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Abstract. Aviation contributes significantly to climate change through CO2 emissions and non-CO2 effects such as contrail

cirrus and ozone formation. As the latter effects depend strongly on location and time of emission, non-CO2 impacts could be

mitigated through optimized routing. Climate Change Functions (CCFs) and algorithmic Climate Change Functions (aCCFs)

provide spatially and temporally resolved information on the effect of aviation emissions on the atmosphere, which enable

the planning of such eco-efficient flight routes. While CCFs are computationally demanding, aCCFs offer simplified but faster5

estimates based on correlations with meteorological data, facilitating climate-optimized flight planning applications. As the

current applicability of aCCFs is limited to specific regions and seasons according to previously available CCF calculations,

this study aims to address these limitations by expanding the spatial and temporal scope of CCFs and by comparing results with

existing aCCFs beyond their original temporal and spatial domain. Dedicated contrail and chemistry simulations were accom-

plished by means of a Lagrangian approach within the ECHAM/MESSy Atmospheric Chemistry (EMAC) climate model to10

calculate CCFs for a new date and new regions. This study advances aviation non-CO2 climate impact modelling by expanding

CCFs to U.S. and European airspaces, to a novel season, enhanced spatial and temporal resolution of contrail effects, refining

ozone radiative forcing estimates, and incorporating long-term climate responses over a 100-year time horizon. The new CCFs

show consistent magnitudes and spatial gradients with earlier CCFs, but reveal systematic underestimation of contrail radiative

forcing due to low optical depths. The comparison of CCFs of the present study with aCCFs outside their design region and15

season indicates that aCCFs capture general magnitudes and most gradients but underestimate their variability, particularly for

contrails and NOx-induced effects, and reveals limitations at certain altitudes and seasons. While aCCFs offer a fast alternative

for trajectory planning, they simplify complex processes compared to detailed CCF simulations. The comprehensive model

setup presented in this study describes a pathway how further refine aCCF formulations and how to expand datasets to improve

accuracy and applicability outside their original domain. The new CCFs from this study expand spatial (EU and continental20

US) and seasonal coverage (spring) and provide valuable data to advance future aCCF formulations for broader applications.
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1 Introduction

Aviation has a significant and undeniable role in global climate change and contributes about 3.5% to total anthropogenic

effective radiative forcing (ERF) in 2018 (Lee et al., 2021). Thereby, aviation’s contribution to climate change extends way

beyond carbon dioxide (CO2) emissions. Non-CO2 effects, such as contrail cirrus formation and NOx-induced ozone (O3)25

production play a substantial role in the sector’s overall climate effect. Studies indicate that contrail cirrus alone may exert a

climate impact comparable to or even exceeding that of aviation’s CO2 emissions, particularly along heavily trafficked corri-

dors like the North Atlantic flight region (e.g., Bock and Burkhardt, 2016; Teoh et al., 2022).

Unlike CO2, which exerts a globally distributed and long-lived radiative effect, the non-CO2 aviation effects are strongly de-

pendent on the location and timing of emissions. This spatial and temporal sensitivity implies significant potential for reducing30

aviation’s climate impact through strategic flight routing. To quantify and potentially mitigate these effects, climate change

functions (CCFs) have been developed to express the atmospheric response to aviation emissions as functions of local meteo-

rological conditions at the time and location of release (Grewe et al., 2014a; Frömming et al., 2021).

Algorithmic climate change functions (aCCFs) represent a promising development, enabling rapid estimation of aviation cli-

mate effects without the computational expense of comprehensive climate-chemistry simulations (van Manen and Grewe, 2019;35

Dietmüller et al., 2023; Yin et al., 2023). These aCCFs have increasingly been used in model studies and integrated into oper-

ational tools designed for contrail mitigation and eco-efficient routing (e.g. Lührs et al., 2021; Yin et al., 2023; Simorgh et al.,

2024; Castino et al., 2024) and even real-world aviation has started practical application through pilot experiments such as the

German project D-KULT (Demonstrator Klima- und Umweltfreundlicher Lufttransport, Climate and environmentally friendly

air transport demonstrator (Matthes et al., 2026)) and the “100 flights trial" initiated by the AKKL (Arbeitskreis Klimaneutrale40

Luftfahrt, Climate-neutral aviation working group).

As aCCFs were originally developed for the North Atlantic region, primarily focusing on winter and summer seasons -in case

of contrail aCCFs only winter -, the current applicability of aCCFs is constrained by temporal, spatial, and methodological

limitations. As a result, the validity of using these functions “off-design”— that is, outside their intended geographical regions

or seasonal contexts — remains uncertain and may introduce significant inaccuracies in contrail and other non-CO2 climate45

impact assessments.

Against this background, the objectives of the present study are to advance the current understanding and modelling of avi-

ation’s non-CO2 climate effects. This is pursued by the following points: extending the geographical coverage of CCFs by

inclusion of both, the United States and European airspaces, calculating CCFs for a weather situation in a new season; revising

the horizontal resolution of contrail CCFs, enhancing temporal coverage to better capture diurnal variation in contrail climate50

effects, implementing an improved methodology for O3 radiative forcing (RF) parametrisation and including longer-term cli-

mate responses by adopting a time horizon of 100 years to the climate metric ATR (Average Temperature Response) following

suggestions by Megill et al. (2024).

These newly calculated CCFs enable a critical evaluation of the performance of existing aCCFs derived from earlier datasets

(REACT4C) and assess whether aCCFs can reliably be applied outside their original design domains in terms of geographic55
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region and season. This explores uncertainties regarding spatial and temporal limitations in non-CO2-related mitigation strate-

gies. This is of particular importance, as operational employment of non-CO2 mitigation measures accelerates worldwide.

2 Climate change functions

2.1 Aviation Emissions and their effect on cloudiness, chemistry and climate

Aviation emissions consist of carbon dioxide (CO2), water vapour (H2O), nitrogen oxides (NOx), sulfur oxides (SOx), and60

soot. These emissions affect climate either directly as emission of greenhouse gases (CO2 and H2O emissions) or indirectly

through emissions causing changes in greenhouse gases or clouds by chemical or physical processes. NOx emissions from

aviation modify the atmospheric ozone (O3) and CH4 chemistry. At cruise altitudes NOx emissions cause a short-term pro-

duction of O3, which is a greenhouse gas and it’s enhancement causes climate warming. At the same time, NOx emissions

cause a long-term reduction of methane (CH4), which is also a greenhouse gas and it’s reduction causes a cooling. A sec-65

ondary effect of the CH4 reduction is a long-term reduction of O3, the primary mode ozone effect (PMO), which also causes

a cooling. Additionally the CH4 reduction causes a decrease in stratospheric water vapour, implying a very small negative

climate effect. The net climate effect of these changes is complex and depends on several factors such as altitude, latitude,

season, and weather situation. On average all direct and indirect effects caused by NOx emissions tend to cause a climate

warming (Lee et al., 2021). Another important effect caused by aviation emissions is the formation of contrails and contrail70

induced cloudiness. Contrails form at cruise levels through the emission of hot and moist aircraft exhaust into cold and humid

air. These contrails may persist, depending on the supersaturation with respect to ice of the ambient air, and may spread and

form extensive contrail cirrus. On average, contrails and contrail cirrus cause a climate warming (Lee et al., 2021), however

depending on several factors such as particle shape and solar zenith angle they can also cause a cooling (Meerkötter et al.,

1999; Markowicz and Witek, 2011). Within this work we do not distinguish between line-shaped contrails and contrail cirrus75

but generally refer to contrails. The emission of aerosols or aerosol precursors have a direct effect on climate, which can be

warming (soot) or cooling (SOx). They can also have an indirect effect on clouds, which is still uncertain (Righi et al., 2023).

Nevertheless, the effect of aerosols has not been included in the present study. Overall, the direct and indirect effects from CO2

and non-CO2 emissions from aviation comprise about 3.5 % of the total anthropogenic climate impact (in terms of effective

radiative forcing). While other sectors reduce their emissions, the aviation sector has grown over the last decade at an annual80

rate of 1.1 % (Lee et al., 2021). The non-CO2 aviation effects are highly dependent on chemical and meteorological conditions

at the time and location of their emission. These conditions vary with geographic region, altitude, time of day, solar radiation,

and prevailing weather pattern. As a result, certain regions and times are more sensitive to these emissions. By adjusting flight

trajectories to avoid high-sensitivity areas, it is in principle possible to reduce the climate impact of aviation (e.g Matthes et al.,

2012; Grewe et al., 2014a; Niklaß et al., 2019; Yin et al., 2023; Sonabend-W et al., 2024; Simorgh and Soler, 2025).85
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2.2 Model description

The chemistry-climate model simulations in the present study were performed with the European Centre for Medium-Range

Weather Forecasts – Hamburg (ECHAM) / Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC) model

(version 2.52) (Joeckel et al., 2010, 2016). EMAC is a numerical chemistry climate model system and incorporates submodels

for physical and chemical atmospheric processes from the troposphere up to the middle atmosphere. MESSy couples var-90

ious submodels to the core atmospheric model ECHAM5 (Roeckner et al., 2006). The submodels comprise infrastructure,

chemistry or physics related processes or diagnostics. The chemistry was calculated by the submodel MECCA (v3.2, Sander

et al. (2011)). Non-methane hydrocarbon (NMHC) chemistry was employed, reproducing the main features of the tropospheric

chemistry (Houweling et al., 1998). For Lagrangian transport of atmospheric tracers, the submodel ATTILA (Reithmeier and

Sausen, 2002; Brinkop and Jöckel, 2019) was used. Other submodels including TREXP (used to define new tracers and point95

sources of tracers) (Joeckel et al., 2010) and AIRTRAC (determines the contribution of local emissions to the atmospheric

composition) (Grewe et al., 2014a) were employed within the present study. The formation of contrails and contrail cirrus is

parametrized following Burkhardt et al. (2008) and Burkhardt and Kärcher (2009). Contrail processing on Lagrangian trajec-

tories is included in the submodel CONTRAIL as explained in detail in Grewe et al. (2014a). The submodel RAD (Dietmüller

et al., 2016) calculates radiative transfer and allows multiple diagnostic radiative perturbation calls. Details of the submodels100

essential for the present study are explained elaborately in Grewe et al. (2014a). The model was applied with a spectral resolu-

tion of T42L41, corresponding to a quadratic Gaussian grid of ~2.8◦× 2.8◦in latitude and longitude and 41 vertical layers from

the surface up to 5 hPa. To obtain a model condition close to a real date, the prognostic variables divergence, vorticity, tem-

perature, and the logarithm of the surface pressure were "nudged" towards ERA-Interim reanalysis data (Dee et al., 2011) by

Newtonian relaxation. The boundary layer and the stratosphere above ~70 hPa were not nudged, in between transition layers of105

intermediate strengths of nudging coefficients were applied. The sea surface temperatures and the sea-ice concentrations were

used from ERA-Interim reanalysis data. After a spin-up period of three months, the 26 and 27 March 2014 were simulated,

followed by 2 days for contrail simulations and 3 months for chemistry simulations. The details of these calculations will be

explained in detail in the following section.

2.3 General Methodology to derive climate change functions110

Planning of eco-efficient flight trajectories requires detailed knowledge on the sensitivity of the atmosphere with respect to avi-

ation emissions. For this purpose, so-called climate change functions (CCFs) were calculated, which contain temporally and

spatially resolved information on the climate effect of standardized aviation emissions. In this study, a numerical modelling

approach is employed for calculating CCFs with the modular global chemistry climate model EMAC, which has successfully

been used before (Grewe et al., 2014a; Frömming et al., 2021). The details of the methodology for the calculation of CCFs were115

described elaborately by Grewe et al. (2014a) and Frömming et al. (2021). In the present study, we focus on the fundamental

principles of the methodology and improvements over previous CCF calculations.

By means of the chemistry-climate model EMAC, including i.a. the submodels ATTILA, AIRTRAC, CONTRAIL and TR-
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EXP, the specific climate effect per unit emission was calculated for predefined emission locations, altitudes and times, so

called time-region grid points. The time-region grid points are listed in Table 1 (right column). In total this results in 336120

locations (8 longitudes × 7 latitudes × 6 pressure levels), while considering five emission times within 32 hours of the chosen

episode. The emission times were chosen to theoretically enable the optimization of flights from Europe to the United States

including the return flight or vice versa, and range over 32 hours from the 26 March 2014, 0 UTC to 27 March 2014, 8 UTC.

Standardized emissions were released in the EMAC grid box in which the time-region grid point is located. The emissions

were equally divided onto 50 air parcel trajectories which were randomly distributed within the respective EMAC grid box.125

The air parcel trajectories are advected using EMAC wind fields, with mixing parametrized by the submodel LGTMIX (Reith-

meier and Sausen, 2002; Brinkop and Jöckel, 2019). The contributions to atmospheric changes from additional emissions were

determined for each time-region, namely the contributions to ozone (O3), methane (CH4), primary mode ozone (PMO), water

vapour (H2O) and to contrail and contrail cirrus coverage and ice water content. Episodic simulations of three months or two

days were performed for chemical perturbations and for contrails and contrail cirrus, respectively.130

The evolution of chemical contributions from time-region emissions are calculated on Lagrangian air parcel trajectories by

means of AIRTRAC, which applies simplified chemistry based on diagnosed production and loss terms from MECCA back-

ground chemistry proportionally. Additional NOx emissions modify O3 and CH4 concentrations through reactions involving

OH and HO2, while H2O emissions are only subject to loss processes such as precipitation. In most cases, NOx emissions are

removed within 30-40 days, while O3 and CH4 respond more gradually. Longer-term responses which are not covered within135

the simulation period of 3 months are estimated during post-processing.

In the atmosphere, contrails form as consequence of aircraft exhaust depending on critical values of ambient temperature and

humidity (Schmidt-Appleman criterion, Schumann (1996)). If the air is supersaturated relative to ice they may persist and

evolve into contrail cirrus. In EMAC, the formation and evolution of contrails and contrail cirrus in response to standardized

emissions at time-region grid points is parametrized by means of the submodel CONTRAIL (Grewe et al., 2014a). Within this140

study, we do not distinguish between line-shaped contrails and contrail cirrus and refer to contrails, only. The ability of the

atmosphere to form persistent contrails is calculated according to Burkhardt et al. (2008) and Burkhardt and Kärcher (2009)

at each time step taking into account the Schmidt-Appleman criterion, critical humidity over ice, and the coverage of natural

cirrus. The maximum fraction of a grid box that could be covered with contrails is termed potential contrail coverage. It is

important to note, that the model version used in the present study suffers from a consistent cold bias of 3 to 5 K between145

100 and 400 hPa. The effect of this bias on contrail formation is discussed in more detail in Peter et al. (2025). It leads to

an overestimation of relative humidity over ice and accordingly an over-prediction of contrail-formation regions and contrail

persistence. In this respect, the sizes of contrail covered areas must be considered being somewhat too large. The potential

contrail coverage and other relevant background properties are transferred to Lagrangian air parcel trajectories. Actual contrail

formation depends on emission in the respective grid cell with basic assumptions on initial contrail dimensions as given in150

Grewe et al. (2014a). Once formed, they evolve through processes such as spreading driven by vertical wind shear, sublima-

tion, sedimentation of ice particles and deposition of water vapour. Each model-timestep the quantities are transferred between

grid space and lagrangian space. The contrails formed and evolved from the emission pulse are characterized by their fractional
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coverage and ice water mixing ratio. Further details of the parametrizations are elaborated in (Grewe et al., 2014a).

The local emission pulses at the time-region grid points result in 4-dimensional fields of perturbations of chemical trace gases155

and contrail coverage. The impact of these perturbations is quantified in terms of radiative forcing (RF). The instantaneous ra-

diative forcing (RFinst) at the tropopause is calculated online by means of the EMAC submodel RAD (Dietmüller et al., 2016)

at each model time-step separately for a 4-dimensional perturbation field for each species and each time-region emission. In

the present study we analyse the all-sky radiative imbalance at the tropopause, which includes radiative effects of aerosols and

greenhouse gases of the background atmosphere and radiative and overlapping effects of and with natural clouds. Note that160

effective radiative forcing (ERF) is frequently used (IPCC, 2021), however, here we rely on stratosphere-adjusted RF (RFadj),

since the efficacies we apply later on are based on RFadj . Hence, fast feedbacks via stratospheric temperature adjustments are

included in the calculation of RFadj , while other fast, as well as slow feedbacks are included through the use of efficacies.

For all species, except for contrails, RFadj at the tropopause was parametrized using a temporally and/or spatially resolved

correlation between RFinst and RFadj (for details see Grewe et al. (2014a)). For contrails the difference between RFinst and165

RFadj is small (Marquart et al., 2003) and neglected here. The correlation between RFinst and RFadj for O3 was updated in

the present study (see section 2.4.3). Each temporally and geographically varying field of RFadj caused by a pulse emission at

a certain time-region grid point is condensed to one single normalized global annual mean RFadj value, which is mapped back

to the corresponding time-region grid point. From the RFadj for each species and each time-region, the average temperature

response (ATR) per unit emission is determined by means of the linear climate response model AirClim (Grewe and Stenke,170

2008; Dahlmann et al., 2016). AirClim calculates the temporal evolution of the annual mean radiative forcing and the subse-

quent temperature response according to individual perturbation lifetimes. A pulse emission was assumed and the ATR was

calculated according to business-as-usual development (BAU) for a time horizon of 100 years (F-ATR100), while including

efficacies according to Dahlmann et al. (2025). Finally, for each time-region grid point and each species one annual global

mean value of ATR per specific emission emerges which corresponds to the original emission location and emission time.175

These spatially and temporally resolved quantities are called climate-change functions (CCFs).

The first version of CCFs (Grewe et al., 2014a; Frömming et al., 2021) was calculated for five typical winter and three typical

summer weather situations, which represent the variability in the Northern Atlantic region in winter and summer, as defined

according to the classification of North Atlantic weather patterns by Irvine et al. (2013). In principle, these spatially and tem-

porally resolved numerical estimates of climate impact in response to standardized local emissions comprise information that180

could be the basis for climate impact mitigation by flight trajectory optimization. However, as the calculation of CCFs demands

very high computational effort and several months of simulation time, they cannot be used for operational eco-efficient flight

planning. In addition, the CCFs provide information only for the dynamic situation they were calculated for. For that reason,

algorithmic Climate Change Functions (aCCFs) were developed (van Manen and Grewe, 2019; Yin et al., 2023), which are

based on regression analysis between the original CCFs and instantaneous meteorological variables. The response formulas185

estimate the climate effect of aviation emissions and contrails employing simplified algorithms onto meteorological data for a

corresponding emission date. Another approach additionally included probability density functions for the accuracy of repre-

senting CCFs of O3 in terms of probabilistic algorithmic Climate Change Functions (paCCFs) (Rao et al., 2024). Both, aCCFs
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and paCCFs require only a small number of local meteorological parameters taken from e.g. numerical weather forecast models

for the time of the emission and represent a simplified but fast methodology to provide a quantitative estimate of the specific190

climate effect per unit emission for a certain location, altitude and time without the necessity of computationally extensive

chemistry–climate model simulations.

2.4 Updates and improvements over earlier CCF versions

In the following section, modifications over the previous CCF version (Grewe et al., 2014a; Frömming et al., 2021) are de-

scribed. In addition the updates and improvements are summarized in Table 1.

Representation in earlier version of CCFs (REACT4C) Representation in updated version of CCFs (WeCare/Eco2Fly)

Model Simulation EMAC T42L41(DLR), MESSy v2.42, free running, EMAC T42L41(DLR), MESSy v2.52, nudged simulation

8 generic weather situations for winter and summer

Dates Model dates: W1: 23.12.2000, W2:04.12.2000, 26./27.03.2014 (nudged to ERA-interim)

W3:20.01.2001, W4: 30.01.2001, W5: 26.02.2001,

S1: 30.06.2000, S2: 09.06.2000, S3:28.07.2000

Times 6 UTC, 12 UTC, 18 UTC 26.03.2014: 0 UTC, 8 UTC, 16 UTC, 27.03.2014: 0 UTC, 8 UTC

Domain Northern Atlantic Northern Atlantic + USA + EU

Time-region grid Latitudes: 30N, 35N, 40N, 50N, 60N, 80N Latitudes: 25N, 35N, 45N, 55N, 65N, 75N, 85N

points for chemical Longitudes: 75W, 60W, 45W, 30W, 15W, 0W Longitudes: 125W, 105W, 85W, 65W, 45W, 25W, 5W, 20E

variables Pressure Levels: 200 hPa, 250 hPa, 300 hPa, 400 hPa Pressure Levels: 150 hPa, 200 hPa, 250 hPa, 300 hPa, 350 hPa, 450 hPa

Time-region Latitudes: 30N, 35N, 40N, 50N, 60N, 80N irregularly distributed grid-points corresponding to contrail formation

grid points Longitudes: 75W, 60W, 45W, 30W, 15W, 0W regions on 2.8◦x2.8◦EMAC grid

for contrails Pressure Levels: 200 hPa, 250 hPa, 300 hPa, 400 hPa Pressure Levels: 150 hPa, 200 hPa, 250 hPa, 300 hPa, 350 hPa, 450 hPa

Conversion of Mixture of idealized perturbations of NOx or O3 Consistent idealized perturbations of NOx,

instantaneous to 7 pressure levels higher vertical resolution between 350 and 150 hPa

adjusted O3 RF 12 pressure levels

Climate metric / Average temperature response 20 yrs, pulse emission Average temperature response 100 yrs, business as usual future scenario

Future scenario

Table 1. Overview on updates within CCF calculations in the present study compared with earlier version CCFs.

195

2.4.1 Expansion of CCF domain

Earlier CCFs (Grewe et al., 2014a; Frömming et al., 2021) focused on the North Atlantic, as in that region, flight trajectories

are not as constrained and dense than over the continents, which would allow re-routing of flights in principle without creating

too many conflicts. In the present study, the region for which CCFs were calculated, was expanded from the North Atlantic

Region to the United States and Western and Central Europe. The spatial extent of the CCF regions is shown in Figure 1. The200

inclusion of both continents allows the optimization of entire flights from the US to the EU including origin and destination.

Intra-European or American domestic flights could be analysed as well. The calculation of new CCFs partly outside the initial
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CCF and aCCF domain and time allows a comparison of CCFs and aCCFs while considering regional and seasonal differences

at the same time.
Aerospace 2017, 4, 34 10 of 50
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Figure 5. (Left) Region for which climate change functions (CCF) were calculated in REACT4C
(red) and WeCare (green); (Right) Adaptive grid (red crosses) for the calculation of the contrail CCFs.
The potential contrail coverage is given as a fraction for the 26 March 2014 (blue color).

In addition to the weather dependent CCFs over Europe and USA, we have calculated global
CCFs on a climatological basis for one specific aircraft. For this aircraft we first calculated the specific
cruise emissions for a range of cruise altitudes and then calculated their climate impact by using
the chemistry-climate response model AirClim [48,49]. Hence, the sensitivity of regional emissions on
global mean near surface temperature changes is investigated by releasing specific aircraft emissions
for CO2, H2O, NOx, and a given flown distance to consider contrail cirrus, at each flight level into
AirClim’s emission regions. The spatial distribution of the climate impact in terms of ATR100 (Average
Temperature Response over 100 years) is normalized by the emissions at the corresponding flight
level to generate climatological emission based CCFs [50]. Additionally, we have replaced the annual
mean response functions of AirClim by monthly mean response functions to analyze the impact of
the annual cycle. Climatological CCFs for January and July are shown in Figure 6 for aircraft specific
emission indices at flight level 310 (roughly 290 hPa), exemplarily. It clearly shows a large difference in
polar regions due to the annual cycle of the impact of NOx emissions on ozone. Large saturation effects
over the US, Europe, and the North Atlantic Flight Corridor are visible in January. These saturation
effects were previously reported, e.g., an increase in air traffic by roughly a factor in the range of 2 to 4
showed a 10% lower contrail coverage than a linear extrapolation would give [51].
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Figure 6. Climatological CCFs for January (Left) and July (Right) per kg fuel. Here we use for
demonstration purpose the following aircraft specific emission indices (EI): EIH2O = 1.25 kg/kg,
EINOx = 17.8 g/kg, flown distance: 0.15 km/kg.

Figure 1. Region for which climate change functions (CCF) were calculated previously in REACT4C (Reducing Emissions from Aviation by

Changing Trajectories for the Benefit of Climate, red), and in the present study WeCare (Utilizing Weather Information for Climate Efficient

and Eco Efficient Future Aviation, green). Figure from Grewe et al. (2017)

2.4.2 Spatial resolution205

The regular distribution of time-region grid points in the previous CCF version led to a latitude-longitude resolution of 5◦-

20◦× 15◦, which was, in case of contrail CCFs, too coarse to represent the distribution and small-scale structure of contrail

formation areas in an adequate manner. In the present study the distribution of time-region grid points was revised for contrail

simulations, so that the spatial resolution of contrail CCFs was enhanced. As a first step, the domain was masked with the

actual atmospheric ability for contrail formation (potential contrail coverage) (see Figure 2). The contrail formation areas were210

analysed, connected areas were identified and according to the number of possible simulations, time-region grid points were

distributed equally within each cohesive contrail area (Grewe et al., 2017). Concentrating on these areas ensures the avoidance

of unnecessary simulations. For each irregularly distributed time-region grid point that was defined by the method above, a

contrail climate response simulation was performed. The global annual mean responses resulting from the time-region grid

points were interpolated within each cohesive contrail formation area. Thereby, contrail CCFs are made available on a regular215

grid of 2.8◦× 2.8◦(based on the resolution of the potential contrail coverage). With this approach the spatial resolution of

contrail CCFs is increased over the earlier version of contrail CCFs, enabling the representation of considerably finer structures

within the contrail CCFs without causing an increase in the number of time-region grid points nor in computation time. Despite

the ability of reproducing medium scale structures with the current resolution of 2.8◦× 2.8◦, further refinement is certainly
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necessary to resolve finer details. Note, that if aCCF formulas were derived from such CCFs, the resulting spatial resolution of220

calculated climate response would correspond to the resolution of the meteorological fields applied.
Aerospace 2017, 4, 34 10 of 50
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Figure 5. (Left) Region for which climate change functions (CCF) were calculated in REACT4C
(red) and WeCare (green); (Right) Adaptive grid (red crosses) for the calculation of the contrail CCFs.
The potential contrail coverage is given as a fraction for the 26 March 2014 (blue color).

In addition to the weather dependent CCFs over Europe and USA, we have calculated global
CCFs on a climatological basis for one specific aircraft. For this aircraft we first calculated the specific
cruise emissions for a range of cruise altitudes and then calculated their climate impact by using
the chemistry-climate response model AirClim [48,49]. Hence, the sensitivity of regional emissions on
global mean near surface temperature changes is investigated by releasing specific aircraft emissions
for CO2, H2O, NOx, and a given flown distance to consider contrail cirrus, at each flight level into
AirClim’s emission regions. The spatial distribution of the climate impact in terms of ATR100 (Average
Temperature Response over 100 years) is normalized by the emissions at the corresponding flight
level to generate climatological emission based CCFs [50]. Additionally, we have replaced the annual
mean response functions of AirClim by monthly mean response functions to analyze the impact of
the annual cycle. Climatological CCFs for January and July are shown in Figure 6 for aircraft specific
emission indices at flight level 310 (roughly 290 hPa), exemplarily. It clearly shows a large difference in
polar regions due to the annual cycle of the impact of NOx emissions on ozone. Large saturation effects
over the US, Europe, and the North Atlantic Flight Corridor are visible in January. These saturation
effects were previously reported, e.g., an increase in air traffic by roughly a factor in the range of 2 to 4
showed a 10% lower contrail coverage than a linear extrapolation would give [51].
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Figure 6. Climatological CCFs for January (Left) and July (Right) per kg fuel. Here we use for
demonstration purpose the following aircraft specific emission indices (EI): EIH2O = 1.25 kg/kg,
EINOx = 17.8 g/kg, flown distance: 0.15 km/kg.

Figure 2. Irregularly distributed grid points (red crosses) used for contrail CCF calculations initialized by masking with potential contrail

coverage, given as a fraction for the 26 March 2014 (blue color). Figure from Grewe et al. (2017).

2.4.3 O3 Radiative forcing

For the evaluation of climate effects from aviation, the stratosphere-adjusted RF (RFadj) is a more reliable measure than

the instantaneous RF (RFinst) (e.g. Hansen et al., 1997; Stuber et al., 2001). The methodology used in the present study,

i.e. calculating O3 RF from pulse emissions of NOx does not allow the derivation of RFadj directly from our simulations225

as this would require stratospheric temperatures to adjust to a new equilibrium. As described in detail in Grewe et al. (2014a)

(Appendix), an analytical formula was devised to translate RFinst from a pulse emission into an equivalent RFadj . This formula

was derived from a temporally and vertically resolved correlation between both RF values. Due to practical reasons, RF values

from two different studies were used then, using O3 perturbations resulting from idealized NOx emissions (Fichter, 2009) on

the one side and idealized O3 perturbations on the other side (Stuber, 2003). The resulting correlation was coarsely resolved230

at typical flight altitudes. Moreover, combining the two approaches turned out to be unfavourable. An artificial minimum at

250 hPa resulted in the previous RFinst/RFadj fit function (Grewe et al., 2014a) (see Figure 3, dashed line) which demanded

further analysis.

Within the present study, additional simulations were accomplished using a consistent and high-resolved set of O3 perturbations

resulting from idealized NOx emissions at 12 different pressure levels from 970 hPa up to 55 hPa at northern mid-latitudes235

(perturbation data taken from Fichter (2009)). They determined RFinst and RFadj for consistent idealized O3 perturbation

pulses and allowed to revise the correlation of RFinst to RFadj with finer vertical resolution, as illustrated in Figure 3. The

results reveal a continuous decrease of the ratio of RFinst to RFadj from 100 hPa with a value of almost 2 to about 0.8 at

250 hPa, while the ratio remains nearly constant below 250 hPa. The difference between RFinst and RFadj of a particular

perturbation is generally caused by stratospheric temperature changes, which are induced by the respective perturbation (in240

case of RFadj). O3 perturbations which are located in the lower stratosphere cause an increase of stratospheric temperatures,
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hence the ratio of RFadj and RFinst is above 1 for stratospheric perturbations. Whereas O3 perturbations which are located in

the troposphere cause a cooling of stratospheric temperatures, thus the ratio of RFadj and RFinst is below 1 for tropospheric

perturbations (as shown in Figure 3). Although, the magnitude of O3 perturbations resulting from unified NOx emissions in

the troposphere decreases with decreasing emission altitude, the distribution pattern of the perturbations over the northern245

extra-tropical troposphere is similar for all emission altitudes (see Fichter (2009)). This has an identical effect on both RFadj

and RFinst, thus the ratio RFadj /RFinst remains constant for tropospheric emissions below 250 hPa.

As outlined by Grewe et al. (2014a) and in section 2.3 RFinst is derived from the CCF simulations and is then translated into

Figure 3. Ratio of stratosphere-adjusted to instantaneous O3 RF in dependency of the emission altitude of local NOx emissions at northern

mid latitudes, where each square represents the simulation results from one O3 perturbation pattern. O3 perturbations from idealized NOx

emissions were taken from Fichter (2009).

equivalent RFadj . While the seasonal variability of RFinst and RFadj is calculated as described by Grewe et al. (2014a), the

altitude dependency is calculated in terms of the following (updated) fit function, which was determined using the results above250

and is valid for p≥ 105 hPa:

f(p) =D+
(A−D)

(1+ p
C

B
)

(1)

with A=2.607, B=5.237, C=114.722, D=0.798. The CCFs calculated so far (including those of the present study) are intended

for subsonic aviation and corresponding cruise levels and are valid for pressure levels between 150 hPa and 450 hPa, hence we

excluded the RFadj to RFinst ratio above 105 hPa from the fit function, as this resulted in a better fit with minimum deviations255

from the data points and aCCFs are not intended for use at levels above 150 hPa anyway. Based on similar perturbation patterns

(Fichter, 2009), we assume the fit being applicable both to northern and southern extra-tropics, while for tropical latitudes (30◦S

- 30◦N) the transition from values above 1 to values smaller than 1 would shift to higher altitudes. The updated fit function for

RFadj was applied to the O3-CCFs from the present study, whereas for resons of consistency O3-CCFs from earlier studies

and O3-aCCFs remain unchanged.260
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2.4.4 Contrail Properties and Radiative Forcing

The formation and evolution of contrails is represented by their coverage, their ice mass and optical depth (τ ). The formation

of ice crystals, their advection, growth by water uptake or loss by sublimation and sedimentation, and the change in coverage

by wind shear is included (Grewe et al., 2014a). The ice water content and optical depths were compared to in-situ and satellite

observations and other modelling studies in Grewe et al. (2014a) and both were found to be smaller than those reported from265

other studies. An overview of average grid-box mean values of contrail coverage, optical depth and RF is given in Table 2.

Note, that we study contrails from a single pulse emission with initial contrail widths of 200 m corresponding to a single con-

contrail coverage [%] optical depth
swRF

[Wm−2]

lwRF

[Wm−2]

netRF

[Wm−2]
contrail age [h]

original 0.049 0.019 -0.00014 0.00073 0.00059 10.5

sampled 0.047 0.025 -0.00025 0.00075 0.00051 3.3

Table 2. Average grid-box mean contrail properties with and without sampling.

trail. As we determine grid-box mean values for grid box lengths of several hundred km, small quantities of coverage, τ and RF

result. We identify contrail ice water contents and corresponding optical depths are considerably low in our simulations, which

is not only attributed to the small contrail dimensions compared to the huge grid box sizes but also to technical reasons. These270

are currently revised for future versions of CCFs (Peter et al., 2026). Sporadic incorrect positive shortwave RF values occurred

within our simulations, which were artificially caused by very small ice water contents and corresponding optical depths in

connection with natural clouds. This matter has already been specified by Frömming et al. (2021). Contrail ages were found

to be rather long compared with other studies (Gierens and Vazquez-Navarro, 2018). We found, that trajectories with long

survival times exhibit particularly small coverages and optical depths. As the focus of the present study is on contrails with275

average lifetimes, we apply the following data sampling: We include only contrails with lifetimes up to 6 hours after formation,

which is in agreement to e.g. Gierens and Vazquez-Navarro (2018); Hofer and Gierens (2025), who find mean lifetimes of 3.7

± 2.8 h and synoptic time-scales of about 4 hours, respectively. In addition, positive shortwave RF values from contrails are

excluded from the analysis (see Table 2). For future studies, the processes relevant for the termination of contrail lifetimes and

for contrail properties will be revisited, for the time being the values are analysed as described.280

In general, the sign and magnitude of contrail RF depends on various influencing factors, such as the contrail optical depth,

contrail altitude, particle shape, solar zenith angle and surface albedo (e.g. Meerkötter et al., 1999; Markowicz and Witek,

2011), in addition the overlap of contrails and natural clouds influences the contribution of short- and longwave to net RF (e.g.

Sanz-Morere et al., 2021). Rap et al. (2010) reported a linear behaviour of contrail RF to τcontrail× bcontrail for various combi-

nations of contrail coverage and optical depth (for τ=0.003-0.5). Our results are at the low end compared with other modelling285

studies (e.g. Rap et al., 2010; Frömming et al., 2011; Burkhardt and Kärcher, 2011; Schumann et al., 2015), however, they

support this linear correlation and blend in with their and other global modelling studies, if we scale our results considering
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their small optical depths and dimension.

2.4.5 Climate metric290

The Average Temperature Response (ATR) and the Efficacy-weighted Global Warming Potential (EGWP) were identified as

most suitable climate metrics for aircraft design and aviation policy (Megill et al., 2024). For aviation policy and aircraft

design, a time horizon of over 70 years is recommended by Megill et al. (2024) to reflect radiative forcing and temperature

changes accurately and account for long-term climate effects. Within the present study, we follow these recommendations

and choose the ATR as climate metric with a time horizon of 100 years for a business as usual future emission scenario (F-295

ATR100). The ATR accounts for more climate processes than the RF-based metric GWP (Global Warming Potential), while

involving more assumptions and uncertainties. However, the ATR is simple to understand for non-specialists and inherently

relates to temperature-based climate objectives. Grewe et al. (2014a) argued that the climate metric should reflect results from a

climate-optimised scenario and suggest ATR100 for a future emission scenario (F-ATR100). In general, climate metrics differ

in the ratio of CO2 to non-CO2 effects and conversions from one climate metric into another can be easily performed in a300

post-processing step (Dahlmann et al., 2025).

3 Weather situation

For our simulations of climate change functions we chose the 26 and 27 March 2014. The weather situation over Europe and the

Northern Atlantic was dominated by high pressure over Scandinavia and the Azores, while low pressure was present over Cen-305

tral Europe with separate low pressure systems over Northern Germany and the Southern French coastal area. Frontal systems

were emanating from low pressure systems over Greenland with an associated warm conveyor belt ranging from Greenland

towards the eastern North Atlantic and the British Coast. The mean geopotential height and wind velocities for this period are

shown in Figure 4. Ice-supersaturated regions, i.e. regions with a relative humidity over ice (rhumice) higher that 100% , with

high potential contrail cirrus coverage were found over the eastern North Atlantic (Figure 4). The mean weather situation of310

the 26 and 27 March relative to the classification after Irvine et al. (2013) is W3 (although close to W5), which is characterized

by a negative East Atlantic index and a weak jet stream which is meridionally tilted due to a high pressure ridge over the east-

ern North Atlantic. At this date an observation campaign took place over European mid-latitudes, ML-CIRRUS (Voigt et al.

(2017)). The campaign focused on observing natural cirrus and anthropogenic contrail cirrus at mid-latitudes and investigated

their microphysical and radiative properties. The selection of this date offers the possibility of a detailed comparison of model315

variables with observed quantities which was done by Peter et al. (2025).

12

https://doi.org/10.5194/jecats-2026-7
Preprint. Discussion started: 5 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 4. Mean geopotential height (black contours in gpm) and wind velocities (left) and potential contrail cirrus coverage (right) over the

Northern Atlantic, Northern America and Europe at 250 hPa for 26 March 2014 as simulated with the chemistry-climate model EMAC

4 CCF Results

The Climate Change Functions determined as described in Section 2.3 are presented and analysed in the following sub-sections.

The annual global mean contrail and contrail-cirrus coverage, the atmospheric contribution to O3, CH4 + PMO, total NOx and320

H2O and the corresponding radiative forcing and resulting average temperature response were calculated for a time horizon of

100 years for a business as usual future emission scenario (F-ATR100) from standardized emissions for every time-region grid

point (see Table 1). As the individual CCFs were generated in different emission specific units, e.g. Contrail-CCFs in K/km,

NOx induced O3- and CH4-CCFs in K/kg(NO2) and H2O-CCFs in K/kg(fuel), all CCFs and aCCFs in the present study were

converted to the same physical unit of K/kg(fuel) for better comparability. We used a specific range Fkm of 0.16 km/kg(fuel)325

which is typical for transatlantic flights and an emission index of EINOx of 13 g(NO2/kg(fuel)) as was done by Frömming

et al. (2021) and Dietmüller et al. (2023) to receive merged CCFs and aCCFs, respectively. The global annual mean quantities

of CCFs are mapped back to their original emission location and are correspondingly displayed in the maps presented in the

following sections, where CCFs of all species are exemplarily shown for characteristic emission times, pressure levels and

longitudes.330

Histograms of CCF quantities are shown in Figure 5 for all species, all levels and emission times for 26 and 27 March 2014

as given in Table 1. The contrail-cirrus CCFs show an overall mean value of 2.9 · 10−15 K/kg(fuel), being the smallest climate

response, which is largely due their short lifetimes of some hours compared to weeks, months or years in case of H2O, and

NOx induced perturbations, their small climate efficacy and comparably small optical depths (discussed in section 2.4.4). The

O3, CH4+PMO and total NOx CCFs show the largest absolute values, while the positive O3 CCFs are partly compensated335

by the negative CH4 CCFs of similar magnitude with mean values of 6.7 · 10−13 K/kg(fuel) and -4.1 · 10−13 K/kg(fuel),

respectively yielding an overall mean total NOx effect of 1.4 · 10−13 K/kg(fuel). H2O CCFs are about one magnitude smaller

than the two component effects with an overall mean value of 4.2 · 10−14 K/kg(fuel), however this value is largely affected by

high effects at 150 hPa, whereas at subsonic flight altitudes, H2O CCFs are comparably smaller. If contrail-cirrus CCFs were
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Figure 5. Distribution of CCF quantities for contrail-cirrus, total NOx (O3, CH4) and H2O in terms of F-ATR100 at 200-300 hPa for 26/27

March 2014.

scaled towards higher optical depths as those reported from other studies (e.g. Schumann et al., 2015), they may exceed other340

CCFs punctually. Details of the component effects are described and illustrated in the following sections.

4.1 Contrail-cirrus

Figure 6 shows the F-ATR100 for contrail-cirrus over the United States, the Northern Atlantic and Europe at pressure level

250 hPa for an emission time of 0 UTC and 8 UTC on 26 March 2014 and a zonal cross section at 15◦W, exemplarily. The

contrail-cirrus CCFs are inhomogeneously distributed, following the spatial structure of potential contrail-cirrus coverage (see345

Figure 4 for 0 UTC). The irregularly distributed time-region grid used in this study for contrail-cirrus CCFs results in a higher

sampling density and therefore reveals much finer CCFs structures than earlier versions of contrail-cirrus CCFs, such as those

presented by Grewe et al. (2014) and Frömming et al. (2021). Depending on local time, both positive and negative values arise.

Negative values can only occur if solar radiation is present during the contrail-cirrus’ lifetime, i.e. during daytime or close

to sunrise and sunset, while positive values can be found at all times during day and night. At night (grey shaded) and late350

afternoon, contrail-cirrus have a warming climate effect as most of their lifetime occurs at night, while for an emission at 8

UTC most contrails eastwards of 30◦W (not shaded) have a cooling climate effect as they occur at daytime.

Figure 7 shows the distribution of quantities for the CCF domain for all emission times on 26 and 27 March 2014. Although

the values within the CCF domain are snapshots including various local times, some general statements can be made: Mostly

positive contrail-cirrus CCFs are found for emission times at 0 UTC for both days as most contrail-cirrus within the domain355

will see no sunlight during their lifetime. Negative mean values are found for emission times at 8 UTC on both days, resulting

from both positive and negative CCFs depending on individual location, local time and lifetime, while emissions at 16 UTC

cause CCFs of both signs.
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Figure 6. Contrail-cirrus CCFs on 26 March 2014 for emission times of 0 UTC (left) and 8 UTC (mid) exemplarily at 250 hPa. Grey-shaded

areas indicate local night at emission time. Right: Zonal cross section of contrail-cirrus CCFs at 15◦W for 26 March 2014, 0 UTC.
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Figure 7. Boxplot of contrail-cirrus CCFs for the complete domain for different emission times on 26 and 27 March 2014, mean values are

indicated by red circles. Few extreme outliers were removed.

Figure 8. NOx induced short-term O3 CCFs for 26 March 2014 for 200 hPa (left), 250 hPa (mid) and 300 hPa (right).
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Figure 9. Zonal cross section of NOx induced O3 CCFs exemplarily at 15◦W for 26 March 2014 (left).

4.2 Short-term Ozone360

Figure 8 shows NOx induced short-term O3 climate change functions for the CCF domain on 26 March 2014 exemplarily

for pressure levels 200 hPa to 300 hPa. O3 CCFs are strictly positive with an overall mean of 5.0 · 10−15 K/kg(fuel). Large

scale circulation influences the O3 CCF pattern resulting in higher NOx induced O3 responses around the high pressure ridge

over the eastern North Atlantic (shown in Figure 4), while reduced values are found west of the ridge. This is in agreement

with Rosanka et al. (2020) and Frömming et al. (2021) who found air masses from within high pressure ridges are transported365

to the tropics experiencing high ozone production efficiency while west of the ridge transport pathways are directed towards

polar latitudes with minor ozone production. Figure 9 shows a zonal cross section of O3 CCFs exemplarily at 15 ◦W. On

average the O3 maximum response is found at 200 hPa. At 15 ◦W the circulation influence with high O3 responses is evident

up to polar latitudes at 200 hPa. Above the tropopause the influence of large scale circulation declines with a domination of

the latitudinal gradient and maximum values in the tropics at 150 hPa. These findings are inline with earlier climatological370

studies, indicating higher removal rates of aviation NOx and reduced O3 formation at lower flight altitudes, and enhanced

photochemical O3 production rates towards the tropics (e.g. Grewe et al., 2002; Gauss et al., 2006; Grewe and Stenke, 2008;

Frömming et al., 2012). This general relationship is well reproduced by the actual version of CCFs. The altitudinal gradients

were not represented as systematically in the earlier CCF version (Grewe et al., 2014a; Frömming et al., 2021) who found

minimum O3 CCFs at 250 hPa caused by the original instantaneous to adjusted RF-O3 fit that has been revised in the present375

study (see sect. 2.4.3).

4.3 Methane and primary mode ozone

Figures 10 and 11 show the NOx induced CH4 and primary mode ozone (PMO) climate change functions over the CCF domain

on 26 March 2014 for 200 hPa, 250 hPa and 300 hPa exemplarily. The climate effect of CH4 and PMO is strictly negative with

an overall mean value of -3.6 · 10−15 K/kg(fuel). Pronounced negative values of NOx induced CH4 and PMO CCFs are found380

at 200 hPa around the high pressure ridge over the eastern North Atlantic and reduced CH4 and PMO response west of the

ridge. This is in agreement with findings of Rosanka et al. (2020), who reported enhanced CH4 depletion for emissions in high
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Figure 10. NOx induced CH4 and PMO CCFs for 26 March 2014 for 200 hPa (left), 250 hPa (mid) and 300 hPa (right).

Figure 11. Zonal cross section of NOx induced CH4 and PMO climate change functions at 15◦W for 26 March 2014.

pressure ridges, with transport towards the tropics and to lower altitudes, related to increased availability of OH precursors

(H2O and O3). In contrast, west of the ridge (western North Atlantic), air masses remain at higher latitudes and altitudes with

limited impact on methane depletion. No clear latitudinal gradient is evident in the zonal cross section (Figure 11) which is385

presumably caused by the specific weather situation. Only above the tropopause at 150 hPa the impact of the weather situation

ceases and a latitudinal gradient emerges with NOx induced CH4 depletion increasing towards low latitudes. Other Studies

addressing location dependent, but in contrast to our study, climatological annual mean effects of NOx on CH4 (e.g. Grewe and

Stenke, 2008) showed an increase of the effect towards the tropics also at lower altitudes, which is potentially superimposed

by circulation patterns in the present episodical study.390

4.4 Total NOx

The total NOx effect comprises positive effects of O3 and negative effects of CH4 and PMO and arises from interactions

between involved precursors on different spatial and temporal scales. Unlike short time horizons, which emphasize short-term

effects, the choice of a time horizon of 100 years incorporates the long-term effects of aviation emissions on CH4 and PMO

ensuring a fair comparison of the time-integrated responses of all contributors to total NOx. Figures 12 and 13 show the total395
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NOx induced CCFs (O3, CH4 and PMO) for the CCF domain on 26 March 2014 for 200 hPa, 250 hPa and 300 hPa and a

zonal cross section at 15◦W, exemplarily. Depending on location, the total NOx effect can be positive or negative. We find

a positive overall mean value of 1.4 · 10−13 K/kg(fuel) and a predominant positive climate effect at almost all latitudes at

altitudes between 150 and 300 hPa, while a smaller negative effect can be found at altitudes up to 200 hPa at high latitudes

and/or latitudes influenced by polar airmasses. Between these two areas, the sign of the total NOx effect relies on large scale400

circulation, with similar dependencies than the component effects (O3, CH4 and PMO). Emissions experiencing transport

towards the tropics tend to cause a positive total NOx climate effect, while emissions experiencing polar influence tend to

cause a negative total NOx climate effect. At mid latitudes at 300 hPa and below, the total NOx effect is small and rather

inconclusive. The overall behaviour is in agreement with findings reported by Frömming et al. (2021). Overall, the total NOx

effect for long time horizons is rather small, due to the strong cancellation of the positive O3 and the negative CH4 and PMO405

component effects.

Figure 12. Total NOx CCFs for 26 March 2014 for for 200 hPa (left), 250 hPa (mid) and 300 hPa (right).

Figure 13. Zonal cross section of total NOx climate change functions at 15◦W for 26 March 2014.
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Figure 14. H2O CCFs for 26 March 2014 for 200 hPa (left), 250 hPa (mid) and 300 hPa (right).

Figure 15. Zonal cross section of H2O climate change functions at 60◦W and 15◦W in terms of P-ATR100 for 26 March 2014.

4.5 Water vapour

Figures 14 and 15 show H2O CCFs for the study domain on 26 March 2014 for 200 hPa, 250 hPa and 300 hPa and a zonal cross

section at 15◦W, exemplarily. We find a distinct vertical gradient with a strong increase of H2O CCFs towards high altitudes

and a minor zonal gradient indicating a slight increase from the tropics towards higher latitudes. This is largely caused by an410

increase of loss processes and the associated reduction of perturbation lifetime towards lower altitudes and latitudes. Although

H2O CCFs are small at subsonic cruise altitudes, e.g. at 200 hPa H2O CCFs are about one magnitude smaller than total NOx

CCFs, locally, they can have a significant impact, particularly if emissions occur in the lowermost stratosphere. In addition,

H2O CCFs could possibly gain importance for future technologies or concepts, e.g. hydrogen driven engines or higher flight

altitudes as for supersonic business jets (e.g. van’t Hoff et al., 2025).415

5 Comparison with CCFs from REACT4C and with algorithmic Climate Change Functions

In the following section, we compare CCFs of the present study to CCFs of the REACT4C model study of winter situation W3

(Grewe et al., 2014a; Frömming et al., 2021). Weather situation W3 of REACT4C is characterized by a jet stream which is
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meridionally tilted due to a high pressure ridge over the eastern North Atlantic, resembling the weather situation of 26 and 27

March 2014 of the present study. Both CCF results were derived from detailed simulations by means of the EMAC chemistry420

climate model but for different seasons, altitudinal and geographic domains (other differences see Table 1). Further, we compare

present results to algorithmic Climate Change Functions (aCCFs) which estimate the climate effect of aviation emissions and

contrails employing simplified algorithms onto meteorological data for the corresponding date. These algorithms (in case of

O3, CH4 and H2O) were developed on the basis of the REACT4C CCFs for 8 generic weather situations in the Northern

Atlantic region for winter and summer (van Manen and Grewe, 2019; Yin et al., 2023). The algorithms for contrail-cirrus425

aCCFs were developed differently (Klingaman and Shine, 2023; Yin et al., 2023). Lagrangian trajectories were computed by

means of a trajectory model (Methven, 1997) for ECMWF reanalysis data (Dee et al., 2011). Contrail-cirrus properties and

RF were parameterized according to Schumann et al. (2012) for three winter seasons between 1994 and 2004 for the North

Atlantic region between 200 and 300 hPa. The algorithms for contrail-cirrus were derived by regression analysis separately for

day and night, as at night only longwave RF applies, while at day-time both short- and longwave RF is relevant (Yin et al.,430

2023). The AirClim model (Grewe and Stenke, 2008; Dahlmann et al., 2016) was then used for conversion from RF to ATR.

Note, that for the development of aCCFs in case of O3, CH4 and H2O, CCFs for winter and summer, pressure levels of 200-

400 hPa, and a geographic region from 30-80◦N and 0-75◦W were included. While for the development of contrail-cirrus

aCCFs, only data for winter, pressure levels of 200-300 hPa and a geographic region of 35-60◦N and 0-75◦W were included.

In theory, aCCFs can be calculated for any date, altitude or region, however, so far, it is not recommended to use aCCFs outside435

their design space and time. In the present study, we deliberately apply aCCFs off-design in terms of season and/or region

for the purpose of comparison and evaluation. The comparison of independently calculated CCFs of the present study with

aCCFs based solely on meteorological input data for the corresponding date but originally derived from statistical analysis of

REACT4C CCFs or CCFs based on a parametric contrail model, will give an indication to what extent the concept of simplified

aCCFs is transferable to other seasons and regions outside the original development area.440

5.1 Contrail-cirrus

The detailed comparison of contrail-cirrus CCFs and contrail-cirrus aCCFs revealed significant differences between the datasets.

As various details and properties e.g. the optical depths of contrails underlying the contrail-cirrus aCCFs (Klingaman and Shine,

2023) were not available. We therefore reproduced the detailed calculations on which the contrail aCCF formulation is based

in a slightly simplified manner (see Appendix A). In these recalculated data, we found contrail optical depths - although small445

compared to other studies - to be ∼ 2.5 times higher than those underlying the CCFs used in the present study. In addition,

deviations regarding the data processing were identified. If the CCFs and aCCFs are compiled identically, we find comparable

magnitudes of CCFs and aCCFs as shown in Figure 18 for 26 March 2014. The contrail climate response (given in F-ATR100)

is small compared to other species due to shorter lifetime of contrails, the comparably small climate efficacy of contrails, and

the general underestimation of contrail optical depths of both CCFs and aCCFs. Note that the underestimation of optical depths450

is addressed in present and future work (Peter et al., 2026). Figure 16 shows the geographical distribution of contrail-cirrus

CCFs of REACT4C and the present study as well as contrail-cirrus aCCFs at 250 hPa. Note, that contrail CCFs of REACT4C
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Figure 16. Contrail-cirrus CCFs from REACT4C WP2, 6 UTC (left), from the present study (mid) and aCCFs (right) for 250 hPa for 26

March 2014, 0 UTC. ACCFs are calculated using EMAC data. The grey-shaded area indicates local nighttime. Areas out of simulation

domain are indicated by grey continents (only left fig.).

Figure 17. Comparison of zonal cross sections of Contrail-cirrus CCFs of the present study (left) and of Contrail-cirrus aCCFs (right) at

15◦W, exemplarily for 26 March 2014, 0 UTC. ACCFs are calculated using EMAC data of 26 March 2014.

are shown for a different weather pattern and time (W2 at 6 UTC), therefore only the magnitude and overall structure can be

compared, while the pattern deviates. The overall distribution and structure of contrail-cirrus CCFs of the present study com-

pare reasonably well with those of aCCFs. Elongated cloud tracks along the European coast can be found in both cases as well455

as larger contrail covered areas over Scandinavia, the central and western North Atlantic and the Gulf of Mexico. However,

over the central and south-western North American continent magnitudes and signs differ. Air traffic that produces contrails

over central U.S. (local evening) partly causes cooling contrails in aCCF data, while the contrails formed in the CCF simulation

lived long enough, so that a major part of their lifetime was during night, creating a warming contrail effect. Over the Atlantic

some patterns coincide, however, aCCFs are spatially much more spread. The formation conditions are equal for both CCFs460

and aCCFs (potential contrail coverage in EMAC) at emission time and location, hence these differences can be attributed to

the fact, that CCF data consider contrail properties on numerous trajectories living up to 6 hours depending on local ambient

conditions, while aCCF data consider only the atmospheric conditions at time and location of emission and assume a fixed

lifetime for every contrail formed. Similarly, differences in spatial distribution become obvious in the zonal cross-section in

Figure 17, where contrails from CCFs at low levels dissipate according to surrounding conditions or loss processes at respective465
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trajectory positions, while contrails from aCCFs consider fixed conditions at formation time and location. Note, that EMAC

suffers from a temperature bias, overestimating contrail formation at lower altitudes (Peter et al., 2025). A pointwise compar-

ison and distribution of quantities of CCFs and aCCFs is shown in Figure 18. While aCCFs show a much broader, bimodal

distribution with maxima on both sides of the zero line, CCFs show a narrow, unimodal distribution concentrated at very small

positive values. The Pearson correlation between contrail CCFs and aCCFs is weak (r=0.2) and statistically not significant.470

Although contrail-cirrus CCFs and aCCFs agree with respect to sign at nighttime (only warming), daytime values disagree
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Figure 18. Histogram of contrail-cirrus CCFs and aCCFs for 26 March 2014 (0-24 UTC) (left) and pointwise comparison of contrail-cirrus

CCFs and aCCFs for 26 March 2014 (0 UTC) (right). All in terms of F-ATR100. ACCFs are calculated using EMAC data.

more often in sign. CCFs indicate less cooling impact during daytime than aCCFs, which is largely caused by different method-

ologies and contrail assumptions. While daytime aCCFs depend on OLR only, which is a function of the temperature of the

emitting body (surface, clouds) modified by atmospheric gases, daytime CCFs are controlled by various factors, such as albedo,

temperature, radiative properties of contrails and natural clouds. Although the CCF calculations represent the transport of air475

parcels, contrail lifetimes and ambient conditions such as overlap with natural clouds more realistically, they use simplified

assumptions for contrail optical properties and radiative transfer. In particular, only spherical contrail particles are assumed,

while the calculations underlying aCCFs use a habit mixture of solid hexagonal columns, spatial bullet rosettes, and droxtals.

Due to these differences we expect that the contrail CCFs for daytime would result in an increase of negative values if a more

detailed habit mixture of contrail particles was assumed. Markowicz and Witek (2011) found the largest positive net radiative480

forcing for spherical particles, while hexagonal-column and hexagonal-plate particles show the smallest net radiative forcing.

They found the balance between short-wave and long-wave forcing to be highly sensitive to particle shape which may even

cause a change of sign of the net forcing. As the sign of contrail-CCFs is crucial for the possibility of re-routing, particle habits

need to be defined more specifically in future CCF calculations.
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5.2 Comparison of O3 CCFs and O3 aCCFs485

In the following, we compare O3 CCFs of the present study to O3 CCFs of REACT4C (W3, a comparable large-scale weather

situation as the 26/27 March 2014 but in winter) and O3 aCCFs derived by means of simplified aCCF-formulas using mete-

orological input data of the EMAC model for the corresponding date. Figures 19, 20, and 21 show comparative illustrations.

Comparing O3 CCFs of the present study to those of REACT4C (Fig. 19, 20 (left and mid, respectively), and Figure 21, (left),

we find a similar magnitude and similar variability in both model studies, despite the different weather conditions and the490

different season. Similar gradients with increasing values with altitude can be identified in the zonal cross sections at 15 ◦W

in both CCFs versions (Figure 20). The horizontal pattern (Figure 19) shows general similarities, with higher values at around

15-20 ◦W and lower values westwards according to large-scale circulation and higher values at low altitudes, however, the

exact position and pattern of minima and maxima differs due to differences in the weather situation. Despite these differences,

the overall mean deviates by less than 3%. The pointwise comparison is shown in Figure 21 showing good agreement with495

respect to overall magnitude and vertical distribution. A correlation coefficient of r=0.57 (Pearson) between both O3 CCF

versions is determined. If we compare O3 CCFs of the current study with aCCFs for the same date (Fig. 19, 20, 21, left and

Figure 19. Comparison of O3 CCFs of REACT4C (left), O3 CCFs of the present study (mid) and O3 aCCFs (right) for W3 (REACT4C)

and 26 March 2014, 0 UTC, exemplarily for 250 hPa. ACCFs are calculated using EMAC data.

mid) we find aCCFs overestimating the climate effect by about 25-30% at altitudes between 200 and 300 hPa (see also van

Manen and Grewe (2019)). The circulation-induced variability cannot be fully reproduced by means of the simplified aCCFs

(Figure 19), however the minima, maxima and large-scale patterns roughly coincide with enhanced O3 climate effect close to500

the high pressure ridge over the eastern North Atlantic and low values over North America. Between 200 and 300 hPa, the

vertical gradient with increasing climate response with altitude is generally reproduced (Figure 20). Exception occurs at alti-

tudes above 200 hPa, which were not included in the development of the algorithm (shaded in Figure 20, right), there, aCCFs

continue to increase, while the CCFs decrease above 200 hPa at mid and high latitudes. A further exception occurs at altitudes

below 300 hPa, where aCCFs determine an increase with decreasing altitude. This increase towards low altitudes is not sup-505

ported by CCFs or other studies (e.g. Grewe and Stenke, 2008). This insufficient behaviour of aCCFs towards low altitudes

was already reported by van Manen and Grewe (2019) and needs attention in future studies. The pointwise comparison (Fig.
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Figure 20. Comparison of zonal cross sections of O3 CCFs of REACT4C (left) and of the present study (mid) and of O3 aCCFs (right)

at 15◦W, exemplarily for W3 (REACT4C) and 26 March 2014, 0 UTC, respectively. ACCFs are calculated using EMAC data of 26 March

2014, altitudes outside the design range are shaded.
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Figure 21. Pointwise comparison of O3 CCFs of the present study versus those of REACT4C (left) and pointwise comparison of O3 CCFs of

the present study versus O3 aCCFs. All in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014, respectively. ACCFs are calculated

using EMAC data. Light- and darkgrey points are vertically outside the aCCF design region.

21) reveals reduced variability of aCCFs particularly at 200 and 150 hPa. CCF simulations consider atmospheric and chemical

processes for three months after emission while ACCFs consider only the situation at emission time, which is obviously not

sufficient to reproduce the entire variability of the climate response. If off-design altitudes and additionally low altitudes were510

excluded, a correlation coefficient of r=0.48 (200-350 hPa) and r=0.57 (200-300 hPa) was found, while including all altitudes

(450-150 hPa), which is not recommended, yields a deviation of overall mean values by 60% and a correlation close to random

with r=0.2.

5.3 CH4 and PMO515

The following section compares CH4 and PMO CCFs of the present study to CCFs of REACT4C and to aCCFs. Comparative

visualizations are provided in Fig. 22, 23 and 24. In the present study, enhanced CH4 loss is found for emissions around
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Figure 22. Comparison of CH4 and PMO CCFs of REACT4C (left) and of the present study (mid) and CH4 and PMO aCCFs (right) for

W3 (REACT4C) and 26 March 2014, 0 UTC, respectively for 250 hPa in terms of F-ATR100. ACCFs are calculated using EMAC data.

Figure 23. Comparison of zonal cross sections of CH4 and PMO CCFs of REACT4C (left) and of the present study (mid) and CH4 and

PMO aCCFs (right) at 15◦W in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014, 0 UTC, respectively. ACCFs are calculated

using EMAC data.
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Figure 24. Pointwise comparison of CH4+PMO CCFs of the present study versus those of REACT4C (left) and pointwise comparison of

CH4+PMO CCFs of the present study versus aCCFs. All in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014, respectively.

ACCFs are calculated using EMAC data. Light- and darkgrey points are outside the vertical aCCF design region.
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the high pressure ridge, where emissions are transported towards the tropics, however, this relation is not very distinct in the

REACT4C CCFs at 250 hPa and is not found in the aCCFs. The CCFs of the present study show a vertical gradient with

maximum values around 200 hPa and a decrease towards higher and lower altitudes. There is no significant vertical gradient520

in the REACT4C CCFS, and there is only a minor vertical gradient in the aCCFs, which is even inverse to the gradient of

the CCFs of the present study. Overall, the CH4 and PMO aCCFs only reproduce the general magnitude but are not able to

reproduce the latitudinal and circulation induced variations properly. Figure 24 shows that the variability of CH4 and PMO is

strongly underestimated by the aCCFs. Applying the CH4 aCCFs outside the design region and season is not suggested due to

this poor agreement. The correlation of the original CH4 and PMO aCCFs was already low (r=0.17), which van Manen and525

Grewe (2019) identified to be unlikely to produce results accurate enough for application. Revison of CH4 and PMO aCCFs to

better capture climate response gradients should be addressed in future studies.

5.4 Total NOx CCFs and aCCFs

Figure 25. Comparison of total NOx CCFs of REACT4C (left), of the present study (mid) and total NOx aCCFs (right) for W3 (REACT4C)

and 26 March 2014, 0 UTC, respectively at 250 hPa in terms of F-ATR100. ACCFs are calculated using EMAC data.

Figure 26. Comparison of zonal cross sections of total NOx CCFs of REACT4C (left), of the present study (mid) and total NOx aCCFs

(right) at 15◦W in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014, 0 UTC, respectively. ACCFs are calculated using EMAC

data.

26

https://doi.org/10.5194/jecats-2026-7
Preprint. Discussion started: 5 May 2026
c© Author(s) 2026. CC BY 4.0 License.



0.50 0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
TOTNOX CCF WeCare [K/kg(fuel)] 1e 12

0.50

0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

TO
TN

OX
 C

CF
 R

EA
CT

4C
 [K

/k
g(

fu
el

)]

1e 12
200 hPa
250 hPa
300 hPa

0.5 0.0 0.5 1.0 1.5 2.0 2.5
TOTNOX CCF WECARE [K/kg(fuel)] 1e 12

0.5

0.0

0.5

1.0

1.5

2.0

2.5

TO
TN

OX
 a

CC
F 

[K
/k

g(
fu

el
)]

1e 12
150 hPa
200 hPa
250 hPa
300 hPa
350 hPa
450 hPa

Figure 27. Pointwise comparison of total NOx CCFs of the present study to those of REACT4C (left) and to total NOx aCCFs (right). All

in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014 (CCFs present study and aCCFs), respectively. ACCFs are calculated using

EMAC data. Light- and darkgrey points are outside the vertical aCCF design region.

The following section compares total NOx CCFs and aCCFs, being illustrated by Fig. 25, 26 and 27. There is general

agreement between the two versions of total NOx CCFs (REACT4C and WECARE) in terms of large-scale structure up to530

200 hPa (see Figure 25, with a predominant positive climate effect from O3 in the tropics and subtropics and a neutral or small

negative climate effect from CH4 and PMO at high latitudes (Fig. 25 and 26. In mid-latitudes at 250 hPa a positive climate

effect is found where airmasses experience tropical influence (high pressure ridge, Figure 26), whereas air masses with polar

influence show a neutral or small negative climate effect (Greenland, US East coast, Figure 25). The transition from positive

to negative impact fluctuates between the CCF versions depending on large-scale circulation, however, both versions compare535

in general with the climatological relationship between O3 and CH4 as analysed by Grewe and Stenke (2008) and van Manen

and Grewe (2019). The aCCFs generally overestimate the total NOx response, which is caused by the overestimation of O3 by

~25-30%. The general large-scale pattern (minimum at US East Cost, maximum at high pressure ridge) is qualitatively similar

to that of total NOx CCFs, although shifted towards positive values. The vertical and horizontal gradient between total NOx

CCFs and aCCFs is qualitatively comparable between 200 and 300 hPa, with an increase with altitude and towards the tropics,540

whereas below and above aCCFs increase, while CCFs decrease (see 150 hPa and 450 hPa in Fig. 26 and 27). While the CH4

and PMO components exhibit no significant correlation, total NOx CCFs and aCCFs show significant positive correlations of

r=0.75 (200-300 hPa), r=0.73 (200-350 hPa), and r=0.58 (150-450 hPa).

5.5 H2O

Figure 28 compares the horizontal distribution of H2O CCFs of the present study to those of REACT4C and to H2O aCCFs.545

Figure 29 exemplarily shows zonal cross sections at 15◦W for H2O CCFs and aCCFs and Figure 30 compares H2O CCFs of the

present study to those of REACT4C and to H2O aCCFs pointwise, for 26 March 2014 and W3 (REACT4C), respectively. H2O

CCFs from REACT4C and from the present study generally agree in terms of pattern and size despite the different seasons.

H2O climate response increases from 450 hPa to 150 hPa Figure 29 and shows high values south of Greenland and the US East
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Figure 28. Comparison of H2O CCFs of REACT4C (left), of the present study (mid) and H2O aCCFs (right) for W3 (REACT4C) and 26

March 2014, 0 UTC, respectively, at 250 hPa in terms of F-ATR100. ACCFs are calculated using EMAC data.

Figure 29. Comparison of zonal cross sections of H2O CCFs of REACT4C (left), of H2O CCFs of the present study (mid) and total NOx

aCCFs (right) at 15◦W in terms of F-ATR100 for W3 (REACT4C) and 26 March 2014, 0 UTC, respectively. ACCFs are calculated using

EMAC data.
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Figure 30. Pointwise comparison of H2O CCFs of the present study to REACT4C H2O CCFs (left) and to H2O aCCFs (right). All in terms

of F-ATR100 for W3 (REACT4C) and 26 March 2014, respectively. ACCFs are calculated using EMAC data. Light- and darkgrey points are

outside the vertical aCCF design region.
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Coast and low values around the high pressure ridge, which is related to low/high tropopause height. The altitudinal-, zonal-550

and circulation-induced variations show similar patterns in both CCF versions and are reproduced reasonably in the aCCFs

at 250 and 300 hPa. However, at 200 and 150 hPa (off-design) the aCCFs underestimate the climate response by a factor of

1.5 to 2. However, the variability of CCFs is reproduced adequately (200-350 hPa) so is the relationship between background

meteorology and H2O climate effect. A comparably high correlation coefficient (Pearson) of r=0.81 is found between the two

CCF versions and r=0.77 between CCFs of the present study and the aCCFs, respectively. Nevertheless, the algorithm could555

probably still be improved by including further seasons and additional pressure levels if a new version of aCCF formulas was

developed.

6 Discussion

In the present study we introduced new Climate Change Functions (CCFs) covering an extended domain and a novel season

compared to earlier versions of CCFs (Grewe et al., 2014a; Frömming et al., 2021). These new results provide the opportunity560

to compare the CCF versions independently to each other and to evaluate the applicability of the algorithmic Climate Change

Functions (van Manen and Grewe, 2019; Yin et al., 2023) in and outside the original domain and outside the original season.

In addition these new results comprise additional data to potentially advance the actual formulation of aCCFs.

We find the following major points, which we discuss in more detail in this section:

– The CCFs of the present study compare well with earlier CCFs regarding general magnitude and variability although565

different seasons were assessed. They show similar horizontal and vertical gradients within the shared domain.

– Contrail CCFs show systematically low optical depths. This underestimation propagates to low estimates of radiative

forcing per coverage and to a systematic underestimation of contrail CCFs. The revision of optical depths in CCFs is

subject of actual and future work.

– Comparing CCFs with aCCFs reveals that aCCFs successfully reproduce the overall magnitudes and most gradients570

within the original spatial domain despite the different season.

– Beyond the original vertical domain, gradients observed in the CCFs are not consistently represented by the current

aCCF formulation in some cases.

– Identical data processing yields consistent results for contrail CCFs and aCCFs at nighttime, while at daytime higher

frequency of cooling contrail aCCFs is identified, which can be attributed to differences in contrail particle properties575

and lifetimes.

– The O3 aCCFs generally capture the circulation-induced horizontal gradients and vertical gradients at 200-300 hPa, yet

they overestimate the climate response by 25-30% in these altitudes. The use of O3 aCCFs outside 200-300 hPa is not

recommended. Future work should incorporate data beyond the actual design region and additional seasons to mitigate

this limitation.580
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– CH4 and PMO aCCFs reproduce the overall magnitude of the climate response but fail to reproduce the variability in

terms of horizontal and vertical gradients. There seems to be a strong weather and season dependency, which is not

covered by the actual CH4 algorithm. The actual formulation should be revisited for future applications.

– Total NOx aCCFs qualitatively reproduce the general large-scale gradients at 200-300 hPa but overestimate the climate

response by 25-30% (see O3 aCCFs). The use of total NOx aCCFs beyond 200-350 hPa is not recommended. Future585

work should incorporate data beyond the actual design region and additional seasons to mitigate this limitation.

– The H2O aCCFs generally agree with CCFs and the underlying algorithm appears robust across seasons. Nevertheless,

above 200 hPa (off-design) H2O aCCFs underestimate the climate response by a factor of 1.5 - 2. For applications at

high altitudes, the algorithm needs further development.

The overall distribution and structure of contrail CCFs and aCCFs are largely in agreement. Quantities agree if identical pro-590

cessing is applied to CCFs and aCCFs. However, the contrail RF underlying the CCFs is at the low end compared with other

studies, which is related to systematic underestimation of contrail optical depths by about a factor of ~5 - 15. (e.g. Kärcher

et al., 2010; Schumann et al., 2015). Actual and future work is addressing the underestimation of contrail optical depths in

CCFs, by e.g. a lower boundary for the ice water content along the trajectories, adapting the interaction between Lagrangian

emission trajectories and background trajectories and revising condensable water availability. If we compare contrail CCFs for595

different emission times (Figure 7), we find predominant positive net RF except at 8 UTC, while other studies (e.g. Schumann

et al., 2015; Teoh et al., 2022) find higher probability of negative net RF during daytime. Incorporating a more detailed and

realistic ice crystal habit mixture for contrail particles could lead to more negative (i.e., cooling) values of daytime contrail-

CCFs (Markowicz and Witek, 2011), which should be considered in future CCF calculations.

Although the horizontal patterns and vertical gradients induced by general circulation agree for O3 CCFs and aCCFs at alti-600

tudes between 200 and 300 hPa, aCCFs show reduced variability and the general magnitude is overestimated for this spring

case by 25-30% (see van Manen and Grewe (2019)). If we compare the CCFs of the present study and according aCCFs for

the spring date to those of all winter and summer weather situations of the REACT4C study (Figure 31), we find that the CCFs

of the present study appear more like a winter situation whereas the aCCFs for the corresponding spring date lie between

winter and summer. The seasonal transition from winter to spring is obviously difficult to capture adequately by the present605

aCCF formulation. We conclude, that the driving forces such as seasonal variability in chemical production and loss processes

and physical mechanisms are not suitably described for this specific spring date. Besides, we found a strong and unrealistic

increase of O3 aCCFs at altitudes below 300 hPa and above 200 hPa that needs to be addressed in future aCCF formulas. In

the meantime, O3 and total NOx aCCFs should not be used outside the range 200-400 hPa or even 200-300 hPa.

We compared CH4-PMO CCFs with aCCFs and find only the general magnitude to be reproduced, whereas neither vertical nor610

horizontal variability or gradients are reproduced sufficiently by the aCCFs. As the CH4+PMO effect gains relative importance

for longer time horizons (as in the present study), the formulation of CH4 aCCFs should receive further attention in future

studies. Both, the CCFs and the aCCFs don’t reflect the latitudinal gradient that was found in global averaged climatological

studies (e.g. Grewe and Stenke, 2008). We assume a strong interference of weather related influence on the latitudinal effect of
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Figure 31. Boxplot showing O3 CCFs and O3 aCCFs for 26 March 2014 (present study) in comparison with O3 CCFs for REACT4C winter

and summer weather situations. All in terms of F-ATR100.

CH4 at mid latitudes in the troposphere that superimposes the climatological mean effects.615

The comparison of CCFs and aCCFs with respect to H2O shows overall agreement regarding the general magnitude and ver-

tical and horizontal gradients. The algorithm reproduces the dependencies successfully up to 250 hPa, while at 200 hPa and

above (off-design) the aCCFs underestimate the climate effect systematically by a factor of 1.5 to 2. Overall, the comparison of

H2O CCFs and aCCFs seems not as affected by seasons and actual circulation differences as the other species. Nevertheless,

the results suggest that the H2O aCCFs could benefit from a vertical expansion and integrating new seasons.620

In addition to the distinctions and limitations mentioned above, it is worth noting, that the aCCFs were developed from simula-

tions for 200, 250, 300 and 400 hPa but were applied for comparison in the present study in altitudes of 150, 200, 250, 300, 350,

450 hPa. As evident from the zonal and the pointwise comparison, the CCFs and aCCFs differ considerably at 150 hPa. During

the development of the algorithmic Climate Change Functions no data from this altitude were included and this region consti-

tutes the transition to the lowermost stratosphere at mid-latitudes, where chemical and dynamical influences differ considerably625

to those in the troposphere. Hence, an application of the aCCF formulas above 200 hPa is not recommended. Furthermore, we

recommend the application of aCCFs in winter and summer only, until the aCCFs are updated with additional data from other

seasons, as planned within upcoming projects such as F4EClim (https://www.f4eclim.eu/). Outside the original development

region (North Atlantic) aCCFs might be applied cautiously in the Northern Hemisphere within the original latitudes (30◦N -

80◦N) as these regions are controlled by similar dynamical and chemical influences.630

ACCFs were deliberately developed for sort-of-instant application in theoretical or real-life climate-optimized trajectory plan-

ning to avoid time demanding chemistry climate model simulations. However, the aCCF approach could only be realized by

major simplifications. ACCFs were derived by regression analysis of CCFs with local meteorological variables at the location

and time of emission. The algorithms based on these regressions are used to estimate the climate effect as simple functions
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of local atmospheric conditions. Not only the simplifications entail inaccuracies, but also the CCFs are subject to inherent635

uncertainties. Their reliability depends critically on the accuracy of the modelled atmospheric state, e.g. temperature and hu-

midity, which are key factors for contrail formation and persistence. Systematic biases in climate models can significantly

influence contrail predictions, leading to potential errors in the estimated CCFs and aCCFs (Peter et al., 2025). Nevertheless,

despite the uncertainties, simplifications and limitations of aCCFs, detailed simulations by Yin et al. (2023) confirmed that

climate-optimized trajectories based on NOx induced O3 aCCFs resulted in a reduction of O3 climate effect compared to640

cost-optimized trajectories for exemplary summer and winter days.

7 Conclusions

Since aCCFs are already used by air traffic stakeholders to optimize real flight trajectories through re-routing for climate

mitigation (D-KULT, AKKL), it is essential to assess their limitations. The CCFs introduced in the present study, for an

extended domain and a novel season, expand our knowledge on spatially and temporally resolved aviation climate effect645

beyond the Northern Atlantic and across a wider altitude range. Further, these new CCFs enable a direct comparison with

aCCFs. ACCFs represent a simplified relationship between meteorological quantities at the time of emission and the resulting

aviation climate effect. Their fast computation and the avoidance of time consuming detailed climate chemistry simulations

involves major simplifications. Our comparison revealed, that for most species, except CH4, the overall magnitude as well as

the general orientation of vertical and horizontal gradients agrees between the detailed chemistry-climate model simulations650

(CCFs) and the simplified formulas based on local meteorological variables (aCCFs). Yet, for O3 and H2O this agreement is

limited to defined altitude ranges. O3-aCCFs show reduced variability at some pressure levels and overestimate the climate

response by 25-30% at 200-300 hPa, while H2O-aCCFs underestimate the response at 150-200 hPa. These findings indicate

that aCCFs can be used in limited geographic regions, altitude ranges and seasons.

Overall, the present study highlights the necessity of a targeted, species-specific advancement before aCCFs can be generally655

employed in mitigation scenarios and climate policy throughout the year, for all species and a wider geographic domain. The

CCFs presented here, together with other available data, could provide a valuable basis for an expansion of aCCFs in terms

of geographic and seasonal coverage and altitude ranges. Once the developments and expansions are addressed, aCCFs could

provide a more robust basis for assessments of aviation climate effects and for the development of mitigation strategies.

Code and data availability. The Modular Earth Submodel System (MESSy) is continuously further developed and applied by a consortium660

of institutions. The usage of MESSy and access to the source code is licenced to all affiliates of institutions which are members of the MESSy

Consortium. Institutions can become a member of the MESSy Consortium by signing the MESSy Memorandum of Understanding. More

information can be found on the MESSy Consortium Website at http://www.messy-interface.org. The code presented here was based on

MESSy version d2.52 and can be made available upon request. The EMAC simulation output data that were produced and analysed in this

paper can be made available upon request.665
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Appendix A: Recalculation of contrail aCCF underlying data

A detailed comparison of contrail-cirrus CCFs and aCCFs revealed significant differences. As essential details of the metho-

dology, data processing and contrail properties underlying the contrail-cirrus aCCFs were not available, we reproduced these

calculations in a slightly simplified way for identical spatial and temporal domains as given in Klingaman and Shine (2023).

Meteorological input data for the calculation of contrail radiative forcing were taken from ERA5 reanalysis data (Hersbach670

et al., 2020) instead of ECMWF Interim reanalysis data (Dee et al., 2011) and ECMWF IFS (Integrated Forcasting System)

data. The data were regridded to a horizontal resolution of 1◦ × 1◦. Similar as in Klingaman and Shine (2023) we determined

the annual global mean contrail radiative forcing for the North Atlantic (35◦N - 60◦N, 0◦W - 70◦W) for pressure levels 200

hPa, 250 hPa, 300 hPa for December, January, and February of the years 1994/95, 1995/96, 2003/04. In the present study, ice

supersaturation and contrail properties were calculated for static conditions instead of following Lagrangian trajectories as in675

Klingaman and Shine (2023). They verified the contrail persistence by ice supersaturation through humidity and temperature

criteria every six hours at the actual trajectory location, while the simplified approach here does not review persistence of ice

supersaturation once met, but assumes a fixed lifetime of six hours. All other steps of the radiative forcing calculation are

followed as given in Klingaman and Shine (2023). Only the sampling of day- and night-time used below differs slightly.
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Figure A1. Histogram of local radiative forcing (shortwave, longwave, net) of recalculated contrails.
680

For the three winters given above, an overall mean contrail optical depth of 0.04 and an annual global mean net RF of

0.48 Wm−2 was found. A histogram of local shortwave, longwave and netRF is presented in Fig A1. These quantities appear

small compared with other studies (e.g., Schumann et al., 2015), which we found is largely caused by the assumption of a fixed

vertical contrail depth of only 200 m.

Annual global mean radiative forcing comparable with Klingaman and Shine (2023) is obtained for night- and day-time con-685

trails, as shown in Fig. A2 and A3. Extrema for both night- and day-time contrail radiative forcing reach slightly higher/lower

values than in Klingaman and Shine (2023), which might be caused by different meteorological input data as well as different

contrail lifetime assumptions. As shown in Fig A2, this mainly affects contrails at 300 hPa, which may experience tempera-

ture induced lifetime reductions in Klingaman and Shine (2023) due to the re-evaluation of supersaturation. Slightly different
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Figure A2. Scatterplots of annual global mean net radiative forcing of night-time contrails (0 UTC) versus temperature (left) and outgoing

longwave radiation (OLR, right) for comparison with Klingaman and Shine (2023).

Figure A3. Scatterplots of annual global mean net radiative forcing of day-time contrails (12 UTC) versus outgoing longwave radiation

(OLR, left), solar zenith angle (SZA, mid) and temperature (right) for comparison with Klingaman and Shine (2023).

correlations of contrail radiative forcing to other quantities (temperature, outgoing longwave radiation, solar zenith angle) are690

found, which might be caused by the simplified methodology, different lifetime assumptions and different meteorological input

data, as well as slightly different temporal distinction between day/night (0 UTC/12 UTC). The simplified methodology served

our purpose to relate to the general methodology and determine missing quantities such as contrail optical depths, radiative

forcing and details of the data processing.
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