 1.00 -

Table 3. Efficacies used in this study. Aligned with Dahlmann et al. (2025) to be best compatible with the conversion factors in Table 2.

Our goal is to derive the climate effects from all four species (CO5, Contrails, NOy, H20) in three metrics: P-EGWP1q,
P-ATR 00, and P-EGWPyy, all in tCO4.,. To account for the differences of each species in impacting the global near surface
temperature, we consistently apply the set of efficacies listed in Table 3. Note that the P-AGWP is equal to the P-EAGWP for
CO., as the efficacy for CO, by definition is 1.0.

2.3.1 Climate effect of CO- emissions

The CO; climate effect is either directly given in tCOq or converted into a temperature response in K depending on the
metrics used. The temperature is calculated by multiplying the mass of CO, with best estimates of the specific (spec) P-
AGWP 5 (CO») by Gaillot et al. (2023) and further multiplying with the conversion factors by Dahlmann et al. (2025). The
P-AGWP;/;*(CO,) estimates for time horizons 7'H of 100 and 20 years are:

P-AGW P{Ee°(CO,) = 8.80 x 1014 W m 2 yr kg(CO,) )
P-AGW Pi*°(COy) = 2.39 x 10~ W m™2 yr kg(COy) ™} @)

To derive the P-ATR (o for CO5, we use:

P-AT R100(CO2) = mco, X P-AGW Pi{§°(CO2) X fp.AGW Pioo— P-AT Rigo (CO2) &)

11
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2.3.2 CO3q emissions

The principle to calculate the COg., emissions in kg based on the P-EAGWP metric for species x and time horizon T'H is:

P-AGW P;Fe°(CO,)

CO2eq = (6)

Note that we use the definition of the specific AGWP of CO, by Gaillot et al. (2023), P-AGW P;}7°(CO,), that defines
the climate response of CO; explicitly per unit mass emitted. Hence, this division directly yields kg(COge) emissions and is
independent of the fuel used (e.g. kerosene, sustainable aviation fuel (SAF), hydrogen).

Alternatively, the average temperature response (ATR) can be determined with the conversion factors for species = and time

horizon T H:

P-ATRryg(z) = P-EAGW Pry(x) X fp.EAGW Pryr—P-AT Ry 1 () (7
Also the ATR can then be converted to COx,, using the climate effect per kg(CO2) P-ATR°(CO2) from Dahlmann et al.
(2025) (their Table 6):

P-ATRTH (Z)
P-ATR (COy)

OOQeq = (8)

The default output of the contrail model CoCiP is energy focing (EF), which is measured in J. The P-EAGWP for contrails,
given in W m~2 yr, is defined as

L contrail

P'EAGWPcontrail =
Searth X Tseconds per year

X TRE ®)

2 and

EFonrain 1s the CoCiP output in J, and all other variables are constants: Seyq iS the surface area of the Earth in m
Tseconds per year ar€ the seconds per year in s. Hence the first factor is equivalent to the RF and the second factor is the contrail
efficacy calculated on the basis of RF, 7¢onmail = 0.21 (Bickel et al., 2025), which is unitless, to be also aligned with the
conversion factors.

The default output of aCCFs is the ATR over 20 years in K per emitted NO, or burned fuel, assuming a pulse emission
(P-ATRy). For the O3 and CH4 aCCFs, the units are K kg(NO,) ™!, and the H,O aCCF is given in K kg(fuel) ~!. Following
standard aviation emissions practice ICAQO, 2016; Lee et al., 2023), NOy is reported in NOs-equivalent units, since NO rapidly
oxidizes to NO after emission. The P-ATR2 (in K) can be easily determined by multiplying the aCCF with the NO, mass
or fuel mass, respectively. To convert the P-ATRyq into any other metric, for instance into the P-EAGWP,(, the conversion
factor f;_,;(x) can be applied again (see Eq. 2). Note that the conversion factors by Dahlmann et al. (2025) are only valid under
a consistent Boucher and Reddy (2008) climate response function. Whenever another parametrisation is used, as is the case
for two aCCF versions (see Table 1), the corresponding backward calculation factors 3, (Appendix D Table D2) for species «

must be introduced as divisors to account for this discrepancy.

12
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The P-EAGWPs can then be calculated for all respective aCCFs using:

P-EAGW Pygp(H20) = aCCFy,0 X 51;210 X Mg X THy0 X [P-AT Rag— P-EAGW P1oo (H20) (10)
P-EAGW Pyp(03) = aCCFq, X ﬁgj x ElNo, X M X T0, X [P-ATRao— P-EAGW Pyoo (O3) 1D
P-EAGW Pygo(CHy) = aCCFcq, X ﬁc_Hl4 x Elno, X M X TcHy X fP-ATRao— P-EAGW Pyoo (CHa) (12)

with aCCFy,0 in K kg(fuel) ~! and aCCFp, and aCCFcy, in K kg(NO,) 1. Furthermore, /3, is the dimensionless backward
calculation factor, m is given in kg(fuel), Elyo, in kg(NO2) kg(fuel) ™1, r is the unitless efficacy (see Table 3), and f;_,;(z)
is givenin W m~2 yr K—1,

Note that the aCCFs are computed on a 4D grid (latitude, longitude, altitude, time), then spatially and temporally interpolated
to the aircraft’s flight trajectory, and then summed along the trajectory to obtain the aggregated sum. From here onwards, Eq. (6)

can be used to derive COq,, values, or Eq. (7) can be used to derive a temperature response.

3 Results
3.1 Fuel burn, emissions, and climate effect

With the model chain described in Sect. 2, we calculate the fuel burn, CO5, NO, and nvPM emissions, and the climate effect
of contrails, NO,, and H2O for the contrail-optimised flights. Accordingly, contrail-optimal routing with vertical trajectory
adjustments increases fuel use and CO2 emissions by 1.2%, NOy emissions by 2.5%, nvPM emissions by 2.1-2.8%, the
NOy climate effect by 1.1%, while reducing contrails by 43.5% and the H,O climate effect by 1.2% (Table 4). To check the
consistency of the implementation, we compare our results against regional references where available, and global estimates
otherwise. The regional reference by Piontek et al. (2026) considers the same sample days and Borealis region as our study, but
a total of around 145,000 flights compared to our sample of approximately 4,000 flights with large contrail impact. The global
reference by Teoh et al. (2024b) presents annual mean values of 2019 derived from 40 million unoptimised flights. Thus, it
should be noted that the comparison is only an approximation. Our distance-normalised fuel burn estimates with BADA3 are
within the range of the regional reference, but larger than the global reference. Besides the comparison with a global annual
mean, the fuel burn discrepancy to the global reference may further be attributed to the fact that their data rely on a combination
of the BADA3 and BADAA4 aircraft performance models. The CO5 estimates per distance fall within the range of the regional
reference, though toward the upper bound. Our distance-normalised NO, emission estimates with FFM2, and our nvPM mass
and number emission estimates with the T4T2 method are all larger than the global reference. Same accounts for the contrail
EF per distance. The normalised NOy climate effect is within the range of the regional reference. This holds despite the fact
that our COq,, values are based on the EGWP1o, which incorporates the efficacies of O3 and CH, (see Table 3), whereas the
other authors employ the GWP1 . Given that the efficacies for ozone and methane are close to unity, excluding them from our

results would still leave our results within their reported range.

13
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Variable Filed Optimised A (%) Global Regional

reference’  reference’

Distance travelled (x 10° km) 19.5 19.5 0%*

Fuel burn (Gg) 123.0 1245  +12%

Fuel burn per distance (kg km ™) 6.3 64 +12% 4.7 3.0-84
CO: (Gg) 388.6 3932 +12%

CO., per distance (kg km™1) 19.9 202 +12% 145 8.3-20.1
Mean EI NOx (g kg™ 1) 14.6 147  +1.0%

NOy (as NO2, Mg) 2.06 211 +25%

NOx per distance (as NO2, kg(NO2) km™1) 0.106 0.108 +25% 0.074

Mean nvPM EL,, (g kg™1) 0.073 0.073 403 %

Mean nvPM EI,, (x10'% kg™1) 1.104 L1155 +1.0%

nvPM mass (kg) 7,728 7,892 +2.1%

nvPM number (x 10°%) 9.55 9.81 +28%

nvPM mass per distance (g km™h) 0.396 0405 +2.1% 0.351

nvPM number per distance (x10'% km™!) 4.897 5032 +2.8% 4.644

EFcontrail (X108 J) 1.717 0970 -435%

Contrail effect (Gg(CO2eq), EGWP100) 254.5 143.7 -435%

EF contrail per distance (x10'° J km™") 8.805 4974 -435% 1.64

Contrail per distance (kg(COzeq) km™1) 13.1 74 -435%

NOx effect (Gg(CO2eq), EGWP100) 266.3 2693 +1.1%

NO, per distance (kg(COzeq) km™) 13.7 13.8  +1.1% 5.3[0.2,19]
NOx per distance (Iong) (kg(COageq) km™1) 159 16.1 +12% 14.710.4,19]
NO, per distance (medium) (kg(COazeq) km ™) 43 44 408 % 4.2[0.2,7]
NO, per distance (short) (kg(CO2eq) km™1) 32 33 +07% 2.3[0.2,4]
HO effect (Gg(COzeq), EGWP100) 21.8 216 -12%

H2O per distance (kg(COsgeq) km ™) 1.119 1.106  -1.2%

Table 4. Simulation results such as distance travelled, fuel burn, NOx and nvPM emissions, and contrail climate effect for the whole mission
for filed and contrail-optimised trajectories. Climate effect values for NOx and H2O only represent the cruise phase due to model limitations.
The climate metric considered is the EGWP1o0. Normalised delta values are compared to literature. Haul-type classifications are based on
distance: <1,500 km (short), 1,500—4,000 km (medium), >4,000 km (long). *Due to the vertical only adjustments of flights and the geodesic

distance calculation, no change occurs. ITeoh et al. (2024a, b), 2Piontek et al. (2026).
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Figure 3. Distribution of relative change in NOy emissions (a) and NOy climate effect in EGWP1g¢ (b) per individual flight after contrail-

optimisation.

3.2 What impact does optimising for contrails have on the NO climate effect?

Our results (Fig. 3) show that contrail-optimised flights emit on average +2.5% NOy (cruise only), whereas the NOy climate
effect (EGWP1qp) only increases by +1.1%. This relates to 93% of contrail-optimised flights that emit more NOy, but only 65%
of contrail-optimised flights exhibit an increased NOy climate effect. Zooming into individual day-pairs (Fig. 4a), these frac-
tions show large temporal variability: on 13 & 14 June 2023, 99% of contrail-optimised flights exhibit higher NOy emissions
than before, and 94% also show an increased NOy climate effect. This indicates a strong correlation between NOy emissions
and its climate effect on these days. On 2 & 3 September 2023, however, 99% of flights have higher NOy emissions, but only
37% of flights have a higher NO, climate effect. That is due to the small vertical adjustments of the trajectories on that day
pair (Fig. 4b). While the average temporal vertical detour across all flights is approximately -5500 ft, it was only -3100 ft on
this day pair. For the sensitivity of the results to changes in the vertical extent over which the aCCF model is considered valid,
we refer you to Fig. C3.

Furthermore, we find considerable spatial variability in the changes in NO, emissions, as well as in the NO, climate effect.
This is illustrated in Fig. 5. For the vast majority of airspaces and day-pairs, the NO4 emissions are increased (see panel
(a)). Most consistently are the increases over the Shanwick airspace, ranging from 3—10%, whereas all other airspaces show
larger variability. The NOy climate effect is also higher for most airspaces and day-pairs, however, not for all of them, and
it sometimes even changes sign (see panel (b)). For example, the two Norwegian airspaces (Bodg, Norway) show a decrease
of 2-7% in the NOy climate effect for the last two December day-pairs, despite an increase of 4-13% in NOy emissions.
Normalising the change in climate effect by the change in emission (panel (c)) gives the additional climate effect per kilogram
of extra NOy emitted. Most consistently here is the day-pair 16 & 17 September 2023, with an additional climate effect of
53-121 kg(COgeq) kg(NOx) 1.

To understand what drives the divergence between NO, emissions and climate effect, we consider another example. Figure 6

shows a comparison of the two day-pairs 16 & 17 December and 21 & 22 December within seven airspaces (Bodg, Norway,

15



350

355

360

https://doi.org/10.5194/jecats-2026-13 M
Preprint. Discussion started: 28 July 2026 C !

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

DISCUSSIONS

Hmm A NO emissions cruise 2 A NO, climate effect cruise (EGWP100)

=
o
o

= (a)
@
S 80
ks
]
2 60
bid
o
@
T 40
[
el
&
2 30
©
£
o
zZ
= 0
=4
€ )
38 -20
pota)
ey
=) 1]
£5 -40
ce
=
=2 -60
kel
©
@ > ‘dQ% 9\?‘ 9'65 ‘d\:\ 9\/‘\ o > < °
A > & © © o D
N SR AN AN AN A A
s S A Ny S N (4
> > Y A ) ) S >

Figure 4. (a) Fraction of flights per day-pair (normalised by the total number of flights) with: higher NO emissions (plain bar) and higher cli-
mate effect (hatched bar) after contrail-optimisation. (b) Mean flight level adjustments for the temporal vertical detour of contrail-optimisation

per day pair.

Denmark, Sweden, Finland, Estonia, and Latvia). We chose these two cases since they both indicate higher NO, emissions in
their contrail-optimised option, but a diverging NOy climate effect (see Fig. 5). Since the contrail-optimisation in our dataset
was performed by flying lower to avoid climate-sensitive areas, and the NO climate effect is correlated to the distance to the
tropopause, we analyse how the distance between the filed or optimised flight level and the tropopause height changes. The
first example shows that on 16 & 17 December, most flight segments would have occurred below the tropopause already. After
optimisation, they are pushed down even further. Since the aCCF model primarily shows large gradients along the tropopause
(Grewe and Stenke, 2008), the NOy climate effect function is expected to be similar for both scenarios. However, due to the
higher NO, emissions (and the relation between emissions and climate effect, see Eq. 12), this leads to a large increase in NOy
climate effect of up to +23% (EGWP;p). In the second example for the day-pair 21 & 22 December it is apparent how the
original filed flight segments would have occurred above or at tropopause level. After optimisation, most of these segments are
shifted below the tropopause. In this scenario, the NOy climate effect function changes significantly, compensating for the also
higher NO, emissions. This leads to a much stronger reduction in NO, climate effect by up to -24% (EGWP1¢g). Hence, the
two day-pairs are characterised by a different meteorology, with a low and high tropopause. This implies that a downward shift
of the optimised trajectories on 21 & 22 December experience a much larger climate impact reduction compared to 16 & 17

December, where both the filed and optimised trajectories are already below the tropopause.
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Figure 5. Daily and spatial distribution over the airspaces of: (a) A NOx emissions and (b) A NOy climate effect, where the delta is the
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Hatched boxes show airspaces with no flights on those days, and also indicate in panel (c) that the calculation could not be performed due to

division or multiplication by zero.

365 To summarise: while NOy emissions increase over the majority of airspaces and day-pairs, the change in NOy climate
effect is less pronounced. This can be explained by the contrail-optimised flights emitting NO at lower (also see Appendix
C Fig. C1), less climate-sensitive altitudes, which reduces the NO, climate effect (Grewe and Stenke, 2008; Kohler et al.,
2008; Zengerling et al., 2023). However, flying lower also increases drag, which leads to more thrust, burns more fuel at higher
combustion temperatures, and results in both a higher NOy emission index and higher NO, emissions. These are obviously

370 opposing effects, which is why the climate effect of NOy is not linear to its emissions.
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to tropopause height and latitude on 16 & 17 December 2023, and filed (c) and contrail-optimised (d) flight altitude to tropopause height
and latitude on 21 & 22 December 2023. Only flight segments in airspaces Bodg (ENOB), Norway (ENOR), Denmark (EKDK), Sweden
(ESAA), Finland (EFIN), Estonia (EETT), and Latvia (EVRR) are considered that were adapted (vertically) during optimisation and do not
fall outside the validity range.

3.3 How much does the overall climate impact mitigation gain change when including NO, and H,O?

Within the investigated sample of flights, most contrail-optimised flights achieve a net climate benefit of approximately -16.5%
(EGWPg) per flight when accounting for both CO» and contrail effects (Table 5). Including NO, and H»O effects into the
evaluation reduces the mean mitigation gain to -11.1% (EGWP;(g). This reduction stands out, given that the mean change in
NOy and H,O effect (733 kg(COaeq)) is only about 3% of the change in CO2 and contrail effect (~26 t(COa,)). Considering
all four species (COs, contrails, NOy, HoO) further leads to 2% of flights (=88 flights), where the contrail-optimised trajectory
shows a larger total climate effect than the filed one (A CO2+ AContrail < 0 A ATotal > 0). These flights are highlighted with
a black cross in Fig. 7. In general, one can observe the large differences in magnitudes among the species: Table 5 shows that
the calculated change in contrail climate effect is more than 20 times larger than the change in CO,. The calculated change in
NOx climate effect is about two thirds of the one in CO4 and the change in HoO climate effect is only about 6% of the change
in CO. Simultaneously, Fig. 7 shows the large differences in magnitudes of absolute delta values for the non-CO5 species
contrails, NOy, and H,O. The magnitude of delta contrails is in the range of around -400 to 100 tCOq,, per flight, compared

to only &£ 15 tCOy, per flight for the sum of NOy and H»O. Hence, the savings due to contrail avoidance outweigh changes
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Variable A per flight A (%) per flight Flight segments
A Fuel burn +357 kg +1.2%  Entire trajectory
A NOx emission (as NO2) +13 kg +2.5% Entire trajectory
A CO2 emission +1,129 kg +1.2%  Entire trajectory
A NOx effect (COzeq, EGWP100) +733 kg +1.1%  Cruise-only

A Contrail effect (CO2¢q, EGWP100) -26,932 kg -435%  Entire trajectory
A H»O0 effect (CO2¢q, EGWP100) -64 kg -1.2%  Cruise-only

A CO2 + A Contrail effect (CO2¢q, EGWP100) -25,830 kg -16.5%  Entire trajectory
A NOx + A H20 effect (CO2¢q, EGWP100) +669 kg +1.0%  Cruise-only

A Total (CO2¢q, EGWP100) -25,161 kg 111 % Mix

A Total (CO2¢4, ATR100) -33,095 kg -124% Mix

A Total (COz2¢q, EGWP20) -95,258 kg -162% Mix

Table 5. Mean absolute and relative changes per rerouted flight, based on the comparison of filed and contrail-optimised trajectories. Note
that fuel burn and NOx emissions are considered for the whole mission, whereas climate effects are only determined for cruise-phase due to

the model limitations (see Sect. 2.2.2).

in the NOy and H5O climate effect. However, note that the NO, and H,O climate effect is highly sensitive to the aCCF version
used, as they reflect different global scalings for different references (see Appendix D for detailed discussion).

We further know from Sect. 2.1 that approximately 15% of flights fail to achieve a net climate benefit when using using
reanalysis weather data instead of forecast weather data. This is shown in Fig. 8, where 15% of the bars fall to the right of zero,
indicating positive A climate effect values. Compared to the 2% of flights for which the change in climate benefit turns positive
(i.e. the contrail-optimised trajectory has a larger climate effect than the filed trajectory), this proportion is considerably larger.
In Fig. 8 we further illustrate the effect of considering all four species instead of CO2 and contrails only on the A climate
effect. It is apparent that the distribution of the change in total climate effect considering all four species (b, in purple) is more
tightly concentrated around zero compared to the change in CO2 and contrails only (a, in orange).

In Fig. 9 we explore the mitigation gain depending on the contribution of the individual climate effects of the filed flights. We
map the flights from their ranked contribution on the left to their mitigation gain or loss on the right. Filed flights dominated by
contrails (1,599 flights) achieve the largest mitigation gain. However, filed flights dominated by CO2 and NOy (1,784 flights)
also achieve a large mitigation gain. At the same time, they account for the largest share of flights that failed the optimisation,
either due to different weather input or the inclusion of NO, and H5O effects during evaluation (shown here as the flow into

the (0 — 132] bin, a bin that accounts for approximately 15% of flights).
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Figure 8. Relative change in aggregated (CO> and contrails, and all species) climate effect (tCO2cq, EGWP100) per flight after contrail-

optimisation. The percentage labels represent the proportion of total flights falling on the left and right sides of zero, respectively.

3.4 What impact does the climate metric choice have on the mitigation gain?

Using ATR;gg or the EGWPy instead of EGWP;(g to calculate the climate effect, we observe several changes. The total
climate effect reduction rises from -11.1% (-25.2 tCOz.q, EGWP10) to -12.4% (-33.1 tCOs¢q, ATRgg) to -16.2% (-95.3
tCO2cq, EGWPy) per flight, on average across all sampled flights (Table 5).
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Figure 10 compares the contribution of each species to the total climate effect for the filed and contrail-optimised trajectories,
as well as for a best estimation reference scenario. When comparing filed with contrail-optimised trajectories, the contribution
to the total climate effect is comparable between climate metrics with longer time horizons (EGWP;(g, ATR1gg) for each
species. Changing the metric to a shorter time horizon (EGWP5() increases the dominance of short-lived climate forcers
(contrails, NO,) compared to the long-lived species CO2. One can see that our shares of CO- are 4—14 percentage points lower
compared to Lee et al. (2021). Our shares of contrails are 8—16 percentage points smaller for filed flights and 17-28 percentage
points smaller for contrail-optimised flights. Our NO, shares are much larger across all metrics and trajectory types. For the
reference scenario, we use the global annual CO2., (GWP199 and GWPy() emissions for 2018 by Lee et al. (2021) (their Table
5): COq based on fuel usage of 2018 multiplied with a constant Elco,, contrail cirrus with Tg COg basis, net NOy, and water
vapour emissions. We consider the sum of the four as the total, i.e. we do not include aerosols in the calculation. These CO2q
emissions were calculated based on the best estimate ERFs. That means, that fast atmospheric responses are included in the
COy¢, estimates using the GWP metric, but no efficacy is considered. The authors claim that the ERF lies within the range of
the RF and the RF including efficacies (RF*), being closer to the latter. Thus, the share of contrails would be slightly smaller if
properly accounted for the efficacy. If the contribution of each species to the total climate effect were computed for the 5-95%
confidence intervals of the ERF estimates, the resulting shares of the reference scenario would also differ. Further note that
the reference scenario covers global annual air traffic, whereas we only consider a sample of ~4,000 flights with large contrail

impact.
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Figure 10. Contribution of each species to the total climate effect (measured in different climate metrics) for the 4,112 filed and contrail-
optimised trajectories, and for a best estimation reference scenario. Note that the reference scenario is given in GWP and for a global annual

fleet, compared to our results in EGWP (or ATR) and covering a sample of flights traversing the Borealis airspace. See text for details.

As shown in Fig. 11, the largest change in climate effect for all three metrics is observed for contrails, and the smallest for
H-O. For longer time horizons (EGWP1 49, ATR1q0), the second largest change is attributed to either CO2 or NOy. For a shorter
time horizon (EGWPy) it is NOy. Only on September 2 & 3, the change in COs, is larger than the one from NOy (EGWPy).
Hence, changing the metric but keeping the time horizon (i.e., moving from EGWP1oy to ATR1gg) only marginally affects
the relative ordering of the deltas (first two day-pairs). However, changing the time horizon (i.e., moving from EGWP; to
EGWPy) reverses the ordering of changes in CO5 and NOy for all December day-pairs, and in one case (2 & 3 September) the
A NO, changes sign. The change in NOy, which was net negative for EGWP1¢¢ and ATR; (g, is now net positive for EGWPq.
This does not cause a sign change in the total change though. In addition, the magnitudes of the changes in NO, and contrail
increase. This behaviour is in line with our expectations, emphasising short-lived climate forcers. Comparing our results with

those from Kirschler et al. (2026) (their Fig. 5), both works agree that all climate metrics indicate successful climate mitigation.

4 Discussion and limitations

In general, our results are largely consistent with previous trajectory optimisation studies: with little extra fuel, an overall
climate benefit can be achieved (Table 6). This holds true for different climate metrics and considering four species (COa,
contrails, NOy, H2O). According to literature, contrail mitigation seems to be relatively consistently at 20-40% for different
models, and fuel penalties per flight are mostly at 0—1%, with fleet-wide values lowered to 0.11-0.37%. There are a few
discrepancies though when comparing our results with other modelling studies: First, it should be noted that some studies
report fleet-wide fuel increases rather than per-flight values (e.g. Martin Frias et al. (2024); Piontek et al. (2026)). Whenever
possible, these were converted. Second, care must be taken to ensure that all relevant species are accounted for when assessing
the total climate benefit. For instance, our study reports a AEF qp¢,a11 Of -43.5%, but the overall net climate benefit is only -11
to -16% (EGWP1g, ATR; 09, EGWPy). Teoh et al. (2020) report a AEF ontrail 0f -59%, and a AEFontrail,co, over 100 years
of -35.6%. Martin Frias et al. (2024) report a AEF outrai1 0f -73%, and their total net climate benefit (contrail, COs) is -22%

(GWPy), which is consistent with our results. In addition, the shorter the time horizon (e.g. 20 years), the larger the claimed
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across species.

climate benefit. This is seen in our results (the benefit increases from -11% to -16%), but also in the largest climate benefit of
all considered studies (-50%) claimed by Liihrs et al. (2021). Furthermore, those studies optimise and evaluate for the same
climate metric, whereas in our work the metric is additionally changed during evaluation to test for robustness. Another point to
consider is the inclusion of the efficacies. For instance, Piontek et al. (2026) use the GWP; o without efficacies and claim a net
climate benefit of -18%. They further mention in their limitations that using a contrail efficacy, such as the one by Bickel et al.
(2025) used in our work, would reduce the contrail climate benefit substantially. Third, some studies take a more theoretical
approach, optimising trajectories without accounting for airspace structure or operational flight procedures (e.g. Grewe et al.
(2017); Castino et al. (2024)), whereas other studies consider operational constraints during optimisation (e.g. Martin Frias
et al. (2024), and our work). Lastly, the regions considered vary from study to study, leading to different weather conditions

and air traffic densities. These regional differences impact the patterns of contrail formation and the NO, climate effect, which
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might change the magnitude of claimed net climate benefit when the same methodology would be applied to other regions.
Yet, despite those differences, modelling studies consistently point in the same direction: contrail avoidance is an effective
mitigation option.

While our results are derived for the Borealis region, the underlying methodology is general and can in principle be applied
to other regions, seasons, and traffic scenarios. However, seasonal and regional limitations of the aCCFs and sensitivity to
weather input of CoCiP should be taken into account (see Sect. 4.1), and airspaces must permit free-routing. In terms of ATC
constraints from flight level adjustments, Piontek et al. (2026) found a small increase in congestion and a significant increase
in separation conflicts of flights using their polygon-based optimisation approach for vertical trajectory adjustments. We did
not investigate the impact on operations of our contrail-optimised flights, but given the cost-based optimiser used in our work
with finer possible adjustments, we would expect less disturbances. Furthermore, it should be notes that since only flights with
large contrail impact were evaluated, the -11% to -16% in climate benefit is not directly transferable to a global fleet. That
said, whether the magnitude of the reported effects transfers directly to other regions, seasons, or traffic scenarios remains to
be validated.

Despite successful climate mitigation throughout all three considered climate metrics, we saw that the mean net climate
benefit per flight ranges from -25.2 tCOg.q (EGWP1qp) to -95.3 tCOo.q (EGWPyp). While this may be acceptable from a
purely climate perspective, it has significant economic implications: should non-COs, effects be assigned a price, a factor of
four difference would substantially change the economics of contrail-optimal flight planning.

The results are further subject to uncertainties in the calculation of the individual climate effects. Here, we recap our three

major research questions (RQs) and how uncertainties might impact our answers:

— RQ1: In our study we find that contrail-optimised routings lead to lower flight altitudes. Flying lower mostly increases
the NOy emissions (Fig. 3), but simultaneously reduces the NOy climate effect per emitted NOy (Kohler et al., 2008;
Fromming et al., 2012; Sgvde et al., 2014; Matthes et al., 2021; Dahlmann et al., 2016). These opposing effects differ
considerably in their uncertainty: the emissions are associated with a small uncertainty range (around 10% (DuBois and
Paynter, 2006; Harlass et al., 2024)), while the climate effect carries a much wider range (Lee et al., 2021). The net NOy
climate effect reported by Lee et al. (2021) for example gives estimates for the NO,-RF ranging from net cooling to
net warming, and estimates for the NO-ERF ranging from near zero to net warming. While the absolute value of the
NO,-RF has large uncertainties, the effect of flying lower was assessed consistently in a model intercomparison (Sgvde
et al., 2014; Matthes et al., 2021). Including these uncertainties into the modelling would affect the simulation results for
the climate effect per emission, whereas the modelling of the emissions themselves are not expected to change much.
Since the NOy climate effect is the product of the two, the results may change, though the direction and magnitude of
this change still has to be determined. Another point to consider is that we evaluated flights with large contrail impact

only. For flights that do not form persistent warming contrails, the NO, effect might play a bigger role.

— RQ2: Non-CO,, effects are all subject to considerable uncertainty: this applies not only to NOy, as noted above, but also

to contrails and HoO (Lee et al., 2021). So what would happen to the total mitigation gain in case we were overestimating
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contrails and underestimating NO, and HoO? First of all, there is quite a margin in between the mean contrail reduction
per flight (-26 tCOqcq) and the NO (+0.73 tCO2¢q) and HoO (+0.064 tCOq.q) effects, EGWP; . If we took the lower
bound of the ERF estimates by Lee et al. (2021) for contrails (-70%) and the upper bounds of the NOy (+66%) and
HyO effects (+60%) to approximate over- and underestimations of the non-CO, effect, we would get -8.08 tCO2qq
(contrails), +1.22 tCOgeq (NOy), and +0.1 tCOgeq (H20) per flight. Thus, the mean benefit through contrail avoidance
would still exceed the penalties. Applying these changes on each individual flight would result in 9.5% of flights turning

net warming after contrail-optimisation (compared to 2% before) (Appendix E Fig. E1).

— RQ3: We derive our COy, estimates relative to the CO climate effect by Gaillot et al. (2023) (Eq. 3). Latest estimates
of the specific AGWP of CO; by Dahlmann et al. (2025) (their Table 6) are 15.5% lower for a time horizon of 100 years,
and 1.1% higher for a time horizon of 20 years, mainly due to different background concentrations of CO5. That means
that absolute COq,, estimates for longer time horizons would be larger, whereas the estimates would barely change for

shorter time horizons.

In addition, optimizing using forecast weather leads to ~11% of flights failing contrail avoidance, and ~15% failing overall
climate mitigation when COs, is included (Sect. 2.1). Although forecast accuracy may improve over time and reduce this error,
natural weather variability (Wilhelm et al., 2021) will always remain, meaning weather-related uncertainty will continue to

play a role.
4.1 Limitations

Limitations of our study range from the flight trajectory optimisation, to air space restrictions, and to the modelling approaches
in the climate impact evaluation. A limitation of the flight trajectory optimisation algorithm is the constraint of allowing at
most one deviation from the filed trajectory, meaning the full optimisation potential is not exploited. Additionally, real-world
ATC constraints are not accounted for: in practice, after a flight level change to a lower altitude, an aircraft may be unable to
return to its optimal cruise altitude immediately when the optimiser suggests it, as it must re-enter the queue. This would result
in a larger fuel and CO- penalty due to extended flight at suboptimal altitudes.

We discovered three model limitations in the aCCFs we use in our methodology, causing large deviations in the estimated
NOy and H»O climate effect. First, the variability of different versions of the aCCF model (Appendix D Fig. D1). The question
of which version best reflects the actual climate effect remains an active area of research. The MRV (Eichinger et al., 2025)
suggests the usage of version 1.0A (Matthes et al., 2023), and efforts are underway to develop dedicated models for specific
regions, meteorological conditions, and seasonal variations, which is promising. To account for uncertainties, Rao et al. (2024)
further implemented the first version of probabilistic aCCFs (paCCFs) for ozone. Once such a model is available for other
species (methane, water vapour), paCCFs could be a great addition to aCCFs. Second, following a vertical optimisation ap-
proach, flight trajectories are usually pushed to lower altitudes (Liihrs et al., 2021; Zengerling et al., 2023). The aCCF model
has limited altitudinal coverage that does not fully capture cruise altitudes, leading to flight segments being pushed outside its

valid band (Appendix C Fig. C1). These flight segments can thus not be considered in the analysis (Appendix C Fig. C2), mak-
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ing it hard to provide a complete picture of the actual change in climate effect. (How the NOy climate effect would change if a
different validity range were chosen is shown in Appendix C Fig. C3). Third, the horizontal coverage of the aCCFs. Van Manen
and Grewe (2019) claim that the aCCFs can be applied to the northern hemisphere for 30-60° N. Maruhashi et al. (2022) fur-
ther show that transport and NO-ozone impact patterns over North America and Eurasia behave similarly to one another, but
distinctly from other regions. However, the investigated regions only partially overlap with the Borealis airspaces (45-82° N)
in the present study. We therefore suggest future work to investigate the aCCF validity beyond the current vertical and lateral
boundaries.

Other limitations come from the CoCiP model that we use to estimate the contrail climate effect. Akhtar Martinez et al.
(2025) found that CoCiP may underestimate the impact of long-lived contrails, since it does not fully capture later phases of
the contrail evolution. In our data, only 2.5% of all flight segments cause contrails that survive at least 7 hours. Therefore,
we do not expect large changes in our results. The authors also found that CoCiP is sensitive to relative humidity and wind
shear. However, they acknowledge that their input weather data is synthetic and recommend further comparisons using more
realistic meteorology. Another limitation of this study is that we do not include volatile particulate matter (vPM) emissions
for the prediction of contrails. They are estimated to play a major role in the formation of contrails for the low-soot regime
(Voigt et al., 2025). In our data, the 0.5th-99.5th percentile range of the nvPM EI number spans from 2.0'* kg~! to 8.61° kg !
for both filed and contrail-optimised trajectories. This indicates that 99% of values fall within the soot-rich regime (Yu et al.,

2024), so no major changes would be expected for our results including vPM emissions.

5 Conclusions

The aim of this study is to assess the robustness of the climate benefit of contrail-optimised trajectories for the Borealis
airspace. Specifically, it investigates whether trajectories optimised to avoid contrails under operational constraints (forecast
meteorological data, prescribed fuel and time penalties) and a given climate metric continue to yield a net climate benefit when
evaluated against reanalysis data, extended to include NOy and H,O effects, and assessed across alternative climate metrics.
Our model setup follows the recommendations of the MRV and uses the models CoCiP (contrails) and aCCFs (NO,, H5O) to
evaluate the non-CO; climate effect of approximately 4,000 real-world flights with large contrail impact traversing Northern
Europe in 2023. Fuel consumption, emissions, and climate effect estimates were then compared to literature.

We found that the ratio of climate benefit to additional fuel use (+1.2% fuel = -43.5% contrails and -11% to -16% climate

impact) falls within the range reported in the literature (see Table 6). The main findings can be summarised as follows:

— RQ1: On average across the ~4,000 flights with large contrail impact, contrail-optimised flights emit 2.5% more NOy
compared to the baseline, whereas the NO, climate effect only increases by 1.1% (EGWP1g). In other words, 93% of
flights emit more NOy, but only 65% of all flights also show an increased NOy climate effect due to the lower flight
altitude, where the climate effect per unit mass of NOy emitted is reduced. Given the large uncertainty in modelling the

transport pathways of emitted NO,, however, one should be careful about extrapolating the results.
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— RQ2: Including NOy and H;O effects in the estimate of the net climate benefit of our contrail-optimised flights re-
duces the mitigation benefit from -16.5% (considering contrails and CO5 only) to -11.1% (considering all four species),
EGWP(. Despite the change in mitigation benefit, the majority of flights (98%) still achieve a net gain, because contrail
effects are much larger in magnitude than NOy and H5O effects for our flights with large contrail impact. Even when
accounting for potential over- and underestimations of these non-CO- effects, more than 90% of flights still achieve a
gain. The more critical factor is the meteorology: Using forecast weather instead of reanalysis weather results in 15% of
flights where contrail-optimisation fails to achieve a net climate benefit. This impact exceeds that of including additional

non-CO; species, at least for our flights with large contrail impact.

— RQ3: The climate metric affects the magnitude of the total mitigation gain, but does not result in a net sign change of
it. The climate benefits under the EGWP;o9 and ATR;gp metrics are comparable (-11.1% and -12.4%, respectively),
indicating the robustness of our contrail-optimised flights over different metrics that express a similar objective. Using
the EGWPy metric during evaluation, and hence, changing the focus to avoiding additional warming in the next two

decades, even increases the mitigation gain (-16.2%).

We conclude that optimising for contrails alone is feasible to mitigate the climate impact for flights with large contrail
impact and considering vertical trajectory adjustments, at least as long as the contrail climate effect is substantially larger
than the other non-CO; effects. For flights without significant contrail impact, NOy and H5O effects should be included in
trajectory-optimisation strategies, since their effects might play a bigger role compared to CO5 than for large contrail impact
flights. When doing so, it is important to ensure a consistent model setup with consistent climate metric conversions to make

results comparable across studies.

Appendix A: Project overview

This study is related to the work by Piontek et al. (2026) through shared project funding under the SESAR (Single European
Sky ATM Research) project CONCERTO (Dynamic Collaboration to Generalize Eco-friendly Trajectories). Both remain stan-
dalone studies though. While Piontek et al. (2026) address exercise 1, the present work stems from exercise 2.1. A comparison
of the two exercises is provided in Table Al.

Piontek et al. (2026) (Sect. 2.4) proposed a sample selection of 16 days in 2023 for the Borealis airspace: selecting one
weekday and one weekend day per season, each further split into one normal and one high-impact day, when considering the
total climate effect. Both studies assess the mitigation potential of trajectory optimisation for this period. The air traffic data
used in both studies is based on filed flight plans submitted to the network manager, that were converted into trajectories with
a one-minute resolution. The two studies further share a pre-tactical and vertical-deviation-only approach, and follow a similar
model setup.

However, the study by Piontek et al. (2026) first calculates climate-sensitive areas and their probability based on the ECMWF
ERAS5 10-member ensemble, and applying the CoCiP and aCCF models for contrails and NO, and H5O, respectively. These
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CONCERTO Exercise 1 CONCERTO Exercise 2.1
Piontek et al. (2026) This work

Day selection 16 days in 2023 16 days in 2023

Study region Borealis Borealis

No. flights ~145,000 ~150,000

Rerouted flights 9% 4,112

Planning horizon

Optimisation approach

Trajectory adjustments

ATM constraints

Meteorology

Climate models

Species

Climate metric

Contrail efficacy

pre-tactical
avoid climate-sensitive regions
(polygon-based)

vertical only

ERAS reanalysis ensemble

CoCiP, aCCF
CO2, Contrails, NOy, H2O

GWP100

1.0

pre-tactical

minimise climate-impact costs
(cost-based)

vertical only

trajectory adjustments only at ATM fixes
change in flight sector occupancy is considered
HRES forecast (optimisation)

ERAS reanalysis (evaluation)

CoCiP, aCCF

CO., Contrails (optimisation)

COg2, Contrails, NOy, H2O (evaluation)
EGWP10 (optimisation)

EGWP100, ATR100, EGWP3q (evaluation)

0.42 (optimisation), 0.21 (evaluation)

Table A1. Comparison of the two CONCERTO exercises and their model setups.

areas are technically polygons on each flight level for different confidence intervals. The authors then optimise trajectories by
avoiding these areas considering different constraints.

We optimise trajectories using a cost function that quantifies the climate impact of contrail formation, modelled via CoCiP
using ECMWF HRES forecast data as meteorological input. The optimiser estimates the warming contrails of all flights and
proposes alternatives to the ones with the largest warming, considering constraints of less than 2% extra fuel, less than 5
minutes extra flight time and more than 5 t(COaqeq) of climate benefit, EGWP1q. We then calculate the occupancy percentiles
for each flight sector before and after optimisation, and select the proposed alternatives that show the least effect in flight sector
workload. We then evaluate the climate benefits using deterministic ERAS reanalysis data, and applying the same models

(CoCiP, aCCFS) as Piontek et al. (2026). We further evaluate our results using three different climate metrics.
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Appendix B: Model setup to generate contrail-optimised trajectories

Aircraft performance was modelled using BADA3 (EUROCONTROL, 2022), accessed via the pycontrails-bada library (v0.6.2)
(Shapiro et al., 2025), with engines selected from the BADA database based on aircraft type. We simulated contrail evolution
using CoCiP Grid (pycontrails v0.54.5) (Engberg et al., 2025; Shapiro et al., 2025), applying humidity scaling via an expo-
nential boost correction (ExponentialBoostHumidityScaling: rhi-adj=0.9779, rhi-boost-exponent=1.635, clip-upper=1.65). We
did not account for contrail-contrail overlap. The integration used a 5-minute time step, and we tracked contrails for a maxi-
mum age of 14 hours. We recomputed aircraft heading from the mean track between waypoints with wind correction applied.
Trajectory optimisation relied on ECMWF HRES forecast data (ECMWF, 2024), with each flight optimised using a forecast
initialised between 9 and 21 hours before take-off. Each optimisation run produced zero or one optimised trajectory per flight,
and multiple runs could be performed with varying tuning parameters. Cloud ice water content was handled using the default
pycontrails treatment. The optimisation was deterministic, with no ensemble treatment applied. Regarding the climate metric,
CO4 emissions were derived from fuel burn using an emission index of Elco, = 3.16 kg kg~! (ICAO, 2018). The contrail
climate impact was computed as energy forcing (EF) using pycontrails and subsequently converted to EGWPg, assuming an

efficacy of 0.42. Climate effects from other species were not computed using forecast data.

Appendix C: Vertical coverage and model sensitivity

The aCCF model was derived from the CCFs, which quantify the climate response for standardised emissions between 200 hPa

and 400 hPa. However, as pointed out in Sect. 2.2.2, many (cruise) flight segments fall outside this range (Fig. C2). We further

Ambient air pressure [hPa]

CCF validity
1 Filed
400 [ Contrail-optimised

0 25 50 75 100 125 150 175 200
Flight segment count (x103) [-]

Figure C1. Distribution of waypoints along altitudes. About a quarter of flight segments occurs above the CCF validity coverage. It is also

visible that optimised trajectories are clearly pushed to lower altitudes.

decided to only evaluate flight segments where both the filed and contrail-optimised segments are within the validity range
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(Sect. 2.2.2). This is illustrated in Fig. C2. Lastly, Fig. C3 shows the sensitivity of choosing a validity range on the NOy

100
(a)
200
300 A
g
< 400 -
L 500
3
2 600
&
= 7001
<
800 Filed
= Contrail-optimised
500 Validity range 420 %  Excluded ® Included
1000 T T T T T T T T T T
Q Q Q Q Q QO Q Q Q Q QO QO Q o Q Q
IR PC O NN IR ® s N
oS A A N N N S P S S S A, (R 1
UTC time UTC time

Figure C2. Example trajectory for (a) full flight and (b) part of the flight to show which waypoints are considered in the evaluation. Since the
contrail-optimised trajectory leaves the valid zone and no climate effect can be determined for these waypoints, the original waypoints have
to be excluded as well in the calculation of the delta. This situation occurs in 13.7 % of all flights. The chosen validity range is described in

Sect. 2.2.2.

climate effect.

2023-03-18 & 19 150-350 hPa 200-350 hPa 200-400 hPa
2023-06-07 & 08

0.30 2023-06-13 & 14
2023-09-02 & 03

0.25 2023-09-16 & 17

023-12-16 & 17
023-12-21&22
O3 2023-1227&28 |

Density [-]

e N I B N T I T T I OV N I

A NO, climate effect cruise (EGWP100) [%] A NO, climate effect cruise (EGWP100) [%] A NO, climate effect cruise (EGWP100) [%]
Figure C3. Distribution of relative change in NOy climate effect in EGWP1o¢ per flight after contrail-optimisation for three different cruise
pressure level ranges. The baseline is the middle plot (200-350 hPa), where all model features are fully captured, i.e. the aCCFs produce
results correlated to the CCFs. However, as seen in Fig. Cl1, that causes about a quarter of flight segments to be excluded, significantly
altering the distribution as seen in the left plot (150-350 hPa). Extending the range in the opposite direction, i.e. into regions where the
aCCFs diverge from the CCF, has a negligible effect on the aggregated results as seen in the right plot (200-400 hPa). Yet, we found that for

certain airspaces and on specific days, this extension of validity range does impact the results.
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Appendix D: aCCF versions

Table D1 shows the aCCF scaling factors by which all coefficients of the baseline formulas from Van Manen and Grewe (2019)
(for species Ho,O, O3, CHy) and Yin et al. (2023); Dietmiiller et al. (2023) (for species contrails and CO) are divided to obtain
the scaled versions. All three aCCF versions are given in a pulse emission scenario with a 20 year time horizon (P-ATRs).
This is because aCCFs are derived from CCFs, and CCFs follow the pulse emission scenario integrated over 20 years from
Aamaas et al. (2013) (see Fromming et al. (2021), their Sect. 2.4). Hence the emissions differ in the used metric and in a scaling

of annual mean values to a specific reference. Note that spatial sensitivity is unchanged.

aCCF version H>O0 03 CH; Contrail CO-
Van Manen and Grewe (2019) 1 1 1 - -
Yin et al. (2023) and Dietmiiller et al. (2023) 1.92 1.97 2.03 1.00 1.00
Matthes et al. (2023) 3.00 11.00 35.00 3.00 1.00

Table D1. Scaling factors by which all coefficients of the baseline aCCFs from Van Manen and Grewe (2019) are divided to obtain the scaled
versions. The baseline for the contrail aCCF and CO2 aCCF is Yin et al. (2023); Dietmiiller et al. (2023). The climate metric is P-ATR5( for

all three aCCF versions.

I3 H>0 O3 CH; Contrail

S$S2000 — BR2008  0.520 0.508  0.492 0.509

Table D2. Backward calculation factors to get from the climate response function of Sausen and Schumann (2000) (SS2000) to Boucher and

Reddy (2008) (BR2008), to be compatible with the conversion factors in Dahlmann et al. (2025).

Figure D1 illustrates the sensitivity of the results to the choice of model, with each model yielding different results. While
the spatial dependencies and sensitivities between the three aCCF versions are the same, the absolute values differ due to
different assumptions. While Van Manen and Grewe (2019) used the temperature regression formula from Boucher and Reddy
(2008), Yin et al. (2023), Dietmiiller et al. (2023) and Matthes et al. (2023) used the regression formula from Sausen and
Schumann (2000). For P-ATR 4, this yields in a difference of a factor of around two. Note that this factor changes for different
climate metrics and time horizons: While using Boucher and Reddy (2008) for ATRy, almost doubles the absolute values,
for ATR¢g the increase is less than 15%. The aCCFs by Matthes et al. (2023) are based on Yin et al. (2023), but include
alignments from aCCFs to the climate response model AirClim (Grewe and Stenke, 2008; Dahlmann et al., 2016), to receive
comparable absolute values as in AirClim. The COs, estimates by the aCCFs are all based on the AirClim version using Sausen
and Schumann (2000) and therewith only about half of what the best estimate by Gaillot et al. (2023) suggests, which uses
Boucher and Reddy (2008). Using the AirClim version with temperature regression from Boucher and Reddy (2008) as in
Dahlmann et al. (2025), would result in similar CO9 estimates as Gaillot et al. (2023) report.
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Figure D1. Mean climate effect per filed flight (considering the full traffic set of 4,112 flights) in tCO2.q; (EGWP100) for different species
and the three aCCF versions (Van Manen and Grewe, 2019; Yin et al., 2023; Dietmiiller et al., 2023; Matthes et al., 2023). CO5 values are
estimated with Eq. (3), whereas NOy, O3, CH4, and H2O are calculated with their respective aCCF (see Table D1 for the precise scaling
factors). To convert the results from CO> and non-CO> to the same unit, we follow the procedure explained in Sect. 2.3 which uses the
conversion factors between individual climate metrics by Dahlmann et al. (2025) and additionally use the backward calculation factors from

Table D2 for the Yin et al. (2023); Dietmiiller et al. (2023); Matthes et al. (2023) aCCF versions.
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Appendix E: Impact of uncertainties on simulation outcome

In case our model setup overestimates contrail formation and underestimates NO, and HyO effects, the net mitigation gain of
trajectory optimisation would be affected. Such a change is illustrated in Fig. E1, where the number of flights achieving a net

climate benefit is reduced by 5.4 to 10.9 percentage points, depending on the considered species.

Best estimate Calibrated with Lee et al. (2021)

14001 — (a): CO; + contrails
I (b): CO; + contrails + NOy + H,0

(a) 14.8% (a) 79.8% (a) 20.2%
(b) 16.0% (b) 73.1% (b) 26.9%

1200

(a) 85.2%
(b) 84.0%

]
=
o
S
S

<)
o
o

600

No. of flights [-

400

200 —

0- o ] -
-100 -80 -60 -40 -20 0 20 -100 -80 -60 -40 -20 0 20
A Climate effect (EGWP100) [%] A Climate effect (EGWP100) [%]

Figure E1. Relative change in aggregated (CO2 and contrails, and all species) climate effect (tCO2.q, EGWP100) per flight after contrail-
optimisation; for the simulation results (best estimate), and for approximated over- and underestimated simulation results based on ERF
confidence intervals from Lee et al. (2021). The percentage labels represent the proportion of total flights falling on the left and right sides

of zero, respectively.
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