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FlyATMA4E

FLYING AIR TRAFFIC MANAGEMENT FOR THE BENEFIT OF ENVIRONMENT AND
CLIMATE

This Deliverable is part of a project that has received funding from the SESAR Joint Undertaking under
grant agreement No 891317 under European Union’s Horizon 2020 research and innovation
programme.

Abstract

The objective of this Deliverable is to provide a description of the expanded prototype algorithmic
climate change functions (aCCFs), which have been applied in the overall FlyATMA4E multi-modelling
concept in order to explore the mitigation potential of climate optimized aircraft trajectories (i.e.
FlyATMA4E work package WP2 and WP3).

Algorithmic climate change functions (aCCFs) represent spatially and temporally resolved information
on the climate effects in terms of future temperature changes resulting from aviation emissions at a
given time and location in the atmosphere. They include CO, and non-CO; effects, comprising NOj,
water vapour and contrail-cirrus. These aCCFs can be simply derived from meteorological weather
forecast data. As these aCCFs are the object of uncertainties from weather forecasts and climate
science, the described aCCFs also include robustness aspects. For this purpose, a novel concept has
been developed on exploring climate-optimization of aircraft trajectories and the robustness of
estimated benefits in terms of mitigation of climate effects. This is done by a systematic risk analysis
relying on a Monte-Carlo Method.

Further, it is shown that by combining the individual aCCFs of water vapour, NOx and contrail-cirrus,
merged non-CO; aCCFs can be generated. Technically this is done with an open-source Python Library.
Both individual and merged aCCF patterns were analysed and show the dominating effect of the
contrail aCCF in areas where contrails are forming. Further analysing the variability in aCCFs reveals a
clear seasonal cycle in NOy and contrail aCCFs and a strong variability with different synoptical weather
situations and cruise altitudes.

Results presented in this deliverable contribute to the overall project objective O1, which is to advance
concepts to assess the climate impact of ATM operations while integrating an adequate representation
of uncertainties, including CO,, contrails, ozone, methane, and water vapour climate effects, from
weather forecast as well as climate science, and provide concepts for climate information enabling
eco-efficient aircraft trajectories.
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1 Introduction

1.1 Background

The overall objective of the project FlyATMAE is to develop a concept to identify climate-optimised
aircraft trajectories in which Air Traffic Management (ATM) can help to provide a robust and eco-
efficient reduction in aviation’s climate impact and to estimate the mitigation potential. The project
considers carbon dioxide (CO2) and non-COz emissions through meteorological (MET) data, ensemble
prediction and eco-efficient trajectories. So-called algorithmic climate change functions (aCCFs) enable
to assess aviation’s climate impact for trajectory optimisation at a particular time and geographical
location and cover both the global CO; and non-CO; effects. The non-CO, effects considered within
FIyATMA4E comprise the impact of nitrogen oxide (NOy) emissions on both ozone and methane, of
water vapour, and of contrail-cirrus.

The main goal of work package 1 (WP1) is to advance concepts to assess the climate impact of ATM
operations which integrates an adequate representation of uncertainties, including CO,, contrails,
ozone, methane and water vapour climate effects, from weather forecast as well as climate science,
and to provide concepts for climate information enabling eco-efficient aircraft trajectories.

The specific research goals of the FlyATM4E WP1 are:

e to enhance the algorithmic climate change functions by providing spatially and temporally
resolved quantitative information on the climate impact of individual aviation emissions.

e to incorporate uncertainties of aCCFs arising from atmospheric variability, limited
predictabilities and low level of scientific understanding from atmospheric modelling, by using
the Ensemble Prediction System (EPS) weather forecast through the development of concepts,
which integrates information on uncertainties based on a systematic assessment of specific
sources of uncertainty.

e to integrate information on robustness which can support the identification of favourable
situations such as win-win and eco-efficient situations into revised aCCFs leading to robust
aCCFs.

1.2 Purpose

The main goal of this deliverable is to provide a description of the expanded algorithmic climate change
functions, which are made available for the overall FlyATMA4E modelling chain of climate-optimisation
of aircraft trajectories. They are a key element of the solution Sol-FlyATM4E-01. These expanded aCCFs
respond to additional requirements and enhancements while including both robustness and eco-
efficiency aspects.

After a brief introduction to mechanisms and processes of climate impact of global aviation (Section
2.1), the algorithmic climate change functions, which provide the spatial and temporal information on
the climate impact of individual aviation emissions, are described (Section 2.2). A detailed
characterization of the uncertainties in individual aCCFs arising from low level understanding of climate
science and meteorological forecast follows in Section 2.3. This characterization includes the
identification of the different sources of uncertainties and also the quantification of these
uncertainties according to the recent state of the art research. The advancing concept of assessing the
climate impact of ATM operations, which integrates an adequate representation of uncertainties, is

Page 17 )
¢ EUROPEAN PARTNERSHIP Co-funded by )
the European Union


https://www.sesarju.eu/

FLYATM4E D1.2 — REPORT ON EXPANDED ACCFS INCLUDING ROBUSTNESS AND

ECO-EFFICIENCY ASPECT S e S a r¥~

JOINT UNDERTAKING

then explained (Section 2.4.). Section 3 informs on the underlying concept and the technical
implementation of how to generate merged non-CO, aCCFs. These merged aCCFs combine the
individual non-CO; algorithmic climate change functions by using technical specifications, e.g. engine-
aircraft dependent emission indices and climate metrics. Various analyses of the spatially and
temporally resolved individual and merged aCCFs are presented in Section 4, by showing their
characteristic patterns for several specific days (selected in WP2). Also, preferable areas are
characterized by a large potential for mitigation of climate effects by reducing non-CO; effects, as well
as those regions where analysis of win-win solutions is expected to be favourable. Moreover, in Section
5, the sensitivity of merged aCCF to different specific technical specifications is identified from selected
engine-aircraft combinations and from selected climate metrics. A summary and conclusion follow in
Section 6.
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2 Algorithmic climate change functions and
the characterization of their uncertainties

2.1 Climate impact of aviation

Global aviation emissions contribute to anthropogenic climate change by warming the Earth’s near-
surface atmosphere through carbon dioxide (CO2) and non-CO; emissions [1]. Non-CO, emissions
comprise mainly water vapour (H>0), nitrogen oxide (NOy), sulphur oxides and soot. Not all non-CO,
emissions have a direct effect on climate. Thus e.g. NOx emissions are not radiatively active themselves,
but they are responsible for the chemical production of the greenhouse gas (GHG) ozone (0s) and the
destruction of the GHG methane (CH,4). Furthermore, induced by non-CO, emissions, contrails and
contrail-cirrus can form and alter the radiation budget (radiative forcing RF). Figure 1, which is taken
from [1], provides state-of-the-art estimates and their uncertainties (by showing the 5% and the 95%
percentiles) of the global aviation climate impact for individual forcing components. These estimates
are given in effective radiative forcing (ERF) in mWm™. The ERF is a very useful definition as it includes
instantaneous radiative flux change and the rapid adjustment of the atmosphere induced by a certain
perturbation. Red bars indicate warming, while blue bars indicate a cooling of the atmosphere.
Comparing the individual forcing components in Figure 1 reveals that the largest contributions to the
overall positive effective radiative forcing are due to CO,, H,0, and net NO, emissions as well as due to
contrail-cirrus formation. Overall, the non-CO, emissions are responsible for roughly 2/3 of aviation’s
global net effective radiative forcing [1]. In contrast to CO,, which is a long-living and well-mixed GHG,
the climate impact of non-CO, effects depends, besides the quantity of emission, on the altitude,
geographical location, and time of the emission [1] [4].

Global Aviation Effective Radiative Forcing (ERF) Terms = = =
(1940 to 2018) ewm®) | mwmt | R [evass

T T T L L 2L S L AU
Contrall cirrus. !

in high-humidity regions -—'I 57.4(17,98) [111.4(33,189) | 0.42 | Low
Carbon dioxide (CO. : :

......(..o..z: -—1 ! ! 34.3 (28,40) | 34.3(31,38) | 1.0 | High
i '

Nitrogen oxide (NO) emissions
Short-term ozone Increase ; 49.3(32,76) | 36.0 (23,56) | 1.37 | Med.
Long-term ozone decrease ! -10.6 (-20,-7.4)| -9.0 (17,-6.3) | 1.18 | Low

'

Methane decrease -21.2 (-40,-15) | -17.9 (-34,-13) | 1.18 | Med.

Stratospheric water vapor decrease -3.2(-6.0,-2.2) | -2.7 (-5.0,-1.9) [ 1.18 | Low

Net for NO, emissions. 17.5(06.29) | 8.2(48.16) | — | Low

Water vapor emissions in F

1 3
the stratosphere 2.0(08,32) | 200832 | [1] | Med.

Aerosol-radiation interactions
-from soot emissions 0.94 (0.1,4.0) | 0.94 (0.1,40) | [1] | Low

!
|
i i
i i
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~from sulfur emissions )—I I | 5-95% contidence 7.4 (19,-26) | -7.4 (19,-26) | [1] | Low
L "

Aerosol-cloud interactions .
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Figure 1: Effective radiative forcing from the individual emissions of global aviation for the years 1940-2018.
Best estimates and their confidence intervals (showing the 5% and the 95% percentiles) are given. Red bars
indicate warming impact and blue bars cooling impact This figure is taken from [1]
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2.2 Prototype Algorithmic climate change functions

In order to enable climate optimization of aircraft trajectories during the trajectory planning process,
itis required to have available spatially and temporally resolved information on the total climate effect
of aviation emissions — comprising CO; and non-CO; effects — for the entire airspace or a dedicated
planning domain, e.g., the flight corridor where the aircraft is flying. To be able to quantify the climate
effects of non-CO, emissions at a specific location and time, the concept of the climate-change
functions (CCFs) was developed [1][4], which derive such information from comprehensive chemistry-
climate numerical simulations. These CCFs provide a measure of the climate impact of a given emission
by using the average temperature response over the future time period of 20 years (ATR20). In the EU
project REACT4C, these CCFs were calculated in climate model simulations for NOx and H,O emissions
and persistent contrail-cirrus over the North-Atlantic region for eight specific days [1]. Note that for
these eight days, representative weather types in summer and winter were considered. As the
calculation of these CCFs is computationally very demanding, it cannot be used operationally for
trajectory optimization.

An efficient implementation concept has been proposed which was using statistical methods relying
on correlation in order to derive algorithms by linking these CCFs calculated in climate model
simulations to the corresponding local meteorological data for selected meteorological parameters,
e.g., temperature or geopotential height [3]. These algorithms (mathematical formulas) calculate the
climate effect of non-CO; and CO, effects of aviation while depending on atmospheric parameters in
the dedicated meteorological situation and produce the algorithmic climate change functions (aCCFs).
The strength of these generated aCCFs is that they are an efficient tool for implementation in daily
flight planning as their mathematical formulation only requires on relevant local weather data (e.g.
meteorological data fields from numerical weather prediction for a specific day). Thus, they could be
directly implemented in numerical weather prediction models in order to output such an advanced
MET info which can then be used by the airspace users for flight planning. Note that the aCCF are
calculated by using input data from numerical weather prediction data at individual timesteps. Hence
the temporal (and spatial) resolution of aCCFs if determined by the resolution of the integrated
numerical weather prediction data. Currently flight planning uses time resolution of up to hour, which
is expected to represent high temporal variability in contrail formation to a certain degree. Using a
resolution which is too coarse would result in lower efficiency of mitigation, as the information
available during the flight planning would not be correct compared to the real situation encountered
by the aircraft. Here, to our experience a time resolution of 6 hours would not be enough for using
aCCFs for flight planning. An initial detailed description of these aCCFs has been given in Deliverable
D1.1 [12], and an updated consistent set of prototype aCCF formulations is given in a scientific
publication [8].

The development of the current aCCFs relied on comprehensive simulations with a climate chemistry
model for Lagrangian trajectories departing from the North Atlantic flight corridor (NAFC) during
summer and winter months, which were investigated in a set of archetypical synoptic situations. These
are constructed with the help of atmospheric indices (North Atlantic Oscillation and Atlantic
Oscillation) to represent atmospheric variability in these two seasons: five weather patterns in winter,
and five in summer. Hence, the aCCFs which are currently available need to be seen as prototypes, and
are strongly limited to their given geographic and seasonal coverage, i.e. being representative for the
NAFC in summer and winter.

2.3 Enhanced aCCFs — Development of educated guess aCCFs
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For the set of case studies for the year 2018, that are performed in WP2 and WP3 of the FlyATMA4E
project, an updated set of aCCFs was generated considering the current level of scientific
understanding of aviation’s climate effects which is described and defined in an educated guess [11].

As described above, an initial set of prototypic aCCFs is available, which has been derived from
numerical simulations with Lagrangian air parcel trajectories focusing on the North Atlantic Flight
corridor region in winter and summer. The recent publication of [8] presents this first consistent set of
prototypic aCCFs formulas describing direct water vapour effects, NOy induced effects and contrail
cirrus together with the CO, effects (aCCF-V1.0). Additionally, [8] presents an implementation of aCCFs
in the modular global chemistry-climate modelling system EMAC [36]. Within FlyATM4E, a new version
of aCCFs was developed (aCCF-V1.1 [11]), which can be seen as one realisation within the range of
plausible values (event horizon) considering the current level of scientific understanding of climate
effects of aviation and their associated uncertainty. Such uncertainties can typically be described with
probability distributions while defining the shape by the specific type (e.g. uniform, normal distributed,
or logarithmical normal distributed) and the corresponding spread of the distribution resulting in an
interval of values corresponding to the specific level of confidence (e.g. 90%, 95%, 99%, two-sided).
For the construction of this educated guess in an initial step, climate effects of a full European airtraffic
sample were evaluated by the prototype aCCFs, which are applied in the global chemistry model EMAC
that is coupled to the airtraffic simulator AirTraf [31]. Consistently, the climate response model AirClim
[21] was applied for the same European airtraffic sample, in order to provide an estimate of the
associated climate effect on an annual mean basis. By comparing both estimates on an annual basis, a
set of weighting factors were identified and applied to generate the educated guess. This consistent
set of educated guess aCCFs (aCCF-V1.1, [11]) corresponds to the mean values of the respective
uncertainty distributions when comparing the strength of effects calculated with the climate-response
model AirClim and current literature, e.g. [1]. Departing from these mean values of aCCFs (educated
guess), the range of possible, alternative values is explored in a risk assessment varying individual
climate effects of aviation (hence their aCCFs) over the full range of possible values, as will be
presented in more detail ( see Section 2.5) after an overview on prevailing uncertainties in the current
estimates of climate effects of aviation (see Section 2.4).

2.4 Characterisation of uncertainties in aCCFs

This section describes the uncertainties which are underlying the quantification of the aCCFs arising
from different sources of uncertainties comprising atmospheric variability, limited predictability, and
a low level of scientific understanding from climate science. The concept of characterising
uncertainties responds to requirements from the application of aCCFs during trajectory optimisation
(e.g. WP2) as the robustness of identified mitigation gains can be explored in a systematic risk analysis
relying on a Monte-Carlo Method.

As described above, the spatial and temporal distribution of aCCFs specifies the climate effect of a local
aviation emission via changes in CO,, water vapour, ozone, and methane concentrations as well as
contrail-cirrus effects. However, uncertainties associated with the calculation of these aCCFs prevail
and need to be described by systematically exploring these specific sources of uncertainties and
combining them with each other. In this section, we provide an overview of all individual sources of
uncertainties together with a brief description of the origin of these uncertainties. In order to identify
robust climate mitigation solutions and trajectories, adequate implementation of the most important
individual sources of uncertainty in the systematic risk analysis is needed with an adapted complexity
(see Section 2.5).
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We distinguish (Table 1) between uncertainties related to (a) meteorological forecast, (b) calculation
of climate impact, (c) development of aCCFs, and (d) emission calculation. Each group can be further
broken down into individual sources. The (a) meteorological forecast is an important source of
uncertainty, which is closely related to the forecast quality. Atmospheric variability in meteorological
fields is causing a major challenge in reliably predicting atmospheric conditions and is highly impacting
regions with strong or low climate effects, e.g. contrail forming regions. Thus, meteorological fields at
the location in which the aircraft flies, hence emissions occur, are only known within a specific range
of uncertainty. This variation of the meteorological data causes a variation in the forecasted and
calculated aCCFs. Within FIyATMA4E, a concept to characterize this weather forecast-related
uncertainty is explored by the use of an operationally available ensemble prediction system (EPS)
weather forecast. EPS is a forecast in which both the initial conditions and the physical parameters of
a numerical weather model are slightly modified from one ensemble member to the other. Typically,
about 50 ensemble members are provided, with each member representing a possible realization of a
meteorological situation [5]. The specific concept of how this was investigated within the case studies
and exercises in FlyATMAE is presented below (section 2.5) and in Deliverable D2.2 [34].

Additionally, in the calculation of climate effects within state-of-the-art chemistry-climate models, an
important set of sources of uncertainty prevails. Specifically, representation of atmospheric processes
and background conditions, uncertainties related to the calculation of the overall climate impact (e.g.
caused by the representation of atmospheric processes) as well as uncertainties related to engine
emission calculations cause uncertainties in these calculations.

Table 1: List of sources of uncertainties for individual aCCFs and for their associated calculations on climate

effect.
Source of uncertainty Origin of uncertainty
Meteorological Forecast
Quality of meteorological forecast Weather forecast data contains deviation from
real world situations measured by quality of the
forecast and its skill.
Calculation of climate effects and impact
Representation of atmospheric processes Chemistry scheme (e.g. Os production), cloud
parametrization, horizontal and vertical
resolution.
Change in GHG concentration/contrails Background (e.g. temperature bias in EMAC).
Radiative forcing (RF) Estimate of RF depends on assumption of
linearity for radiative transfer calculations.
Temperature calculation Temperature change calculation depends on
assumptions on efficacy and temporal evolution
of emissions/RF.
Physical climate metric Climate metric has to be appropriate for the
targeted climate objective but should still allow
some variation with respect to assumptions on
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background emission scenario/model,
emissions evolution (pulse/sustained/future
scenario), climate indicator (e.g. averaged
temperature response), and time horizon (e.g.
ATR20).

Development of Algorithms to represent CCFs (=aCCFs)

Development of algorithms in aCCFs Due to the fitting of CCF data to meteorology at
the location of emission, imperfections in the
relationships are identified.

Emission calculation in emission model

Emission index/conversion merged aCCFs Assumptions in emission model.

The uncertainties shown in Table 1 and described in detail in [11] are associated with:
e Representation of atmospheric processes

Model representation in chemistry schemes (e.g. chemical ozone production), background
concentrations, cloud parametrization, horizontal and vertical resolution (numerical diffusion),
as well as background conditions comprising also e.g. temperature bias, influence the
quantitative estimate of concentration changes of radiatively active species (greenhouse gas
concentrations).

e Estimate of radiative forcing and temperature change

The calculation of the radiative forcing (RF) associated with changing radiatively active species
depends on the radiation scheme performed by radiative transfer calculations. The global
temperature change is linearly linked to the RF, assuming a constant climate sensitivity
parameter (see e.g. [6]). However, this assumption is not valid for all forcing agents, in
particular for forcing agents that are spatially not homogeneously distributed (as, for example,
contrails). These forcing agents have different so-called efficacies (a more detailed description
of efficacies can be found in Section 3.3). An adequate way of assessing and describing the
resulting uncertainty is related to the analysis of the model dependent climate sensitivity,
which can be retrieved from analysis using existing data from model comparison initiatives, e.g.
IPCC AR5 or CMIP6. Overall analysis shows that climate sensitivity varies not only with the
forcing agent but also highly varies with different climate models. From the recent IPCC report
(2017), a range of estimates can be extracted.

e Choice of physical climate metric

As there is not only one single physical climate metric that can be used, it has to be
appropriately selected for the targeted climate objective. Additionally, the metric calculation
depends on assumptions on background emission scenario, radiative transfer model and
emissions evolution (pulse or sustained) or, alternatively, on a future emission scenario, which
proxy data is used as climate indicators, such as averaged temperature response (ATR) at the
surface or the selected time horizon (e.g. 20, 50, 100 years).

Moreover, due to the statistical based approach that was used to develop the aCCFs [2], additional
uncertainties are introduced in the overall calculation. Correlations were identified by a systematic
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analysis of correlations between estimated CCFs and the meteorological variables at the time of
emissions. Hence, due to the fitting of CCF data to meteorology at the location of emission,
imperfections in the relationships have been introduced, which lead to an overall uncertainty.

Finally, as the fourth group of uncertainties (see Table 1), assumptions on emission index and the
associated conversion of merged aCCFs from trace gas emission related values (e.g. per kg NOy
emitted) to fuel related quantities (per fuel burn) introduces another uncertainty, which is directly
related to the applied emission model and fuel flow estimates.

2.5 Concept towards robust aCCFs by integrating uncertainties

As described above, current scientific understanding of aviation’s climate impact still recognizes
uncertainties in the quantitative estimates in weather forecasts and climate impact prediction (see
Section 2.4). Hence, FIyATM4E developed concepts on how to integrate individual uncertainties by
means of the specifically identified approach to achieve robust aCCFs (R-aCCFs). Specifically, the overall
concept relies on combining different types of uncertainty assessments in the overall modelling chain.
First, using alternative models in order to evaluate and calibrate possible options within the range of
uncertainties. Second, the statistical method of a Monte-Carlo variation was applied (Section 2.5.1) to
describe and subsequently combine values with a quantified range of uncertainty. Third, dedicated
sensitivity studies can be performed (Section 2.5.2) in order to perform an uncertainty assessment, as
done e.g. by an ensemble prediction system for meteorological forecast uncertainties or distinct
climate metrics. These specific options for expanding the aCCFs to R-aCCFs in the implementation by
additional information have been explored [11], and concepts are presented in this section. The
corresponding publication is in a final state and submission is scheduled for July 2022.

Different sources of uncertainty require individual concepts in order to integrate such additional
information into the novel concept of R-aCCFs. Distinct options of implementation exist and how to
integrate this comprehensive information on uncertainties and associated uncertainty ranges.

e First, educated guess estimates of aCCFs were developed (aCCF-V1.1), which represent possible
representations within the event horizon of the generalized parameter domain which practically
aligns these aCCF quantities to state-of-the-art research. As described above, this is done by
evaluating, e.g. a reference case using alternative numerical models (here we use the climate-
response model AirClim [21]), to provide a comparision on the climate effects of aviation as
quantified by the overall approach. A detailed description, visualisation, and application of these
educated guess aCCFs, which are mathematically equivalent to aCCFs, is given in [11].

e Second, a Monte-Carlo analysis can be performed once alternative trajectory solutions have been
identified. By varying individual parameters over the parameter space, associated performance
indicators and associated mitigation benefits are explored, resulting in an interval of possible
values and, e.g., percentile as upper and lower limits.

e Third, aCCFs can be expanded by adding an additional dimension of information from dedicated
sensitivity studies, e.g. by using individual members from an EPS forecast, by applying a different
set of climate metrics, or results from further specific sensitivity studies. Representing
uncertainties comprise different sources, e.g. weather forecasts, which is described in the
following. State-of-the-art aCCFs are evaluated for different ensemble members within the EPS
weather forecasts, and the distribution of aCCF values is analysed, providing, e.g. statistical
percentiles and augmented with additional uncertainties arising from climate impact prediction.
This leads to a time and location dependent uncertainty estimate in the aCCFs, which adds an
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additional dimension to aCCFs while serving as a first input component resulting in a robustness-
indicator (research goal of WP1).

2.5.1 Quantification of uncertainties by statistical methods

Statistical description of individual sources of uncertainties relies on the provision of the underlying
mathematical distribution (e.g. normal, logarithmic normal, uniform), the corresponding mean or
median values as well the lower and upper limit of the uncertainty interval. The uncertainty ranges
and distributions used to characterise the individual sources of uncertainties are provided in Table 2.
They are based on state-of-the-art research [1] [21] and have also been applied in [11]. In the following,
brief explanations for a set of aggregated sources of uncertainty are provided:

e Uncertainty range for radiative forcing

As shown in Figure 1 large uncertainties arise from the radiative forcing estimate of non-CO,
emissions of global aviation. Table 2 provides the respective uncertainty ranges of the RF of
different radiative active species. The main uncertainties arise from NOy induced ozone and
methane and from contrail RF. For example, the contrail RF reveals an uncertainty range of
about 70%. In contrast the uncertainty of water vapour RF is quite small. Overall uncertainties
in the RF estimates of aviation consider a large number of state-of-the-art RF estimates derived
from different climate models. These models differ, for example, in their radiative transfer
scheme, in their representation of chemical processes or in their parameterizations of cloud
microphysics. Moreover, the model setups (e.g., vertical and horizontal resolution or
background scenario) can be different. Thus, the uncertainty source related to the
representation of atmospheric processes (see Table 1) is included in these radiative forcing
uncertainty ranges. Note, moreover, that these RF values refer to global climate impact of
aviation emissions. For individual emission locations, these uncertainties can vary.

e Uncertainty range for climate sensitivity

The above-mentioned uncertainties of aviation induced radiative forcing are large, but if
converting the RF estimate to global annual mean near-surface temperature response (as done
for the aCCFs), the uncertainty even increases. The global temperature change is linearly linked
to the RF via the climate sensitivity parameter A (for more details see Section 3.3). However,
this climate sensitivity parameter highly varies with the used climate model and with the
specific forcing agent. The dependency on forcing agents can be solved by using forcing
efficacies. Uncertainty ranges have been estimated: the range in the climate sensitivity
(variation with model and with forcing agents) will be given according to state-of-the-art
research in accordance with [21].

2.5.2 Quantification of uncertainties by sensitivity studies

As an alternative to the evaluation of uncertainties according to a statistical distribution of values
which has been shown above, it is also possible to estimate uncertainties by dedicated sensitivity
studies. This means that in order to explore variation of key variables, individual realizations (e.g. a
numerical experiment with varying parameters) are applied in the overall assessment. Within
FIyYATMAE, this approach is applied to explore the uncertainty of the meteorological forecast, i.e. by
exploring individual members from an ensemble forecast system (see Section 4.5). In a similar way,
distinct climate metrics can be explored by sensitivity studies, applying various climate metrics (e.g.
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average temperature response, global warming potential, global temperature potential) over various
time horizons. It has to be noted here that in FlyATMA4E, the overall concept of trajectory optimization
relies on the application of a single metric during trajectory optimization, while in a second modelling
step, alternative physical climate metrics are employed. They should investigate the sensitivity of the
overall mitigation gain in relation to the physical climate metric used in the performance assessment
of climate effects.

e Meteorological forecast using an ensemble prediction system (EPS)

As mentioned earlier, to represent the variability (and uncertainty) of the meteorological
forecast, an EPS forecast can be used, which provides for a given day an ensemble of possible
realisations of the meteorological conditions. In FlyATMA4E, ten ensemble members from the
ensemble prediction system are applied for the trajectory optimisation (WP2). Each ensemble
member represents a possible, consistent realisation of the meteorological conditions, in
which aircraft trajectories can be optimized. Alternatively from such an ensemble, the
ensemble mean and its statistical standard deviation can be calculated, resulting in, e.g., mean
temperature or mean relative humidity.

e Climate effect measured by a climate metric

The selection of the physical climate metric introduces another source of uncertainty, which
can well be explored by dedicated sensitivity studies. Any climate metric (targeting on
temperature change) is composed by an emission scenario, a time horizon and a climate
indicator (see also Section 3.3). aCCFs in FlyATMA4E are based on the climate indicator ATR20
and the emission scenario is either based on pulse emission or on a future emission scenario.
Although the choice of a climate metric is largely controlled by the climate objective [21],
possibilities to adapt the details of the climate metric with regard to the time horizon, emission
evolution and climate indicator exist. In order to allow exploring different climate metrics, a
Python Library has been developed within the project, which allows the selection of distinct
climate metrics by namelist settings.

As mentioned in the last section, another source of uncertainty arises also from the development of
aCCFs, which rely on statistical correlation methods. However, related uncertainty can only be roughly
estimated. Moreover, the uncertainty arising from different engine/aircraft combinations will also be
addressed by using different aircraft dependent emission indices (see Section 3.2).

2.5.3 Towards implementation of uncertainties

When implementing spatially and temporally resolved information on climate effects of aviation
emissions, it is key to ensure that prevailing uncertainties enter the overall modelling chain. As
described above, the development of R-aCCFs relies on the combination of the adequate methods for
the individual sources of uncertainty. Hence, FlyYATM4E combines comprehensive information
resulting from statistical methods, but also sensitivity studies in an integrative approach to provide an
expanded vision on the climate effects and their uncertainty in a MET service comprising uncertainty
information.

In the comprehensive assessment performed for a set of case studies during the year 2018, a further
expanded concept towards robust aCCFs, which takes a smaller set of the above-mentioned
ambiguities into account has been implemented. The option, which is currently proposed to represent
these uncertainties towards robustness, relies on a set of aCCFs that considers educated guess
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estimates using best guess estimates of individual climate impacts (here the basis is the conservative
estimates of RF). Additionally, the second set of aCCFs is provided in order to perform individual risk
analysis originating from different sources of uncertainty (see Table 1). This is done by quantitatively
estimating the interval and error, if a lower or higher climate impact of e.g. contrail or NOy is assumed.
The quantification of this error can e.g. be based on the RF confidence interval given in Figure 1. Using
that, lower range and higher range estimates can be calculated which can be combined to an overall
uncertainty interval, forming the basis for a risk analysis. Departing from the mean values of aCCFs
(educated guess as introduced in Section 2.3) the range of possible, alternative values is explored in a
risk assessment varying individual aviation effects (hence their aCCFs) over the full range of possible
values. Such variation of individual effects within their uncertainty ranges assesses the full range of
possible combined total climate effects of aviation. At the same time, this variation determines to what
extent potential benefits on alternative trajectories are robust in their mitigation of total climate
effects. Such a systematic variation of individual coefficients over the full parameter space is
performed by means of a Monte-Carlo variation analysis.

Table 2: Uncertainty ranges for the individual species given for different sources of uncertainties and different
forcing species. For the radiative forcing (RF) and the climate sensitivity parameter (A), the median, the upper
and lower limit of the 95% likelihood is given together with the underlying distributions. Estimates are based
on [1] [21].

Statistical CO; water ozone PMO methane Contrail-
value vapour cirrus

RF Distribution Normal | log normal | lognormal | lognormal | lognormal Normal
Minimum 31 0.8 23 -17 -34 33
Median 343 2.0 36.0 -9.0 -17.9 111.4
Maximum 38 3.2 56 -6.3 -13 189

A Distribution Normal | log normal | lognormal | lognormal | lognormal log normal
Minimum 0.69 0.58 0.70 0.77 0.77 0.39
Median 0.73 0.83 1.00 0.86 0.86 0.43
Maximum 0.77 1.08 13 0.95 0.95 0.47

We have applied this concept for the first time within the FlyATMA4E aircraft trajectory optimization
study (see D2.2 [34] and D3.2 [33], [11]). The corresponding experiment design relies on one reference
optimization using the educated guess aCCFs and sensitivity experiments that quantify the “forgotten
impact” by using the low- or high-aCCFs estimates. A robust trajectory is characterized by not losing
overall mitigation gains even if lower or upper estimates of aCCFs are applied.
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3 Generating merged aCCFs

In this section, it is described how the individual spatial and temporal resolved aCCFs of water vapour,
NOy-induced ozone and methane and contrail cirrus are combined to a merged non-CO; aCCF. By
considering the actual synoptical condition and technical specification of the engine/aircraft type, and
of the physical climate metric such merged non-CO, aCCFs can be generated. Technically this is done
using a Python Library (see Section 3.4).

This section mainly includes results and descriptions from the scientific paper “A python library for
calculating individual and merged non-CO, algorithmic climate change functions” [10], which is in
preparation and will be submitted in July 2022.

3.1 Concept of generating merged aCCFs

Based on aCCFs that represent the individual effects of water vapour, NOx induced ozone and methane
changes and contrail cirrus, a single aCCF function which combines these individual non-CO; impacts
is generated (i.e. merged aCCF). This merged aCCFs can be used as advanced MET information for flight
planning, as a climate optimal trajectory requires the quantification of the total non-CO; climate
impact as four-dimensional data set (latitude, longitude, altitude and time). Therefore, all individual
aCCFs must be converted to the same unit [K/kg(fuel)]. To do so, emission indices and the choice of
consistent climate metrics are needed. In the following, we describe the concept of merging and the
underlying assumptions in detail.

To this end, emission indices for NOy (Elnox in g/kg(fuel)) and for contrail cirrus, the specific range (Fim)
in [km/kg(fuel)] is required. Note that the water vapour aCCF formula is fuel related and thus doesn’t
need to be multiplied with the emission index of water vapour. Typically averaged fleet mean values
of Elnox and Fim for transatlantic flights are available from the literature: fleet mean values for Fxmand
Elnox are 0.16 km/kg(fuel) ([15] and personal communication F. Linke, TU Hamburg, 2020) and 13 g
(NO,)/kg(fuel) [14], respectively. Another possibility is to take specific emitted amounts of NOy
emissions and specific range values from an engine performance model (see Section 2.3). With these
emission indices it is possible to generate merged non-CO; aCCFs (aCCFmergeq) in [K/kg(fuel)]:

aCCFmerged = aCCFNOX*ElNOX + aCCFcontraiI * ka + aCCFHZO

Overall, merged aCCFs can vary with the chosen emission index and climate metric. Thus, we intend
to provide merged aCCFs, which consider the actual weather situation, the aircraft specific data (e.g.
aircraft/engine type, cruise altitude) and the physical climate metric. For an efficient and flexible
provision of merged aCCFs, we have developed the Python Library (see Section 3.4)

3.2 Choice of emission index

The assumption of constant typical fleet mean values for Fum and Elnox for transatlantic flights
represents a simplification, as the emission index depends on the flight level, and the aircraft/engine
type. To consider the cruise altitude dependency and engine/aircraft dependency, we provide
aggregated fleet-level values for Elnox and the specific range for a variety of aircraft types. These
specific Elnox and Fim values are computed based on the EUROCONTROL-modified Boeing Fuel Flow
method 2 [16][17] using engine performance characteristics given by EUROCONTROL’s Base of Aircraft
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Data (BADA, [18]). As the values from aircraft types that can be assigned to a certain class (Regional:
small aircraft with short range (up to 100 seats), Single-Aisle: short to medium-range narrow-body
aircraft, Widebody: medium to long-range aircraft (250-600 seats)) are similar, we group those aircraft
types and provide average fleet values in Table 3 and Table 4.

Table 3 clearly shows that average Elnox values increase with increasing aircraft class/size and decrease
with increasing altitude. NOx emissions are produced during combustion due to high combustion
temperatures, which are connected to high thrust settings and engine load conditions. There is a
correlation between aircraft mass and engine thrust requirement, so that also combustion
temperatures might rise with increasing aircraft size. Below cruise altitude, the aircraft is e.g. during
climb operated with climb thrust and during descent with near idle conditions leading to, on average,
higher engine loads at lower altitudes than during cruise. The specific range in Table 4 increases with
altitude, as the aircraft is operated in near-fuel-optimal conditions during cruise. On the other hand, a
larger aircraft tends to have a lower specific range than a smaller aircraft, as an aircraft becomes less
fuel efficient on longer ranges, on which it has to carry additional fuel solely for the purpose of
transporting a higher fuel mass over a long distance.

The calculation of merged aCCFs that consider these engine/aircraft dependent emission indices is
technically solved with the help of the Python Library (see Section 3.4).

Table 3: Average specific NOx emission indices (in g(NO2)) for three aircraft classes (regional, single-aisle,
widebody) derived from the emission inventory of the DLR project “Transport and Climate” (TraK). EINOx are
shown for various typical flight altitudes (20000 ft - 40000 ft). Besides the flight altitude in ft, the corresponding
pressure level is given in hPa. Table taken from submitted publication [10].

flight altitude [ft] | pressure level[hPa] | Regional [g(NO2)] Single-Aisle [g(NO2)]  Wide-body [g(NO2)]

20000 466 11.628 17.279 24.750
25000 376 10.223 14.877 22,182
30000 301 9.377 13.603 19.158
35000 238 7.968 11.249 15.008
40000 188 6.567 8.564 12.730

Table 4: Average flown distance per burnt fuel(km/kg(fuel)) for three aircraft classes (regional, single-sisle,
widebody) derived from the TraK emission inventory. EINOXx is shown for various typical flight altitudes (20000
ft - 40000 ft). Besides the flight altitude in ft, the corresponding pressure level is given in hPa. Table taken from
submitted publication [10].

flight altitude [ft] ‘ pressure level [hPa] | Regional [km/kg(fuel)]  Single-Aisle [km/kg(fuel)]  Wide-body [km/kg(fuel)]

20000 466 0.393 0.252 0.096
25000 376 0.442 0.282 0.107
30000 301 0.470 0.287 0.117
35000 238 0.488 0.324 0.120
40000 188 0.682 0.401 0.157
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3.3 Choice of climate metric and efficacy

Physical climate metrics can be understood as a method that allows a direct and fair comparison across
different forcing argents as well as across different sectors and sources [19]. A climate metric is a
combination of climate indicators (e.g. average temperature response (ATR) or greenhouse warming
potential (GWP)), time horizon (e.g. 20, 50 and 100 years) and emission scenario (including emission
course and background emission) [19]. As emission scenarios, a pulse, sustained or a future scenario
might be considered [20]. An adequate metric for assessing the mitigation of climate impact is for
example the average temperature response over 20 years given for an increasing future emission
scenario (F-ATR20) or a pulse emission (P-ATR20).

For generating merged aCCFs, FlyATMA4E uses a consistent set of individual prototype aCCFs [8]. These
aCCFs are all based on the climate metric of ATR20. The emission scenario assumed in the individual
aCCFs is consistently pulse emission. However, there are different options, assumptions and decisions
to adapt the details of the climate metric with regard to time horizon, emission evolution, and climate
indicator. Thus, we provide factors that allow to switch, e.g. from the P-ATR20 metric to other physical
climate metrics., as e.g. F-ATR20, F-ATR50, F-ATR100. A set of conversion factors was calculated for
reasonable climate metrics with the help of the climate response model AirClim [21]. This set of
conversion factors is given in Table 5.

Table 5: Climate metric conversion factors from P-ATR20 (pulse emission over time horizon of 20 years) to F-
ATR20 (increasing future emission scenario over time horizon of 20 years), F-ATR50 (increasing future emission
scenario over time horizon of 50 years), and F-ATR100 (increasing future emission scenario over time horizon
of 100 years), for water vapour, ozone, methane, PMO, contrail cirrus and CO2 aCCFs. Table taken from
submitted publication [10].

F-ATR20 F-ATR50 F-ATR100
water vapour aCCF 14.47 34.13 58.34
ozone aCCF 14.47 34.13 58.34
methane aCCF 9.83 41.48 97.37
PMO aCCF 9.83 41.48 97.37
contrail aCCF 13.42 29.46 47.31
CO2 aCCF 9.28 43.92 124.93

As mentioned above, the global mean surface temperature changes using a model dependent
constant, the so-called climate sensitivity parameter [22]. For radiative active gases with a distinctly
inhomogeneous structure as e.g. ozone and contrails, the relation with constant climate sensitivity
parameter fails (e.g. [22]). A way to account for this, is to introduce forcing dependent efficacies
(leading to an effective RF) [1][22]. The prototype aCCFs formulations of [8] are given without taking
the efficacy of the different non-CO, agents into account. However, integrating the efficacies of water
vapour, ozone and methane to the merged aCCFs makes the prediction of aviation climate impact
more reliable. State-of-the-art efficacies are summarized in Table 6. The efficacy of the NOy induced
short term ozone is 1.37 and the efficacy of the NOy induced methane is 1.18. This means that radiative
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forcing from ozone and methane has a higher impact on the temperature response than radiative
forcing from CO,. For contrails, the efficacy is estimated to amount to 0.42, meaning that contrail RF
has a lower impact on the global temperature response than CO,. The value of the contrail efficacy
estimate of [1] is the combination (mean) of three different contrail efficacy estimates from earlier
studies, including estimates of 0.59 [24], 0.31 [25] and 0.35 [26].

Table 6: Overview of state-of-the-art efficacies of NOx induced ozone, methane, primary mode ozone (PMO),
as well as water vapour and contrails. Respective references are given in the right side of the table.

efficacy Reference

ozone 1.37 Ponater et al. (2006)
methane 1.18 Ponater et al. (2006)
PMO 1.18 Lee et al. (2021)
H»O 1 Lee et al. (2021)
contrail-cirrus 0.59 Ponater et al. (2005)

0.31 Rap et al. (2010)

0.35 Bickel et al. (2020)

0.42 Lee et al. (2021)

* Lee et al. 2021 value is the mean over the values given by Bickel
et al. (2020); Ponater et al. (2005); Rap et al. (2010)

3.4 Technical implementation of individual and merged aCCFs using
a Python Library

FIyATMA4E developed the open-source Python Library CLIMaCCF (available on Zenodo with
the software DOI: 10.5281/zenodo0.6977272), a flexible and intuitive tool, that efficiently calculates
both the individual aCCFs (i.e. water vapour, NOy induced ozone and methane and contrail-cirrus aCCF)
and the merged non-CO; aCCFs. As described above, these merged aCCFs can only be constructed with
the technical specification of the emission indices of the selected engine/aircraft type. Overall, the
scope of CLIMaCCF is to provide merged aCCFs as spatially and temporally resolved information
considering the actual synoptical situation, the engine/aircraft type, the physical climate metric and
the prototype algorithms in individual aCCFs.

In the following, some details on the technical implementation of the Python Library are presented.
The Python Library consists of three main blocks: input, processing and output (see the schematic
workflow in Figure 2). In the input block, the Python Library receives weather data (e.g. weather
forecast, reanalysis data, etc.) containing the required meteorological input. In the processing block,
the individual aCCFs are calculated and merged aCCFs are generated by taking specific assumptions on
engine/aircraft type and climate metric. In the output block, the individual and merged aCCFs are
stored.
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Figure 2: Schematic workflow of calculating merged aCCFs using the Python Library CLIMaCCF. The left row
describes the Input block, the top raw the processing block and the bottom raw the output block [10] .
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Input block

Within the input block, the meteorological input data for the aCCFs calculation are specified by the
user. All meteorological input data needed to calculate the individual aCCFs are summarized in Table
7. The current implementation of the library is compatible and tested with the standard of the
European Centre for Medium-Range Weather Forecasts (ECMWF) data.

Table 7: Meteorological input parameter to calculate aCCFs within CLIMaCCF

Meteorological variables

Potential vorticity unit [107°K - m*/kg - 5]

Relative humidity [%]

Outgoing longwave radiation (OLR) [W/m?]

Incoming solar radiation at top of the atmosphere [W/mn?]

Temperature [K]

Geopotential [m242]

The user has the possibility to choose between different configuration settings as different
assumptions for the physical climate metric: emission scenario, and time horizons (default is P-ATR20).
Moreover, the user can decide if the calculation of merged aCCFs is performed with or without
considering efficacies. As the selection of aircraft/engine type is an important factor in determining
reliable merged aCCFs, the database of the library has implemented an initial set of specific emission
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indices for selected aggregated aircraft/engine combinations. By selecting the aircraft type, the
altitude dependent NOx emission indices and flown distances kg burnt fuel are calculated for the user.

Processing block

This block performs main calculations using the given meteorological input data and the above-
described user configurations. The individual aCCFs are calculated by the formulas provided in
Appendix A. Merged aCCFs are combined based on metric conversion factors, efficacy, and emission
indices.

Output block

The processed climate change functions are saved within this block. Currently, the library supports two
standard data formats. One is netCDF for saving aCCFs, and the other one is the Geolson format.
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4 Systematic analysis of individual aCCF
patterns

This section delivers a comprehensive analysis of characteristics and variability of individual and
merged aCCFs. First, we illustrate how the spatially and temporally resolved climate impact of
individual aviation emissions looks like by showing prototypic aCCFs in distinct weather situations over
Europe of individual non-CO, effects (i.e. water vapour, NOy contrail-cirrus) using standard
meteorological input data of ERAS reanalysis data of typical summer and winter days in the year 2018.
The individual aCCFs are calculated by using the mathematical prototypic formulas. These prototypic
formulas currently contain the state-of-knowledge using base-simulations for the North Atlantic Flight
Corridor. However, we recognize that this is a topic of ongoing research on state-of-the-art
understanding on aviation’s climate impacts. Hence, in the near future, it is expected to have a larger
set of base-simulations available from ongoing research initiatives. These will enable to expand e.g.
the geographic scope or season. Hence, prototypic aCCFs have been subject and will be subject to
revisions and updates, requiring to publish on a regular basis these updated versions of aCCFs.
Additionally, the aCCF formulation depends as well on a set of decisions and assumptions relating to
policy and societal aspects, e.g. time horizon of the applied climate metric. Thus, this deliverable will
explain current understanding and document implementation applied within the FlyATMA4E project.

4.1 Description of calculated aCCFs

As mentioned above, the strength of the aCCFs is their sole reliance on relevant local meteorological
parameters for their calculation. In the following theERA5 reanalysis data set [27], which was
developed by the European Centre for Medium-Range Weather Forecasts (ECWMF) is used as
meteorological input. They represent an atmospheric model system that assimilates surface and
upper-air conventional and satellite data.

For the trajectory optimization in WP2, a set of summer and winter days was specified (for details see
Deliverable D2.3 [34]). These days include five days in June 2018 (i.e. 13%, 15™, 18™, 23 and 27" June)
and five days in December 2018 (i.e. 5™, 10™, 15", 20%™, 25" December). With this selection, different
representative synoptic winter and summer situations are included. In order to describe these
different weather conditions, the geopotential height and the wind fields are shown in Appendix B
(Figure B1-B4).

The aCCFs presented in the following are based on a consistent set of prototype aCCF formulas (see
Appendix A) and include educated guess factors, that were developed in the FlyATMA4E project in order
to represent aviation’s climate impact in line with state-of-the-art research (see Section 2.4).
Additionally, the aCCFs express the climate impact in terms of F-ATR20 (average temperature response
over a time horizon of 20 years using the increasing future emission scenario BAU) and include
efficacies. For merging, aCCFs need to be converted to the same unit of K/kg(fuel) This is done by
assuming typical fleet mean values of Elnoxand of Fim for transatlantic flights (see Section 3.1).

4.2 Characteristic aCCF patterns of specific winter and summer days

In this section, the prototypic aCCFs in distinct weather situations over Europe are shown, illustrating
the spatial and temporal resolved climate impact of individual aviation emissions. Figure 3 provides
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the characteristic summer patterns of water vapour, total NOy (including ozone, methane and PMO
impact) and daytime contrail-cirrus together with the merged non-CO, aCCFs. Note that all aCCFs are
converted to the same unit of K/kg(fuel) by taking assumptions for the NOyx emission indices (for the
total NOx aCCF) and flown distance per burnt kg fuel (for the contrail aCCF). These aCCF patterns are
shown at 250 hPa for daytime conditions (12 UTC) and give an impression of their typical geographical
distribution over the European air space on several specific summer days (i.e. 13™, 15™, 18" 23% and
27" June 2018) with distinct synoptical conditions. For these specific days, a weather pattern
classification according to [28] (more details see Appendix B1.2) was applied and the respective
classification is given on the right sight of each plot. The water vapour aCCF (Figure 3a) shows positive
(warming) values and highly varies for the different synoptic situations The total NOx aCCFs (Figure 3b)
combines the positive (warming) ozone aCCFs and the negative (reduced warming, i.e. net-cooling)
methane aCCFs. This can be explained by the fact that NOy emission from aviation leads to ozone
formation, and the methane aCCF is negative as NOy emissions are destroying methane. Overall the
total NOy aCCF is positive and a zonal gradient can be observed with generally higher positive values
in lower latitudes (Figure 3b). This can be explained by the higher ozone formation in lower latitudes.
Moreover, the NO, aCCFs show a high variation for the specific days, thus, they are highly influenced
by the different weather situations. Daytime contrail cirrus aCCFs (Figure 3c) predict positive and
negative values. This is explained by the shortwave and longwave radiative impact of contrails during
day. During night contrails have only longwave radiative impact, thus the night time contrails aCCFs
are positive only (see Figure B5 of Appendix B). As contrail formation and contrail climate impact are
very sensitive to the atmospheric conditions, contrail aCCF shows a large geographical and day to day
variability.

As described in Section 3, a merged aCCF can only be constructed with information on the aircraft-
engine dependent values of NOy emission and flown distance. In Figure 3 (d), the merged non-CO,
aCCFs are provided together with the individual aCCFs (all given in K/kg(fuel)). Comparing the
individual aCCFs to the merged aCCFs, it is clear that contrail aCCFs dominate the merged aCCF in
structure and magnitude; NOy induced aCCFs play also a role, whereas water vapour aCCFs are
negligible. Thus, overall, we expect the highest mitigation potential in avoiding contrail-cirrus. Based
on the merged aCCF pattern a climate optimized flight trajectory could probably calculate a
compromise between avoiding long distances through enhanced climate warming areas and at the
same time avoiding long detours as these would induce a penalty with respect to CO, aCCF.
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Figure 3: Characteristic patterns of (a) water vapour aCCF [K/kg(tuel)], (b) NOxaCCF (including O3, CHs and PMO)
[K/kg(fuel)], (c) contrail (daytime) aCCF [K/kg(fuel)], and (d) merged non-CO2 aCCF [K/kg(fuel)] at pressure
level 250 hPa over the European region for five selected days in June 2018 at 12UTC. Individual aCCFs were
calculated from ERAS reanalysis data. Overlaid green lines indicate wind speeds above 30 ms2. The weather
situation of the specific days was classified according to [28] and is given beside the date on the upper right.

4.3 Variation of aCCFs with season

In this section, we give detailed information on how the aCCF patterns vary with different seasons.
Analogue to Figure 3, Figure 4 provides characteristic winter patterns of water vapour, total NOj,
contrails and merged aCCFs for daytime conditions. Again, the selected winter days (i.e. 5", 10t, 14,
20%, 25'"December 2018) represent different typical winter synoptic conditions. Additionally, in Figure
B6, the respective patterns for nighttime conditions are given.

Comparing the winter and summer water vapour aCCF pattern shows somewhat larger values for
winter conditions. For the NOy aCCFs, highest values can be found during the summer season. This is
explained, as in summer NOy emissions lead to higher photochemical ozone production. Investigating
the seasonal variation of contrail aCCFs reveals generally less conditions for persistent contrail
formation in summer and, therefore, less areas with cooling, i.e. contrails are supposed to warm more
during summer.
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Figure 4: Characteristic patterns of (a) water vapour aCCF [K/kg(suel)], (b) NOxaCCF (including Oz, CHs and PMO)
[K/kg(fuel)], (c) contrail (daytime) aCCF [K/kg(fuel)], and (d) merged non-CO: aCCF [K/kg(fuel)] at pressure
level 250 hPa over European region for 5 selected days in December 2018, at 12UTC. Individual aCCFs were
calculated from ERAS5 reanalysis data. Overlaid green lines indicate wind speeds speeds above 30 ms?2. The
weather situation of the specific days was classified according to [28] and is given beside the date on the upper
right.

4.4 Variation of aCCFs with cruise altitude

Several previous studies (e.g. [21], [30]) investigated the climate mitigation potential with cruise
altitude, showing that the climate impact largely varies with flight altitude indicating that flying lower
can reduce the non-CO; effects by about 30% [30].

To demonstrate the vertical structure of individual and merged aCCFs in the typical flight altitudes
between 200 and 400 hPa, Figure 5 displays the vertical cross section along the longitude 0°E (located
over Europe) in the northern hemisphere (0-60°N) for the five selected days in June 2018. The
respective vertical structure of these five specific winter days is given in Appendix B 1.4 (Figure B7).

Water vapour aCCFs show high variation with cruise altitude. Generally, higher values can be found in
higher altitudes. Regions with high amount in water vapour aCCFs mainly lie in the stratosphere, as
water vapour that is directly emitted to the stratosphere has a high climate impact. The NOx aCCFs
show an increase in their climate impact (higher aCCFs) in the range 250 — 300 hPa. Moreover, an
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increase of NOy aCCFs from high to low latitudes can be found. The contrail aCCFs have a very variable
vertical structure with negative and positive climate impact, that extends from 200 to 400 hPa. Overall,
a strong contrail climate impact can be found in regions above 200 hPa. However, at higher latitudes,
the extension of contrail aCCFs to lower altitudes is given, as contrail formation is linked to low
temperatures. The vertical profile of the merged aCCF is highly dominated by gradients of the contrail
aCCF.

(a) H20 aCCF 2018-6-13 (12UTC): 52 (b) NOx aCCF 2016-6-13 (12UTE); &2 (e) contrall aCCF 2018-6-13 {12UT¢E): 52 (d) merged aCCF  2018-6-13 (12UTC), &2
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Figure 5: Vertical cross section patterns of (a) water vapour aCCF [K/kg(suer)], (b) NOx aCCF [K/kg(fuel)], (c)
contrail aCCF [K/kg(fuel)], and (d) merged non-CO2 aCCF [K/kg(fuel)] at longitude 0° for five selected days in
June 2018 at 12UTC. Individual aCCFs were calculated from ERAS reanalysis data.

4.5 aCCFs calculated from EPS weather forecast

As aCCFs rely on numerical weather prediction data that deviate from the real-world situation, aCCFs
and thus studies on aircraft trajectory optimization will include uncertainties arising from MET
information including forecast quality and skill. One possibility for exploring the quality and hence,
uncertainty, of the weather forecast is to use an ensemble prediction system (EPS) weather forecast.

In FlyATMA4E, the uncertainties from the meteorological forecast data are integrated into the aCCFs by
using such an ensemble forecast. As these aCCFs include robustness aspects, they can be defined as
robust aCCFs (R-aCCFs). Here we use the probabilistic EPS weather forecast from ECWMF to explore
individual ensemble members and assess the performance of aircraft trajectories under different
meteorological situations in order to explore the variability of the forecasted weather situations.

In Figure 6, the ensemble mean value (average over ensemble members) and the related disagreement
between ensemble members (standard deviation of these ensemble members) is shown for the NOy
induced aCCFs (including the NOy induced ozone aCCF and the NOx induced methane aCCF) and for the
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contrail aCCF exemplary for the 13 of June 2018, 12UTC. The standard deviation of NO, aCCFs along
the ensemble members is quite low (compared to contrail aCCFs); only in certain regions, there are
slightly higher variations between the ensemble members. Thus, robust mitigation of the NOy climate
impact should be possible. For contrails, however, the standard deviation of contrail effects is
comparably high for any region with contrail effects forecasted because contrail formation is based on
highly variable fields comprising temperature and relative humidity.

(a) NOx aCCF (ensemble mean) (b) contrail aCCF (ensemble mean)
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Figure 6: Characteristic patterns of the ensemble mean (a) NOx aCCF [K/kg(se)] and (b) contrail aCCF
[K/kg(fuel)]. The corresponding standard deviations are given for (c) NOx aCCF and (d) contrail aCCF. All figures
are displayed at pressure level 250 hPa over the European region on 13% June 2018, 12UTC. aCCFs were
calculated from 50 ensemble members of an EPS weather forecast.

Based on these robust aCCFs, those weather situations and aircraft trajectories can be identified, which
lead to a robust climate impact reduction (for more details see D2.2 [34]).

4.6 Guidance on and analysis of situations with high mitigation
potential

In this section, we analyse aviation’s climate effects (in terms of aCCFs) for areas and seasons, which
result in a large mitigation potential (i.e. eco-efficient solutions) and win-win solutions (detailed
definition of eco-efficient and win-win see Deliverable D3.2 [33]).

Synoptic situations with large contributions from non-CO, effects offer a larger mitigation potential for
climate-optimized trajectory planning. By analyzing the spatial and temporal distribution of merged
non-CO; aCCFs, while comparing to the CO; effects, situations and regions with a larger mitigation
potential can be identified. Such situations and regions are characterized by comparatively large
merged non-CO, aCCFs. In contrast to this, situations with lower values of merged non-CO, aCCFs
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indicate, that during such situtations or in those regions the total climate effects are comparably lower,
as associated non-CO, effects are lower as well. Similarly, analyzing the climate effects of aircraft
operations resulting from a fixed set of city pairs during the course of the year, identifies seasons with
larger non-CO2 effects and hence higher mitigation potentials (as shown below).

In WP3 of FlyATMA4E, the air traffic simulator AirTraf [31] coupled to the global chemistry climate model
EMAC [36] was used to explore climate-optimized trajectories and estimate their mitigation potential
during the course of a year (here specifically for the year 2018). AirTraf applies a defined routing
strategy during a one-year simulation of the global atmosphere and associated aircraft movements for
a specific set of city-pairs (for details see Deliverable D3.2 [33]). Analysis of the seasonal dependence
of the average temperature change over 20 years of a traffic sample containing 100 flights (calculated
with the help of the aCCFs, see Section 4.3) shows a clear seasonal dependence of aviation’s total non-
CO, effects. For example, high effects can be found in June but also in late summer resulting from the
NOy-induced climate effects. Comparing such seasonal dependence with analysis from aircraft
trajectory optimizations from WP3 identifies also seasonal dependence of mitigation gains which
follows the seasonal dependence of the total climate effects, e.g. F-ATR20. The temporal evolution of
the average climate effect of aviation (ATR20) from the cost optimal (simple operating costs SOC) and
eco-efficent trajectory solutions (i.e. trajectories and respective meteorological situations which allow
a substantial reduction in climate impact of a flight, while leaving its cost nearly unchanged) are
investigated, identifying regions and seasons with high non-CO, effects and associated high mitigation
gains (see Deliverable D3.2 [33], therein Figure 6). Based on this figure, it is clear that the mitigation
gain of the eco-efficient trajectory optimization strategy varies throughout the year, with winter
months having higher mitigation potential than summer months. Relative mitigation gains show a
strong seasonal dependence, with high relative reductions in winter for the day-time flights, and a high
relative reduction in June and late summer for night-time flights.

Moreover, beyond such large mitigation potentials due to high non-CO, effects, it is also of high
interest to identify to what extent a mitigation potential in a win-win situation exists by eliminating a
constrain. Within the FlyATM4E project, the case studies performed allow for assessing the relevance
of the constrain due to the usage of two distinct trajectory optimizers, ROOST (Robust Optimisation of
Structured Airspace) and TOM (Trajectory Optimisation Module). ROOST is a model which optimizes
trajectories on a structured-airspace (using the current network of Air Traffic Services routes) [35], and
TOM is a trajectory optimizer that uses free-routing airspace (future concept of operations) [37]. Note
that a detailed description of the trajectory optimizers ROOST and TOM will be given in D2.3 [34].
These expanded flight trajectory optimization tools identify and evaluate such optimized trajectories
for specific weather situations. For a given day, the ensemble forecast data is used and while ROOST
relies on the ensemble mean and its standard deviation for the stochastical optimisation, TOM is
performing one optimization after the other. In ROOST, a unique “robust” flight path is identified with
the help of the ensemble mean which is then evaluated in each of the ten ensemble members. By
comparing cost optimal trajectories computed on a structured-airspace (using the current network of
ATS routes) with climate optimal trajectories computed on a Free-Routing airspace (future concept of
operations), win-win solutions can be identified in which both overall cost and overall climate impact
can be reduced. Promising candidates for such win-win situations are expected to be also present in
meteorological situations with large non-CO; effects, indicated by high values and strong gradients of
the merged aCCF. In Figure 3 (d) and Figure 4 (d), regions with high gradients at 250 hPa in the merged
aCCFs can be found, certainly, these high gradients will provide a high mitigation potential. Thus, e.g.
on 15" June 2018, a large mitigation potential can be identified by avoiding warming contrails.
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5 Sensitivity of merged aCCFs to aircraft type

This section will deliver a comprehensive analysis of merged aCCFs. The sensitivity in the merged aCCFs
by using emission indices of different aircraft types is shown. The analysis is based on ERAS reanalysis
data.

In the figures of Section 4, we showed the merged aCCFs that assume the metric F-ATR20 (efficacy
included) and a transatlantic fleet mean value of the NOy emission index (Elnox) and the flown distance
per burnt fuel (Fkm). However, as described in Section 3, there are several choices to generate merged
aCCFs. These choices are linked to the emission behaviour of the selected aircraft type and the selected
climate metric. In this section, the sensitivity of the merged non-CO, aCCFs in relation to different
aircraft types is investigated.

5.1 Description of merged aCCF calculations

Table 8 summarizes the technical specification of the merged aCCF calculation. The reference
calculation (REF), that was also shown in Section 4, assumes cruise altitude independent transatlantic
fleet mean values of Elnox and Fim (detailed values see Section 3). The three sensitivity calculations
(SENS-A1, SENS-A2, SENS-A3) assume altitude dependent values of Fwm and Elnox for three different
aggregated aircraft types (i.e. single-aisle, regional and wide body). They have different values of Fm
and Elnox (see Table 3 and Table 4) and, thus, will lead to different merged non-CO, aCCFs. Overall,
these sensitivity calculations are used to investigate how the aircraft-engine type influences the overall
climate impact in terms of average temperature change.

Table 8: Overview of calculated merged non-CO2 aCCF. Four technical specification of aircraft-engine type
selection are possible.

REF SENSI-AC1 SENSI-AC2 SENSI-AC3
Metric | F-ATR20 | F-ATR20 | F-ATR20 | F-ATR20
Efficacy Included Included included included
Aircraft type Fleet mean Single aisle regional Wide body
i values 5 5 5

5.2 Analysis of aircraft-engine dependent merged aCCFs

Figure 6 shows the merged aCCFs for REF and for the aircraft dependent sensitivity calculations (SENS-
AC1, SENS-AC2 and SENS-AC3) on 15" June, 2018 at a pressure level of 250 hPa. Generally, for all
aggregated aircraft types, the highest climate impact is found in the areas of contrail formations.
Comparing the aircraft type dependent merged aCCFs reveals that contrails are more dominant for the
regional and single-aisle aircraft types. In these cases, the merged aCCFs have very high contrail aCCF
values, leading to high absolute merged aCCF values. The maximum merged aCCF values are smaller if
the transatlantic fleet mean (REF) and the wide body (SENS-AC3) aircraft type emission indices are
chosen. In regions without contrails, the NOy-induced aCCF (i.e. the sum of the ozone, methane and
PMO aCCFs) shows relatively high values for REF and SENS-AC3 compared to those for SENS-AC1 and
SENS-AC2. This result is based on the aircraft/engine dependent NOy emission indices and specific
ranges at a flight altitude of 35000 ft, that roughly corresponds to the pressure layer of 250 hPa (Table
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3 and Table 4). Here, the aggregated regional aircraft type shows the lowest Elyox (7.968), but the

highest specific range Fim (0.488) of all three aircraft types .
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Figure 7: Characteristic patterns of (a) water vapour aCCF [K/kg(tue1)], (b) NOxaCCF (including O3, CHs and PMO)
[K/kg(fuel)] (c) contrail aCCF [K/kg(fuel)], and (d) merged non-CO2 aCCF [K/kg(fuel)] at pressure level 250 hPa
over the European region for 15" June 2018, 12 UTC. Individual and merged non-CO2 aCCFs are shown for four
different assumptions of the NOx emission index and flown km. For a typical transatlantic fleet, mean (first
raw), regional aircraft type (second raw), single aisle aircraft type (third raw) and widebody aircraft type values
(forth raw) are given.
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6 Summary and Conclusion

With this deliverable, FlyATMA4E presents further developments and expansion of algorithmic climate
change functions (aCCFs) as achieved in work package 1 (WP1). Algorithmic climate change functions
(aCCFs) represent spatially and temporally resolved information on the climate effects in terms of
future temperature changes resulting from aviation emissions at a given time and location in the
atmosphere. They include CO; and non-CO; effects, comprising NOy, water vapour and contrail-cirrus.
These aCCFs can be simply derived from meteorological weather forecast data. Thus they can be used
as advanced MET service for climate optimized flight planning in order to inform the airspace users on
the climate effect that aviation emission have at a given location. With the help of aCCFs, airspace
users can identify those regions of the atmosphere where aviation emission have a large climate effect,
e.g. by formation of contrail or ozone. At the same time also information is provided on those regions
where aviation emission have a lower non-CO; effect, as e.g. no contrail form or NOy-induced effects
are smaller due to atmospheric wash out processes.

Beyond such spatially and temporally resolved quantitative estimates of the climate effect of aviation
emissions, it is proposed that such a MET service additionally contains an adequate representation of
uncertainties arising from weather forecast and climate science. This advanced MET service provides
the basis for robust climate optimzed flight trajectories by providing information on the climate effect
of aviation emission and associated uncertainties as an input to expanded flight planning tools, which
enables identification of confidence intervalls. Overall aCCFs enable a climate effect assessment of
individual aircraft trajectories, using realistic meteorological data along the planned trajectory. Such a
climate effect assessment also provides the basis for a climate-optimization of aircraft trajectories and
a robustness assessment, as has been shown in the workpackages WP2 and WP3, as reported in the
deliverables D2.2 and D3.2.

This deliverable provides a comprehensive description of the prototype algorithmic climate change
functions (aCCFs) in Section 2, describing the climate effects of non-CO, emissions at a specific location
and time for a set of case studies. These aCCFs include aviation’s climate effects of water vapour
emissions, of NOx emissions (by triggering ozone formation and methane destruction) and of persistent
contrail formation. A consistent set ofaCCFs was developed (aCCF-V1.1) within the FlyATM4E project
[Dietmiller]. The aCCFs have been calculated for a set of distinct climate metrics.FlyATM4E also
developed a concept of generating merged non-CO, aCCFs, which combines individual effects for a
given aircraft/engine combination (Section 3). Merged aCCFs can only be constructed with the
technical specification of NOx emission indices and values of flown distance per burnt fuel. Technically,
FIyATMAE has developed and published an open-source Python Library, that efficiently calculates both
the individual aCCFs and the merged non-CO, aCCFs on a daily basis, while using numerical weather
prediction data as an input.

Overall, as a result, the FlyATMA4E project provides an efficient meteorological (MET) service to inform
on the climate effect of flight operations comprising CO, and non-CO, effects, which represents the
solution Sol-FlyATMA4E-01 ‘Increased situational awareness on climate change effects relying on
algorithmic climate change functions’. The detailed solution text is the following: Having spatially and
temporally resolved information on climate effects of aviation emissions in the airspace available is a
prerequisite for assessing climate effects of aircraft operations. An efficient integration (in flight
planning and airspace management) relies on combining algorithmic climate change functions (aCCFs)
with operational numerical weather prediction data of key variables and specific aircraft emissions.This
solutions provides information as an efficient meteorological (MET) service to inform on the climate
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effect of flight operations comprising CO, and non-CO, effects. This solution increases the situational
awareness of the airspace user and this climate effect information can be provided as a spatially and
temporally resolved data field. The overall climate effect is measured in units of dedicated physical
climate metrics. This novel solution developed in FIyYATMAE targets to enable assessment and
optimization of environmental performance of aircraft operations, more specifically the overall climate
effect comprising CO; and NOy-induced, H,0-induced and contrail cirrus effects [38].

As mathematical calculation of aCCFs includes uncertainties, this deliverable also serves as basis for
the assessment of robust climate otimized aircraft trajectories. This advanced concept is applied in
work packages 2 and 3 in order to identify climate-optimised aircraft trajectories (Sol-FlyATM4E-02)
and to assess the climate impact of ATM operations which integrates an adequate representation of
uncertainties. Seasonal and regional analysis of individual aCCFs are provided in Section 4: the
characteristic patterns of water vapour, NOy, contrail and merged aCCFs for specific days over Europe
in June and December 2018 at an altitude of 250 hPa are shown. Overall, water vapour and NOx aCCFs
have a warming impact, whereas contrail aCCFs have either a warming or cooling impact during
daytime. Merged non-CO; aCCFs show a dominant contribution of contrail aCCFs for regions in which
contrails are forming. .

It has to be mentioned here that the prototypes of aCCFS which are currently available have been
developed for the North Atlantic Flight Corridor, representing summer and winter conditions. For the
time being no further updates are available. Hence these algorithms represent a considerable source
of uncertainty when aiming for providing detailed quantitative estimates of aviation climate effects
and associated mitigation potentials, and further research is required in order to expand the
geographic scope and seasonal coverage together with remaining uncertainties of these algorithms.
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Appendix A Mathematical formulation of aCCFs

Here we present the mathematical formulas of the aCCFs, which describe the climate impact as a five-
dimensional data set (latitude, longitude, altitude, time, type of emission). Simple statistical methods
were used to derive aCCFs. A detailed explanation of the aCCFs approach can be found in [3] for NOy
induced species and water vapour, and in the case of the contrail aCCFs approach, a detailed
description is given in [9][8]. In the following, we describe the mathematical formulation of all the
individual aCCFs. All aCCFs are consistently given in ATR20 using pulse emission and without taking
efficacy into account.

A.1 NOy induced aCCFs

The total NOx aCCFs is a combined effect of the NOy induced ozone aCCFs and the NOy induced
methane aCCFs. This can be explained by the fact that the NOx emissions of aviation led to the
formation of ozone (03) which induces a warming of the atmosphere. Additionally, NOx emissions lead
to the destruction of the long lived GHG methane (CH4) which then induces a cooling of the
atmosphere. In the following, the mathematical formulation of both the ozone and the methane aCCFs
is described.

A.2 Ozone aCCFs

The mathematical formulation for the ozone aCCFs is based on temperature T [K] and geopotential @
[m?/s?]. The relation for the ozone aCCFs (aCCFos3) at a specific atmospheric location and time is given
in temperature change per emitted NO, emission [K/kg(NO,)]:

aCCFos = { §°7' T for 26hz0
with aCCF'(T,®) = =520 * 10711 + 230« 1073 « T+ 485« 10716 xd —2.04% 1078 % T x P

Accordingly, the ozone aCCFs takes positive values, and is set to 0 in case of negative aCCF’ values.

A.3 Methane aCCFs

The methane aCCFs is based on the geopotential @ [m?/s?] and the incoming solar radiation at the
top of the atmosphere F;,, [W/m?]. The relation of the methane aCCFs (aCCFcns) at a specific location
and time is given in temperature change per emitted NO, emission[K/kg(NO>)]:

CCF'(®,Fin, CCF'(®,Fin)<0
aCCFcy,(®, Fin) = { 0 ’ for ZCCF'E(D,F,-")EO

with aCCF'(®,F;) = —9.83 %1073 +1.99 10718 + & — 6.32 % 10716 % F;,, + 6,12+ 10721 + & * Fy,
Thus, the methane aCCFs is negatively defined. It is set to 0 if the term aCCF’ is O or positive.

F;, is defined as incoming solar radiation at the top of the atmosphere as a maximum value over all
longitudes and is calculated by: F;,, = S * cos8 , with total solar irradiance S=1360 Wm™, with cosf =
sin(¢)sin(d) + cos(¢)cos(d) and with d =-23.44° cos(360°/365 * (N + 10)). Here B is the solar zenith
angle, ¢ is latitude, and d is the declination angle, which defines the time of year via the day of the
year N.

The mathematical formulation of the ozone aCCF is only valid for the short-term ozone effect of NO.
The primary mode ozone (PMO), which describes the long-term decrease in the background ozone, as
result of a methane decrease, is not included [3] . Thus if merging total NOy effect be aware that only
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the NO effect on short term ozone increase and on methane decrease is taken into account. For NOy
induced PMO climate impact we have the possibility to include it to the total NO, aCCF, as the PMO
aCCF can be derived by applying a constant factor of 0.29 to the methane aCCF [21].

A.4 Water vapour aCCFs

The water vapour aCCFs is based on the Potential Vorticity (PV) given in standard PV units
[107°K kg~! m? s~1]. The following the relation of the water vapour aCCFs (aCCFuy) at a specific
location and time is given in temperature change per fuel [K/kg(fuel)]:

aCCFy,o(PV) = 4.05%1071° + 1.48 + 10716 x | PV|

The absolute value is the PV is taken to enable a calculation on the southern hemisphere, where PV
has a negative sign.

A.5 Contrail aCCFs

The aCCFs of persistent contrail cirrus have been developed within the EU project ATMA4E. A detailed
description and verification of these contrail aCCFs are under[8]. The algorithm that generates contrail
aCCFs is obtained by the calculation of the contrail radiative forcing, using ERA-Interim data as input.
In contrast, the above described NO, and H,0 aCCFs are based on CCFs that were calculated with the
chemistry climate model EMAC.

Contrail aCCFs are calculated separately for day-time and night-time contrails, because their climate
impact differs between daylight and darkness, as the shortwave forcing is only relevant for daylight
conditions. To differ between day-time and night-time contrail aCCFs, the local time and solar zenith
angle are calculated. For locations in darkness, the time of sunrise is calculated. If the time between
the local time and sunrise is greater than 6 h, the night-time contrail aCCFs is applied. In order to
determine the contrail aCCFs, the RF of day-time or night-time contrails is calculated as described in
the following.

The RF of day-time contrails (RF,ccr_gay) in [W/m?] is based on the outgoing longwave radiation
(OLR) in [W/m?] both at the time and location of the contrail formation. For a specific atmospheric
location and time, the RF,ccr_day is given by:

RFqccr-day(OLR) = 10719 % (—=1.7 — 0.0088 = OLR)

According to the equation, the RF for the daytime contrails can take positive and negative values,
depending on the OLR.

The RF of night-time contrails (RF,ccr_night) in [W/m?] is based on temperature (T) in [K]. For an
atmospheric location (x,y, z) at time t:

_ RF qccr-night (T)=10710%(0.0073x10%0107*T_1 03) T>201K
RFaCCF—night - 0 ] for else

For temperatures less than 201 K, the night-time contrail is set to zero.

The above calculated RF of contrails can be converted to global temperature change (ATR20) by just
multiplying with a constant factor of 0.0151 K/(W/m2) (Dahlmann, pers. Communication, 10/2021).
The resulting contrail aCCFs are then given in temperature change per flown kilometre
[K/km(contrails)].
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Of course, contrail aCCFs are only relevant at locations where persistent contrails can form and
accordingly regions without persistent contrails have to be set to zero. In climate simulations (as, e.g.,
EMAC), there is the possibility to calculate the potential contrail coverage at each timestep, and thus
it can be taken to mask regions where contrails do not form permanently. If the potential contrail cover
is not available as an input variable, e.g., in the weather forecast or reanalysis data, locations in which
persistent contrails can form, are identified by two conditions: temperature below 235 K and relative
humidity with respect to ice at or above 100 %. Alternatively, the more accurate Schmidt-Appleman-
criterion, which additionally considers the aircraft engine type, could be used

A.6 COz aCCF

In order to compare these merged non-CO; aCCFs to the climate impact of CO2 a value for a CO;, aCCFs
is calculated with the climate-chemistry response model AirClim [21]. In case of the pulse scenario
used also for the aCCFs above, the CO; is given by 6.94%107°[K/kg(fuel)] (K. Dahlmann, personal
communication, 2021). Note, however, that the CO, aCCFs highly varies with the used emission
scenario
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Appendix B Additional figures

B.1 Synoptic situation for selected days

2018-6-13 (12UTC); S2 2018-6-15 (12UTC); S1

we mwe  we
2018-6-27 (12UTC); §3

<2500 -2000 -1500 -1000 500 O 500 1000 1500 2000 2500
geopot. anomaly [m?/s]

Figure B1: Daily mean geopotential anomaly (in m?/s?) at pressure level 250 hPa over European region for 5
selected days in June 2018.

2018-12-5 (12UTC); W2 2018-12-10 (12UTC); W5

<2500 -2000 -1500 -1000 -500 O 500 1000 1500 2000 2500
geopot. anomaly [m%/s?)

Figure B2: Daily mean geopotential anomaly (in m?/s?) at pressure level 250 hPa over European region for 5
selected days in December 2018.
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2018-6-13 (12UTC); S2 2018-6-15 (12UTC); &1

wind [ms?]

Figure B3: Zonal wind speed (in m/s?) at pressure level 250 hPa over European region for 5 selected days in
June 2018.

2018-12-5 (12UTC); W2 2018-12-10 (12UTC); W5

wind [ms?)

Figure B4: Zonal wind speed (in m/s?) at pressure level 250 hPa over European region for 5 selected days in
December 2018.
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B.2 Weather pattern classification

To investigate the influence of synoptic weather patterns on the climate impact of aviation daily
weather patterns over the North Atlantic have been classified into five typical patterns in winter and
three typical patterns in summer in the EU project REACT4C [1]These patterns were characterized by
the two teleconnection patterns North Atlantic Oscillation (NOA) and East Atlantic (EA) and by the
strength and position of the jet stream (see Table B1).

Table B1: Characterization of North Atlantic weather types for winter (referred to as W1-W5) and summer
(referred to as S1-S3) and their resulting characteristic weather pattern over Europe. This table is adopted
from [12] and refers to the classification of [28].

W-Ie-!::;er NOA/EA index posij:;:J;t/rsi?;gth selected characteristics for European weather patterns
wi EA+ Zonal/strong Low pressure Atlantic and NW-Europe, strong northern jet
w2 NAO+ Tilted/strong High pressure SW-Europe, strong northern jet
w3 EA- Tilted/weak High pressure northern Europe, northward shifted jet
wa NAO- Confined/strong Low pressure E;T&?,::g:&:?:jz north of 60°N,

W5 mixed Confined/weak WS5 highly variable over Europe

S1 EA+ Zonal/strong Low pressure over Atlantic and northern Europe, strong jet
S2 mixed Weakly tilted/weak Low pressure northern Atlantic, high pressure SW-Europe
s | e | s |

As the European region is also highly influenced by the North Atlantic teleconnection patterns (see
e.g.[28]), we use these weather types as a first approximation to characterize the European weather
situation. The typical synoptic weather types over the North-Atlantic (i.e. W1-W5 and S1-S3, as
characterized in[28]) and the weather patterns over Europe which are linked to these North-Atlantic
weather types are given in Table B1.
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B.3 Analysis of night time aCCFs

(a) H2O aCCF  2018-12-5 (OUTC); W2

{d) merged aCCF 2018-12-5 (OUTC); W2
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Figure B5: Characteristic patterns of aCCF (a) water vapour aCCF [K/kg(suer)] (b) NOxaCCF (including 03, CH4
and PMO) [K/kg(fuel)] (c) contrail (nighttime) aCCF [K/kg(fuel)] (d) merged non-CO> aCCF [K/kg(fuel)] at
pressure level 250 hPa over European region for 5 selected days in December 2018, at OUTC. Individual aCCFs
were calculated from ERAS reanalysis data. Overlaid green lines indicate wind spreads over 30 m/s* Moreover
the weather situation of the specific days was classified according to [12] and is given right beside the date ).
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Figure B6: Characteristic patterns of aCCF (a) water vapour aCCF [K/kg(suer)] (b) NOxaCCF (including O3, CH4
and PMO) [K/kg(fuel)] (c) contrail (nighttime) aCCF [K/kg(fuel)] (d) merged non-CO2 aCCF [K/kg(fuel)] at
pressure level 250 hPa over European region for 5 selected days in June 2018, at OUTC. Individual aCCFs were
calculated from ERAS reanalysis data. Overlaid green lines indicate wind spreads over 30 m/s? (Moreover the
weather situation of the specific days was classified according to [12] and is given right beside the date ).
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B.4 Vertical profile of aCCFs

(a) H20 aJFCF 2018-42-5 (12UTC); W2 (b} NOx aCCF 2018-12-5 (12UTC); W2 (£} eontrail aCCF 2018-12-5 (12UTC); W2 (d) mesged aCCF  2018-12-5 (12UTC); W2
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Figure B7 . Vertical cross section patterns of aCCF (a) water vapour aCCF [K/kg(suel)] (b) NOxaCCF (including O3,
CH4 and PMO) [K/kg(fuel)] (c) contrail (daytime) aCCF [K/kg(fuel)] (d) merged non-CO, aCCF [K/kg(fuel)] at
longitude 0° for 5 selected days in December 2018, at 12UTC. Individual aCCFs were calculated from ERA5
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Acronym Description

aCCF algorithmic climate change functions

AirTraf Air Traffic simulator

ATM Air Traffic Management

ATS Air Traffic Services

ATR20 Average temperature response over 20 years

BAU business as usual

CCF Climate change functions

ECMWEF European Centre for Medium-Range Weather Forecasts

EMAC ECHAMS5/MESSy2 Atmospheric Chemistry Model

EA East Atlantic

EPS Ensemble Prediction System

El Emission index

Elnox nitrogen emission index

CLIMaCCF Environmental Library

ERA-5 5% generation of ECWMF reanalysis

ERF Effective radiative forcing

EU European Union

Fkm Flown distance per burnt fuel

GHG Greenhouse gas

H20 Water vapour

PV Potential Vorticity

PMO Primary Mode ozone

ISSR ice supersaturated regions

NAFC North Atlantic flight corridor

NAO North Atlantic Oscillation

R-aCCF Robust aCCF

NOx Nitrogen oxide

RF Radiative forcing

ROOST robust optimization of structured trajectories

SESAR Single European Sky ATM Research Programme
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SJU SESAR Joint Undertaking
TOM trajectory optimization module
WP Work Package

Table 10: FlyATMA4E consortium acronyms

Acronym Description

DLR DEUTSCHES ZENTRUM FUER LUFT - UND RAUMFAHRT EV
TUD TECHNISCHE UNIVERSITEIT DELFT

TUHH TECHNISCHE UNIVERSITAT HAMBURG

UucimMm UNIVERSIDAD CARLOS Il DE MADRID

the European Union
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4 TUHH
# T U D e I ft Technische Universitat Hamburg
DLR

@ Universidad
4 Carlos [l de Madrid
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