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Abstract  

This deliverable reports on the Algorithms for environmental (climate) hotspots, including the 
meteorological (MET) data requirements for the implementation to the ALARM Early Warning 
System (EWS). Specifically, it describes the underlying concept of how to provide a quantitative 
estimate of the climate effects of aviation emissions to the aircraft trajectory planning process and 
air traffic management. Within the project ALARM, such information is integrated in the ALARM EWS 
platform as advanced MET data product called “Environmental Hotspot”. 

To represent spatially and temporally resolved information on the climate impact in terms of future 
temperature changes due to aviation emissions at a given time and location in the atmosphere, 
algorithmic climate change functions (aCCFs) are available for individual forcing agents (i.e., water 
vapour, ozone, methane and contrail-cirrus). To describe aviation’s spatial and temporal dependent 
total non-CO2 climate impact, merged non-CO2 aCCFs can be generated by combining the individual 
aCCFs. Technically this is be done with our newly developed open-source Python Library CLIMaCCF 
V1.0. These merged aCCFs built up the basis of the advanced MET product Environmental Hotspots, 
which defines regions that are highly sensitive to aircraft emissions. This deliverable provides a 
detailed description on the concept of identifying these Environmental Hotspots. Hotspot patterns 
were analysed and show a large variation for different weather pattern, seasons, and altitudes. 

Results presented in this deliverable contribute to ALARM’s Ambition #3, which is to integrate 
information on climate effects of aviation emissions within the ALARM Early Warning System, 
representing a cornerstone towards an eco-efficient ATM.  
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1 Introduction 

1.1 ALARM’s project Goals and ALARM’s overall concept 

A short introduction to the ALARM’s project goals and its overall concept will be given in the 
following for the sake of completeness. 

The overall objective of the ALARM project is to develop a prototype global multi-hazard monitoring 
and Early Warning System (EWS). A global multi-hazard monitoring system means near-real time 
(NRT) and continuous global Earth observations from satellite, with the objective of generating 
prompt alerts of natural hazards affecting Air Traffic Management (ATM) and to provide information 
for enhancing situational awareness and providing resilience in crisis. NRT data (with delay of 
delivery from 45 min, to less than 4h) and tailored products from ground-based and satellite systems, 
as well as algorithms relying on meteorological forecast data, will be used to feed models capable of 
detecting (creation of alert products) and predicting (nowcasting/forecasting) the risk/displacement 
of: 

1) particles in suspension and gas derived from natural hazards (volcanic ash and SO2, dust 
clouds from sandstorms, and smoke from forest fire). 

2) severe weather situations such as deep convection and extreme weather. 

3) space weather regarding exposure to increased levels of radiation during flight; and 

4) environmental hotspots potentially contributing to global warming in a large extent. 

ALARM EWS plans to provide alert information for the stakeholders about the threat to aviation in 
three different manners:  

• early warning (geolocation, altitude and level of severity -quantification if available- of the 
observed hazard). 

• nowcasting [up to 2h] of hazard evolution at different flight levels.  

• forecasting [from 2h to 48h] of hazard evolution at different flight levels. 

The consortium will analyse the requirements for its inclusion in SWIM Yellow Profile Services.  

Specifically, the aim is to enhance situational awareness of all stakeholders in case of multiple hazard 
crisis by facilitating the transfer of required relevant information to end-users, presenting such 
information in a user-friendly manner to ATM stakeholders. In summary, anticipating severe hazards 
and fostering better decision-making. 

The overall concept underpinning ALARM project is shown in Figure 1. Illustration of ALARM’s 
Overall Concept.1. In summary, ALARM’s ambition is to develop a prototype multi-hazard 
(phenomena representing different threats to aviation or environmental impact) alert system 
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capable of integrating different data sources (satellites and ground-based instrumentation) and 
models (e.g., available weather forecasts), to develop early warning & nowcasting/forecasting 
solutions of the following phenomena: 1) aerosol particle and gas dispersion resulting from natural 
hazards (e.g. volcanic ash and SO2, dust from sandstorms); 2) severe weather hazards (deep 
convection and extreme weather); 3) space weather (situational risk and alert); and 4) environmental 
hotspots (via climate change functions). For each hazard producing (one or more) alert products will 
be integrated in ALARM’s EWS hosting platform (in charge of broadcasting the information to ATM 
stakeholders). An ad-hoc API (Application Programming Interface) is to be developed for visualisation 
purposes. In this overall concept, one can identify 3 blocks, namely: the EWS hosting platform; the 
multi-hazard models for early warning and nowcasting (for some specific hazards, e.g., the 
environmental one, also forecasting); the demo API tool (which includes the ATM information 
analysis). 

Figure 1. Illustration of ALARM’s Overall Concept. 

1.2 Objectives of ALARM’s work package 5 

The main goals of work package 5 (WP5 - Environmental Hotspots) are to provide the data product 
environmental/climate hotspots which informs on the location of those regions which are in 
particular sensitive to aviation emissions with regard to climate impacts (based on state-of-the-art 
prototypic algorithmic climate change) functions, to define MET data requirements and to evaluate 
climate impacts. 

The specific research goals of the ALARM WP5 are: 

• Evaluation of climate impacts. Systematic analysis of a set of defined climate metrics, a set 
of defined time horizons (20 to 100 years), and other impact, aiming to provide an updated 
version of algorithmic climate change functions (input to Task 5.2). Identification of relevant 
climate impact factors will be derived from a comprehensive analysis of atmospheric 
lifetimes and ocean-atmospheric inertia. 

• Algorithms for Environmental (climate) Hotspots. Provision (in a first step) of algorithmic 
climate change functions, which represent a measure of how aviation emission impact on 
climate, for nitrogen oxides, water vapour and carbon dioxide emissions covering the direct 
(CO2, water vapour) and indirect (ozone, methane, contrail cirrus) climate impacts. Those 
will be made available from earlier studies, in particular ATM4E. In a second step, based on 
experience during implementation and input from task 5.1, climate change functions will be 
revised and adapted to identify hotspot areas, requiring a classification of aircraft/engine 
technologies and the identification of extreme climate sensitive regions for each of the 
classes. 

• MET data requirements. Identification of temporal and spatial resolution for climate change 
functions. Identification of minimal requirements for spatial and temporal resolution of MET 
data as they apply in different zones of the airspace and various climate agents. 

1.3 Purpose of the document within ALARM Project  

As the non-CO2 impact of aviation strongly depends on the time and the location of the emission, it is 
required to increase situational awareness of ATM and to integrate this information in a multi-hazard 
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alert system. Within the workpackage 5 of the ALARM project, the main goal of this deliverable is to 
provide a comprehensive description of state-of-the-art prototype algorithmic climate change 
functions (aCCFs), which describe the temporal and spatial climate impact of aviation’s non-CO2 
effect. These aCCFs are used to identify extreme climate sensitive regions, defined as Environmental 
Hotspots. Moreover, this deliverable includes MET data requirements for the implementation on the 
multi-hazard (phenomena representing different threats to aviation or environmental impact) alert 
system. 

Note that in WP5 of the ALARM project we worked in close coordination and collaboration with the 
SESAR exploratory project FlyATM4E. In ALARM the focus lies on identification of environmental 
hotspot areas – however these hotspots are based on individual and merged aCCFs which have been 
mainly developed and analysed in detail in the FlyATM4E project [33].  

Section 2 gives brief introduction to the climate impact of global aviation emissions and describes the 
prototype algorithmic climate change functions, which provide the spatial and temporal information 
on the climate impact of individual aviation emissions. Section 3 then informs on the underlying 
concept and the technical implementation of how to generate merged non-CO2 aCCFs. These merged 
aCCFs combine the individual non-CO2 aCCFs by using technical specifications, e.g. engine-aircraft 
dependent emission indices and physical climate metrics. In Section 4 we describe the concept, that 
was developed during the ALARM project, in order to identify regions that are highly sensitive to 
aviation emissions (Environmental Hotspots). Various analyses of the spatially and temporally 
resolved Environmental Hotspot regions are presented in Section 5 , by showing their characteristic 
patterns for different days, seasons and cruise altitudes. Moreover, we show how sensitive 
Environmental Hotspots are to different specific technical specifications of the engine-aircraft 
combinations. In Section 6 we then describe the implementation of the MET product Environmental 
Hotspots to the ALARM platform and describe the MET data requirements. Additionally, Section 7 
includes the Experimental Plan for the MET product Environmental Hotspots. Last, a summary and 
conclusion follow in Section 8. 
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2 A climate MET product for ATM - 
algorithmic climate change functions  

2.1 Climate impact of aviation emissions 

Aviation-induced climate change due to emissions of greenhouse gases or their precursors is not 
considered in today’s ATM decision-making process. Facing the continuing expansion of air traffic 
(expected to double by 2040), the goal of developing eco-efficient aviation becomes increasingly 
challenging. Global aviation emissions contribute to anthropogenic climate change by warming the 
Earth’s near-surface atmosphere through carbon dioxide (CO2) and non-CO2 emissions [1]. Non-CO2 
emissions associated with air traffic comprise water vapour (H2O), nitrogen oxide (NOx), sulphur 
oxides and soot. Not all non-CO2 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 (O3) and the destruction of the GHG methane (CH4). Furthermore, 
induced by non-CO2 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) of the global aviation climate impact for individual forcing components. Red bars 
indicate a warming, while blue bars indicate a cooling of the atmosphere. Comparing the individual 
forcing components reveals that the largest contributions to the overall positive radiative forcing are 
due to CO2, H2O and net NOx emissions as well as due to contrail-cirrus formation. Overall, the non-
CO2 emissions are responsible for roughly 75% of aviation’s global net effective radiative forcing [1]. 
In contrast to CO2, a long-living and well-mixed GHG, the climate impact of the non-CO2 effects 
depends to a large extent on the altitude, geographical location and time of the emission [2]. Thus, 
non-CO2 effects could be effectively prevented by re-routing flights around highly climate sensitive 
regions.  

 

Figure 1: Change of radiative forcing from the individual emissions of the 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 (aCCFs)  

In order to enable climate optimization of aircraft trajectories during the trajectory planning process, 
it is required to have available spatially and temporally resolved information on the total climate 
effect of aviation emissions – comprising CO2 and non-CO2 effects – for the entire airspace or a 
dedicated planning domain, e.g., the flight corridor where the aircraft are flying. In order to be able 
to quantify the climate effects of non-CO2 emissions at a specific location and time, the concept of 
the climate-change functions (CCFs) was developed [2][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 H2O emissions and persistent contrail-cirrus over the North-Atlantic region 
for eight specific days [2]. 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. 

In order to propose an efficient implementation concept, statistical methods relying on correlation 
were used to derive algorithms by linking the CCFs calculated in climate model simulations to the 
corresponding meteorological data for selected meteorological parameters, e.g., temperature or 
geopotential height[3][6]. These algorithms (mathematical formulas) calculate the climate effect of 
non-CO2 and CO2 effects of aviation while depending on atmospheric parameters in the dedicated 
meteorological situation are the algorithmic climate change functions (aCCFs). The strength of these 
generated aCCFs is that they are efficient to implement as their mathematical formulation only 
requires relevant local weather data as input e.g. meteorological data fields from numerical weather 
prediction for that specific day. Thus, they could be directly implemented in numerical weather 
prediction models as advanced MET info for flight planning. A detailed description of an updated 
consistent set of prototype aCCF formulations (aCCF-V1.0) is given in a scientific publication [6] as 
well as in Appendix A.  

2.3 Development of educated guess aCCFs  

For the set of case studies for the year 2018, that are performed for Environmental Hotspot analysis 
in the ALARM project, an updated set of aCCFs was generated considering the current level of 
scientific understanding of climate effects of aviation which is described and defined in an educated 
guess (aCCF-V1.1, [32],[33]). 

As described above, the recent publication of [6] presents this first consistent set of prototypic aCCFs 
formulas describing direct water vapour effects, NOx induced effects and contrail cirrus together with 
the CO2 effects (aCCF-V1.0). Based on aCCF-V1.0, educated guess estimates of aCCF were developed 
(aCCF-V1.1, [32]) in order to shift the aCCFs quantity to state-of-the-art. The educated guess aCCF 
[32] compare to the strength of effects calculated with a climate-response model AirClim [25] and 
current literature, e.g. [1]. A more detailed description on these educated guess aCCFs, is given in 
[32] and [33]. 

It is also essential to note that both aCCF versions are of prototype character. As described above the 
aCCF algorithms were developed based on a set of detailed comprehensive climate model 
simulations for meteorological summer and winter conditions with focus on the North Atlantic flight 
corridor [3][2]. Relying on these aCCFs, special caution for different geographical regions and 
different seasons is needed. We do not recommend off-design use of these aCCFs, especially using 
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the aCCFs for tropical regions or for spring and autumn seasons. However, the development of the 
aCCFs is current research activity and an expansion of their geographic scope and seasonal 
representation is ongoing. New developments and improved understanding in aCCF algorithms will 
provide updated aCCF formulas. Moreover, aCCFs are associated with different aspects of 
uncertainties, as current scientific understanding on aviation climate change still recognizes 
uncertainties in the quantitative estimates of weather forecast and climate impact prediction.  
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3 Generating individual and merged aCCFs 
using a Python Library  

One of ALARM’s goals is to detect Environmental Hotspots, regions that potentially contribute to 
global warming in a large extent. The integration of these Environmental Hotspots as advanced MET 
data product to the ALARM platform requires the quantification of the combined non-CO2 climate 
effects of aviation emissions in a spatially and temporally resolved way (latitude, longitude, altitude 
and time). This advanced MET product relies on the above described merged aCCFs, which comprise 
the effect of total NOx, water vapour and contrail-cirrus. 

3.1 Generating merged aCCFs 

In this section, it is described how the individual spatial and temporal resolved aCCFs of water 
vapour, NOx-induced ozone and methane and contrail cirrus are combined to a merged non-CO2 
aCCF. By considering the actual synoptical condition and technical specification of the engine/aircraft 
type, and of the physical climate metric such merged non-CO2 aCCFs can be generated. More details 
will be given in the publication of [31], which is in preparation and will be submitted in July 2022. 

Merging the individual aCCFs requires the conversion of all individual aCCFs to a value with identical 
physical units of [K/kg(fuel)] (individual aCCFs are given in K per emission unit, with different 
emission units). This merged aCCFs can be used as advanced meteorological (MET) information for 
flight planning, as a climate optimal trajectory requires the quantification of the total non-CO2 
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 NOx (EINOx in g/kg(fuel)) and for contrail cirrus, the specific range 
(Fkm) 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 EINOx and Fkm for transatlantic flights are available from the literature: fleet mean values for 
Fkm and EINOx are 0.16 km/kg(fuel) ([10]and personal communication F. Linke, TU Hamburg, 2020) and 
13 g (NO2)/kg(fuel) [9], respectively. Another possibility is to take specific emitted amounts of NOx 

emissions and specific range values from an engine performance model (see Section 3.2). With these 
emission indices it is possible to generate merged non-CO2 aCCFs (aCCFmerged) in [K/kg(fuel)]: 

aCCFmerged = aCCFNOx∗EINOx + aCCFcontrail ∗ Fkm + aCCFH2O 

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) 
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3.2 Choice of emission index 

The assumption of constant typical fleet mean values for Fkm and EINOx for transatlantic flights 
represents a simplification, as the emission index depends on the flight level, and the aircraft/engine 
type, e.g., the emission index of NOx largely varies among engines and therefore also the potential to 
produce ozone. To consider the cruise altitude dependency and engine/aircraft dependency, we 
provide aggregated fleet-level values for EINOx and the specific range for a variety of aircraft types. 
These specific EINOx and Fkm values are computed based on the EUROCONTROL-modified Boeing Fuel 
Flow method 2 [11][12] using engine performance characteristics given by EUROCONTROL’s Base of 
Aircraft Data (BADA, [13]). 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 1 and Table 2. 

Table 1 clearly shows that average EINOx values increase with increasing aircraft class/size, while EINOx 
values 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 2 increases with 
altitude, as the aircraft is operated in near-fuel-optimal conditions during cruise. On the other hand, 
larger aircraft tend to have a lower specific range than aircraft with shorter range, as they become 
less fuel efficient on longer ranges, on which they have 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 a Python Library (see Section 3.4). 

Table 1 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.  
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Table 2 Average flown distance per burnt fuel(km/kg(fuel)) for three aircraft classes (regional, Single-Aisle, 
Widebody) derived from the TraK emission inventory. EINOx 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.  

 

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 [14]. A climate metric 
is a combination of climate indicator (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) [14]. As emission scenarios, a pulse, sustained or a future 
scenario might be considered [15]. In order to select the adequate climate impact metric, the 
question to be answered has to be specified [15]. 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 we use the consistent set of individual prototype aCCFs [6]. These 
aCCFs are all based on the climate metric of average temperature response over a time horizon of 20 
years (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 [25], This set of conversion factors is given in 
Table 3. 
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Table 3 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.  

 

As mentioned above the global mean surface temperature change via a model dependent constant, 
the so-called climate sensitivity parameter [16]. For radiative active gases with a distinctly 
inhomogeneous structure like, e.g. ozone and contrails, the relation with constant climate sensitivity 
parameter fails (e.g. [16]). A way to account this is to introduce forcing dependent efficacies (leading 
to an effective RF). The prototype aCCFs formulations of [6] are given without taking the efficacy of 
the different non-CO2 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 4. The efficacy of the NOx induced short 
term ozone is estimated to amount to 1.37 and the efficacy of the NOx induced methane is 1.18. This 
means that radiative forcing from ozone and methane have a higher impact on the temperature 
response than radiative forcing from CO2. For contrails the efficacy is estimated to amount to 0.42, 
hence lower than 1, meaning that contrail RF has a lower impact on the global temperature response 
than CO2. 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[18], 0.31 [19] 
and 0.35 [20] 
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Table 4: 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. 

 

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

We developed the open-source Python Library CLIMaCCF V1.0, an easy to use and flexible tool, that 
efficiently calculates both the individual aCCFs (i.e. water vapour, NOx induced ozone and methane 
and contrail-cirrus aCCF) and the merged non-CO2 aCCFs. As described above, these merged aCCFs 
can be only 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 synoptic 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 block, processing block, and output block (see 
the schematic workflow in Figure 2., In the following we describe these three blocks in more detail. In 
the input block, the Python Library gets the weather data (e.g., forecast, reanalysis, 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. In the following, we describe 
these three blocks in more detail. 
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Figure 2: Schematic workflow of calculating merged aCCFs using the Python Library CLIMaCCF V1.0. The left 
row describes the Input block, the top raw the processing block and the bottom raw the output block. 

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 
5. The current implementation of the Library is compatible and tested with the standard of European 
Centre for Medium-Range Weather Forecasts (ECMWF) data.  

Table 5: Meteorological input parameters needed to calculate aCCFs 

 

The user has also the possibility to choose between different configuration settings. There are 
several user settings for the generation of merged aCCFs. Here the user can choose 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 efficacy. 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 indices for some selected aggregated aircraft/engine combinations. By selecting the 
aircraft type, the altitude dependent NOx emission indices and flown distances kg burnt fuel are 
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calculated for the user. An additional functionality is the identification of areas that are very sensitive 
to aviation emission, in the following called Environmental Hotspots. To quantify these areas a 
threshold value, that identifies the regions with very large effects induced from aviation. The 
threshold to determine these hotspot areas is also considered as an adjustable parameter (for 
details, see Section 4). 

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. Moreover, based on the merged aCCFs, Environmental Hotspots can be calculated. For that a 
threshold is determined (fixed or dynamically determined parameter). A detailed description of this 
approach is presented in Section 4.  

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 GeoJson format. 
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4 Concept of identifying Environmental 
Hotspots  

Aviation can reduce its climate impact by avoiding those regions of the atmosphere, which are 
particularly sensitive to non-CO2 effects from aviation emissions, as for example regions where 
aviation induced contrail cirrus with high climate impact can form. With aCCFs (which describe the 
location, altitude and time dependent climate impact of non-CO2 emissions), Environmental 
Hotspots, which define regions of the atmosphere that are highly sensitive to the climate impact of 
aviation emissions, can be identified and thus climate-optimized and eco-efficient aircraft trajectories 

can avoid these Environmental Hotspots.  
 

Figure 3: Characteristic patterns of (a) water vapour aCCF [K/kg(fuel)], (b) NOx aCCF [K/kg(fuel)], (c) contrail 
(night-time) aCCF [K/kg(fuel)], and (d) merged non-CO2 aCCF [K/kg(fuel)] at pressure level 250 hPa over the 
European airspace on 13th June 2018 at 0 UTC. Individual aCCFs were calculated from ERA5 reanalysis data. 
Overlaid green lines indicate wind speeds above 30 ms–2.  
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To identify such Environmental Hotspots, merged non-CO2 aCCFs representing the combined non-
CO2 climate effect are calculated. As described in Section 3, the merged aCCFs combine the individual 
prototype aCCFs for water vapour, for NOx-induced effects on ozone and methane, and for contrails. 
Thus, the merged aCCFs provide a four-dimensional data field which describes the climate effect of 
non-CO2 emissions released at the specific location and time. Figure 3d shows a characteristic 
merged non-CO2 aCCF pattern together with the corresponding individual aCCF patterns of water 
vapour (Figure 3a), total NOx (Figure 3b) and night-time contrail-cirrus (Figure 3c). The aCCF patterns 
are shown over the European airspace at 250 hPa for night-time conditions (0 UTC) on a typical 
summer day. We see that the water vapour aCCF shows positive (warming) values. In addition, the 
total NOx aCCF, which combines the positive (warming) ozone aCCFs and the negative (reduced 
warming, i.e. net-cooling) methane aCCFs, shows positive values. Night-time contrail cirrus aCCFs 
predict positive values due to the longwave radiative impact of contrails during night. Note that 
during day contrails have both longwave and shortwave radiative impact, and thus the daytime 
contrails can have negative and positive values. By comparing the individual aCCFs to the merged 
aCCFs, contrail aCCFs clearly show the larger impact than those of water vapour and NOx, and 
dominate the gradients of the merged aCCF pattern — thus overall, the highest mitigation potential 
is expected for avoiding contrail-cirrus. 

To identify the regions with large climate impact (i.e. Environmental Hotspots), corresponding 
threshold values need to be defined. The threshold values are calculated on the basis of the merged 
non-CO2 aCCF values and provide closed areas (contours) around the Environmental Hotspot regions. 
As the merged aCCFs highly depend on a season, flight altitude, latitude, day- and night-time 
condition and synoptic weather situation, these thresholds values have to be selected carefully by 
considering the dependence of the regional distribution of the merged aCCFs. Therefore, the idea is 
to calculate dynamical threshold values for the European airspace for every single time step and 
level. With this approach, for example, one can avoid that the Environmental Hotspots depend on a 
certain synoptical condition, cruise altitude or season. 

 

Figure 4: Concept of identifying Environmental Hotspots. Based on a merged non-CO2 aCCF (left), a threshold 
value for Environmental Hotspots is dynamically derived by the 95% percentile of the cumulative normal 
distribution (middle). Based on the derived threshold value, Environmental Hotspots can be defined by using 
values of merged aCCFs exceeding the threshold value (right). 

Figure 4 illustrates the concept of identifying the Environmental Hotspots by using a dynamical 
threshold value. Based on the merged non-CO2 aCCF (
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, left), we generate the cumulative normal distribution of this merged aCCF over all grid-points 
spanning the European airspace (

, middle). For this cumulative normal distribution, the value of the upper limit of integration (here 
the 95% percentile) is calculated (blue line in 

, middle). With this threshold value, the advanced MET data product of Environmental Hotspots 
(highlighted in red) can be illustrated (
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, right). In case of taking the 95% percentile for the upper limit of integration, 5% of the European 
airspace will be characterized as Environmental Hotspots. Moreover, Environmental Hotspots can be 
determined for different aircraft classes. Note, that this Environmental Hotspot analysis can be done 
with the Python Library CLIMaCCF (see Section 3.4). 

Overall, the advanced MET data product of Environmental Hotspots characterizes the percentage of 
airspace (i.e. 5%, in case of choosing 95% percentile) as hotspot area. Besides the currently used 
(simplified) concept of defining threshold values based on the cumulative normal distribution of 
merged aCCFs over the whole European region, it would be also possible, if knowing where the 
aircraft is flying including a direction of flight), to use a corresponding flight corridor of aircraft 
(volume of airspace around the aircraft trajectory) in order to derive uniform threshold value for this 
corridor. Such an extended concept of Environmental Hotspots is examined by the end of the ALARM 
project.  

Here we mention an alternative way of determining threshold values based on CO2 equivalent 
values. The CO2 equivalent values from the present emission trading system is not sufficient. If the 
cost level for the CO2 equivalents becomes higher in the near future, it may provide different 
Environmental Hotspots (closing areas), because detouring the Hotspots probably enables airlines to 
flight cheaper. The economic driver/incentive by high cost of CO2 equivalents allowances (policy) is 
also one of the important factors on how to define the Environmental Hotspots. 
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5 Analysis of environmental Hotspots  

This section delivers a comprehensive analysis of characteristics and variability of Environmental 
Hotspots. First, we illustrate how the spatially and temporally resolved climate impact of individual 
aviation emissions looks like, by showing environmental hotspots in distinct weather situations over 
Europe using standard meteorological input data of ERA5 reanalysis data of typical summer and 
winter days in the year 2018. 

5.1 Description of calculated aCCFs 

As described in Section 4, Environmental Hotspots are based on merged aCCFs. These merged aCCFs 
rely on prototype aCCF formulas (see Appendix A) and include educated guess factors [32] in order to 
represent aviation’s climate impact in line with state-of-the-art research. Additionally, these merged 
aCCFs express the climate impact in terms of Average Temperature Response (ATR) over a time 
horizon of 20 years using the increasing future emission scenario BAU (F-ATR20), and include 
efficacies. Moreover, these aCCFs assume typical fleet mean values of EINOx and of Fkm for 
transatlantic flights  

The strength of the aCCFs is that their calculation needs only relevant local meteorological 
parameters. In the following the meteorological input data from reanalysis data are used for 
calculating the aCCFs. Reanalysis data represent an atmospheric model system that assimilates 
surface and upper-air conventional and satellite data. Here we use the forthcoming reanalysis data 
set ERA5, which was developed by the European Centre for Medium-Range Weather Forecasts 
(ECWMF).  

5.2 Characteristic patterns of Environmental Hotspots 

In this subsection, Environmental Hotspots over the European airspace are investigated for different 
threshold assumptions, different cruise altitudes, different weather situations (i.e. seasons). Note 
that all plots below are shown under nighttime conditions over the Europe airspace (here we show 
the geographical region of 34◦-60◦N and 16◦W-30◦E). For Figures 5 and 6, we selected a typical 
summer day (exemplary 13th of June 2018). 

Figure 5 illustrates how Environmental Hotspots vary for using different assumption for the 
dynamical defined threshold values. It is clear, that in case of using the 95% percentile (Figure 5a) 
larger areas are defined as the hotspots than for the 99% percentile (Figure 5b).  
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Figure 5: Environmental Hotspots (highlighted in red), given as contours over the European airspace on 13 June 
2018 (0 UTC) at pressure level 250 hPa. The thresholds are based on the respective (pressure level dependent) 
(a) 95% and (b) 99% percentile of the cumulative normal distribution of the respective merged non-CO2 aCCF. 

To give an impression on the vertical structure of the Environmental Hotspot, Figure 6 shows these 
climate sensitive regions for three typical cruise altitudes, i.e. at 200, 250 and 300 hPa. By selecting 
the 95% percentile for the calculations, we obtain different threshold values for the different 
altitudes. By comparing the Environmental Hotspot patterns shown in Figure 6, it is clear that these 
regions vary a lot for the different altitudes. 

 

Figure 6: Environmental Hotspots (highlighted in red) over the European airspace on 13 June 2018 (0 UTC) at 
(a) 200 hPa, (b) 250 hPa and (c) 300 hPa. The threshold is based on the 95% percentile of the cumulative 
normal distribution of the respective merged non-CO2 aCCF. 

Figure 7 provides the characteristic summer patterns of Environmental Hotspots for the six 
consecutive days in June 2018 (i.e. 12th, 13th, 14th, 15th, 16th, 17th June 2018, 0 UTC). We see that the 
hotspot areas highly vary for the different days. Therefore, we can conclude that these hotspots are 
very sensitive to the actual atmospheric condition. This is also expected, as merged aCCF highly vary 
with the synoptical condition. 

Last, Figure 8 gives information on how the Environmental Hotspot patterns vary with different 
seasons. Analogue to Figure 7, Figure 8 provides Environmental Hotspots for the six consecutive 
winter days in December 2018 (i.e. 12th, 13th, 14th, 15th, 16th, 17th December 2018, 0 UTC). The results 
clearly show the seasonal change in the Environmental Hotspots. The Environmental Hotspots 
significantly vary with daily-changing synoptic conditions. The advantage of our method is that the 
merged aCCF can properly assess changes in the Environmental Hotspots over time. 
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Figure 7: Environmental Hotspots over the European airspace for six consecutive days in summer at pressure 
level 250 hPa: (a) 12th June 2018 – (f) 17th June 2018 (0 UTC). The threshold is based on the 95% percentile of 
the cumulative normal distribution of the respective merged non-CO2 aCCF. 

 

Figure 8: Environmental Hotspots over the European airspace for six consecutive days in winter at pressure 
level 250 hPa: (a) 12th December 2018 – (f) 17th December 2018 (0 UTC). The threshold is based on the 95% 
percentile of the cumulative normal distribution of the respective merged non-CO2 aCCF. 
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6 Implementation of Environmental 
Hotspots to ALARM EWS and 
recommendations on meteorological data 
requirements  

First, this section describes how the advanced MET product Environmental Hotspots will be 
integrated within ALARM Early Warning System. This implementation will represent a cornerstone 
towards an eco-efficient ATM. Second, we here provide the recommendations on the MET data 
requirements of the MET product Environmental Hotspots.  

6.1 Integration of Environmental Hotspots to ALARM platform 

To integrate the advanced MET product Environmental Hotspots to the ALARM EWS platform (WP2), 
several assumptions and decisions are required.  

As mentioned before, the MET data product Environmental Hotspots that is handed over to the 
ALARM EWS platform relies on the merged non-CO2 aCCFs (4-dimensional, 3d-spatial and temporal) 
and on the threshold value definition (for details see Section 4). However, for an efficient 
implementation of the climate effect information to the ALARM EWS only contours are provided 
(given at different pressure layers). These contours define the Environmental Hotspots, thus areas 
where the climate effects of aviation are large. The contours can be transformed into polygons which 
allow an efficient implementation by reducing the data size even more (e.g. from NetCDF to xml 
format). With that we reduce the complexity of the MET data product, from 4d-information (given in 
NetCDF format) down to distinct polygons (given in xml format). The concept of our MET product 
aims to provide the option to select several data set, which represent distinct strengths of aviation’s 
climate effects: the user of the EWS platform can decide e.g. between three distinct risk/impact 
levels, equivalent to medium, high, and very high environmental (climate) effects. Within the ALARM 
platform, in general the notion “risk” is adopted, however, for reason of clarity we prefer to be 
distinguishing between medium effects, high and very high effects, while using risks would be 
equivalent in terms of ALARM. Note that medium, high and very high environmental effects (or 
“risks”) are considered as areas with high environmental (climate) effects being introduced by 
aviation emissions (on a per fuel unit used basis). However, this is of course not a safety risk, it only 
describes a region with medium, high and very high climate effects (impact) induced by non-CO2 
species (which can be translated to a CO2 equivalent). Using this information for trajectory 
optimisation, means that in case of very high climate impact regions, aircrafts can fly through these 
regions, but they have to be aware of the risk of high climate effects (in case of market-based 
measures) related to high environmental costs. While in regions with high or medium environmental 
(climate) effects, these effects, impacts and associated costs get lower. Technically speaking, the 
contours of the three respective regions identified will be based on three corresponding thresholds, 
which are applied to the 4-dimenstional merged aCCF fields, by using the statistical measures of 
percentiles, e.g. 90%, 95%, 99%. Based on these three MET data products and the contours 
identified, the trajectory optimizer can reroute for different options. At the moment, Environmental 
Hotspots will not include a dependency on the aircraft type, but assume a single “average aircraft 
configuration”, as introducing a distinction between individual aircraft types, would introduce quite a 
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high complexity, and limit usability of this MET service. However, technically it is possible to expand 
the current implementation in order to represent the dependency on aircraft-engine-configuration 
to our MET data product.  

A short description of the Environmental Hotspots data product is given in Table 6. Finally, the data 
product will have the same spatial and temporal resolution as the operational ECWMF forecast data 
needed to calculate Environmental Hotspot contours. Note that for the verification of the MET 
product Environmental Hotspots reanalysis data of ERA5 data were used for the calculation. 
However, in the final implementation we will use the operational 24-48h (ask Hugues) high 
resolution (HRES) forecast data from ECWMF with a timesteps of 3 hour and a horizontal resolution 
of 0.5°x0.5° and a vertical resolution of 67 layers from 0 to 20 km. 

Table 6: Description of the WP5 MET data product Environmental Hotspots  

 

Thus, the multi hazard monitoring and early warning system would inform on the location of these 
hotspot regions. If one then aims for identifying routing options with lower climate effect, such 
information needs to be included in the cost function of the trajectory optimisation. Consequently, 
trajectory optimisation would then aim for reducing overall climate effects by suggesting aircraft 
trajectories that avoid these Environmental Hotspot areas, highlighted in red.  

6.2 Recommendations on MET Data requirements 

This section describes the meteorological (MET) data requirements for the calculation of 
Environmental Hotspots. Here we have to identify the temporal and spatial resolution for the aCCFs. 
Additionally, we have to identify the minimal requirements for spatial and temporal resolution of 
MET data as they apply in different zones of the airspace and various climate agents. 

In order to describe Environmental Hotspots, we use aCCFs, which are derived from standard 
meteorological data. These meteorological input data include potential vorticity, geopotential, 
temperature, relative humidity over ice, outgoing longwave radiation and incident solar radiation at 
top of the atmosphere.  Operational high resolution (HRES) forecast data from ECWMF will be used 
on ALARM EWS. For verification the ECWMF high resolution reanalysis data set ERA5 is used. A more 
detailed description of the specific ECWMF input data needed is given in Table 7. The specific 
recommendations for the operational forecast data are described below: 

• Horizontal resolution of 0.5°x 0.5° (global coverage) and a vertical resolution of 67 layers 
from 0 to 20 km 
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• Time resolution of 3h; as calculation of contrail aCCFs requires high resolution in time, a time 
resolution of 6h would not be enough. 

• Data provided in NetCDF format  

Table 7: Detailed description of ECWMF meteorological input parameters, needed to calculate environmental 
Hotspots 

 
 

Temperature  Geopotential Potential 
vorticity 

Relative 
humidity over 
ice  

Outgoing 
longwave 
radiation 

Solar incident 
radiation  

ECWMF 
parameter 
name & ID 

T  
ID 130 

z 
ID 129 

PV 
ID 60 

r 
ID 157 

ttr 
ID 179 

tisr 
ID 212 

Physical 
Unit 

K m2/s2 K kg-1m2s-1 % J/m2 J/m2 

ECWMF link https://apps.e
cmwf.int/cod
es/grib/param
-db/?id=130  

https://apps.e
cmwf.int/cod
es/grib/param
-db/?id=129  

https://apps.
ecmwf.int/co
des/grib/para
m-db?id=60  

https://apps.ec
mwf.int/codes/g
rib/param-
db?id=157  

https://apps.ec
mwf.int/codes/g
rib/param-
db?id=179  

https://apps.ec
mwf.int/codes/g
rib/param-
db/?id=212 

 

For the efficient implementation established in ALARM, the calculation of the merged non-CO2 aCCFs 
is performed within the Python Library, which can be run as a post-processing tool, directly using 
output from numerical weather prediction. Before you run the Python library you download the data 
on your local machine, and the final compiled Environmental Hotspot output (contours) are then 
handed over to the ALARM platform. Hence the Hotspot analysis does not require any access to 
numerical weather prediction data of the ALARM platform. 

 

https://www.sesarju.eu/
https://apps.ecmwf.int/codes/grib/param-db/?id=130
https://apps.ecmwf.int/codes/grib/param-db/?id=130
https://apps.ecmwf.int/codes/grib/param-db/?id=130
https://apps.ecmwf.int/codes/grib/param-db/?id=130
https://apps.ecmwf.int/codes/grib/param-db/?id=129
https://apps.ecmwf.int/codes/grib/param-db/?id=129
https://apps.ecmwf.int/codes/grib/param-db/?id=129
https://apps.ecmwf.int/codes/grib/param-db/?id=129
https://apps.ecmwf.int/codes/grib/param-db?id=60
https://apps.ecmwf.int/codes/grib/param-db?id=60
https://apps.ecmwf.int/codes/grib/param-db?id=60
https://apps.ecmwf.int/codes/grib/param-db?id=60
https://apps.ecmwf.int/codes/grib/param-db?id=157
https://apps.ecmwf.int/codes/grib/param-db?id=157
https://apps.ecmwf.int/codes/grib/param-db?id=157
https://apps.ecmwf.int/codes/grib/param-db?id=157
https://apps.ecmwf.int/codes/grib/param-db?id=179
https://apps.ecmwf.int/codes/grib/param-db?id=179
https://apps.ecmwf.int/codes/grib/param-db?id=179
https://apps.ecmwf.int/codes/grib/param-db?id=179
https://apps.ecmwf.int/codes/grib/param-db/?id=212
https://apps.ecmwf.int/codes/grib/param-db/?id=212
https://apps.ecmwf.int/codes/grib/param-db/?id=212
https://apps.ecmwf.int/codes/grib/param-db/?id=212


D5.2: REPORT ON ALGORITHMS FOR ENVIRONMENTAL (CLIMATE) HOTSPOTS, 
INCLUDING MET DATA REQUIREMENTS FOR IMPLEMENTATION 

 
 

            
 

Page I 30 
 

  
 

 

7 Experimental Plan of the MET Product 
Environmental Hotspots  

7.1 Overview 

The purpose of this experimental plan is to secure the application of scientific best practices when, 
developing the tailored MET data product "Environmental Hotspots". By this systematic approach we 
ensure that all key aspects are considered during the development of this advanced MET service. 
Specifically, validation perspective in this experimental plan is to verify if the method “Environmental 
Hotspots” developed within the ALARM project is able to identify those atmospheric regions with 
have a large climate effect of aviation emissions as quantified by algorithmic climate change 
functions.  

7.2 Reference documents 

The reference document to prepare this plan is the [30]. In addition, we rely on ALARM’s grant 
agreement, where the research questions and hypotheses were established by introducing the 
overall idea of how to construct environmental hotspots, as explained in more detail in section 7.4 
below. The concept of algorithmic climate change functions has been established in [3], further 
applied in [5], and are currently further advanced in [31]. 

7.3 Research question of WP5 

Experiments and MET service development in WP5 are carried out to answer the following research 
question RQ4  

“Can we identify environmental hotspots using algorithmic-Climate Change Functions?” 

One of the central research questions within ALARM is, if it is feasible to identify environmental 
hotspots using algorithmic-Climate Change Functions. Specifically, this means that it has to be 
demonstrated how the spatially and temporally resolved information on climate effects of aircraft 
emissions provided with the application of algorithmic climate change functions to the numerical 
weather prediction data enables that a method can be used which identifies those atmospheric 
regions which have a large climate effect. In the context of the ALARM project such a merged overall 
climate impact, comprising effects from contrail cirrus, from NOx-induced concentration changes of 
ozone and methane as well as from water vapour concentration changes.  

7.4 Methodological approach 

For the detection of Environmental Hotspots WP5 takes advantage of the state-of-the-art prototype 
algorithmic climate change functions aCCFs (published in the recent scientific publications [3][6][7]), 
which describe climate impact of non-CO2 compounds (i.e., contrail, water vapour and nitrogen oxide 
induced ozone and methane) as a function of time, geographical location and cruise altitude.  

DLR established the concept of (algorithmic) climate change functions, which describe the long-term 
climate effect of one unit (i.e., 1kg of CO2/NOx) of emission at the respective location and time [4]. 
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This concept requires the combination of atmospheric and climate data (Climate MET-Data) and 
aircraft/engine data to obtain the climate impact of a flown trajectory. In ALARM this concept is 
adapted to classes of aircraft/engine combinations to allow for the identification of hotspots, i.e. 
regions, which are extremely climate sensitive. On the one side, this hotspot analysis is depending on 
the meteorology, since, e.g. only a few percent of the contrails have an extremely large warming 
potential [34] and this difference in climate impact of individual contrails is driven by meteorology. 
On the other side, the hotspot analysis is also driven by the aircraft/engine technology, because, e.g., 
the emission index of NOx largely varies among engines and therefore also the potential to produce 
ozone, or to destroy methane. 

A Python Library, that follows the coding standards, has been developed in collaboration with the 
SESAR exploratory project FlyATM4E which allows to calculate these aCCF and moreover it generates 
a merged non-CO2 aCCF that combines all individual aCCFs, using state of the art assumptions on 
climate metrics and emission indices and incorporates data from numerical weather prediction. 
Based on these merged non-CO2 aCCFs, the volumes of airspace, that are very sensitive to aviation 
emissions identified. These regions that have a high climate impact (meaning high aCCF values), are 
termed as Environmental Hotspots. In order to identify those regions with high aCCF values a 
statistical approach has been developed which relies on analysing the overall statistical distribution 
of the occurring values on a given pressure level. Deriving the associated statistical probability 
density function, which describes the probability of a specific value (interval) to occur, enables to 
determine the threshold values, of the regions with the highest aCCF values. By way of example, 
determining the 95% percentile of this probability density function allows to identify the 5% of the 
regions, which have the highest merged aCCF values. These regions are then marked as Hotspot 
regions, where aviation emission have a large climate effect, and providing their contours allows to 
locate them in the airspace, providing an advanced MET service. Treating that kind of environmental 
impact information in the same way as harmful and safety-relevant while integrating it by similar 
concepts within a state-of-the-art alert system is surely a ground-breaking concept within ALARM. 

Overall, the experiments, in which we calculate the environmental hotspots, are set up such that 
they are fully reproducible. Both deterministic and stochastic approaches are applied in order to 
analyse the individual and merged aCCFs systematically. Sensitivity calculations are performed to 
understand how certain assumptions in climate metric and emission index control the merged aCCFs 
and also MET data product Environmental Hotspots.  

The experiments are planned such that a sufficient number of days with different weather situations 
are analysed so that the variability in season, cruise altitude, and synoptic conditions are captured. 

7.5 Validation Approach 

• How to assess the quality of the climatic hotspots 

• How to assess that the library works. 

As mentioned in the previous section the experimental approach to detect the WP5 Met product 
Environmental Hotspots is based on state of the art aCCFs. These aCCFs can be calculated using 
metrological input data from e.g. numerical weather forecast, thus a warning on possible high 
climate impact regions can be generated. The generation of these Environmental Hotspots uses 
statistical analysis to dynamically derive thresholds to define an area as Environmental Hotspot. The 
validation approach followed within ALARM is based on the verification if these Environmental 
Hotspot areas are identical to those regions where merged aCCFs provide a large effects. As the 
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specific location and shape of the Environmental Hotspot regions depends heavily on the prevailing 
synoptic weather pattern, the overall validation approach relies on three steps: First, generating 
aCCFs for a representative set of weather situation with the above described methodological 
approach. Second, preparing a visualization both from the merged aCCFs and from the 
Environmental Hotspots identified by the Python library. Third, evaluating the hypothesis that 
Environmental Hotspots are identical to the areas with highest merged aCCFs. By selecting an 
adequate color bar for the visualization in the second step, this exercise can be very efficiently 
performed by visual control of the two distinct plots by one of the project researchers.   

To evaluate our results, a systematical analysis of the characteristic aCCF patterns over the European 
airspace has been done based on high resolution ERA5 reanalysis data. The systematic approach 
applies above validation approach to ERA5 data for all four seasons, the full range of typical flight 
altitudes, and for a set of daily values in order to capture individual synoptic conditions of 
meteorology. In such a systematic intercomparision the aCCF dependency on season, cruise altitude 
and synoptical condition can be investigated in detail. Moreover, the structure and magnitude of the 
patterns can be verified by comparing them with current scientific literature [2] as well as the 
merged aCCFs which can be generated by the Python library as well.  

In order to evaluate the python library, different assumptions are tested, the output again visualized, 
and compared to former aCCF calculations. In order to ensure the coding standard a comprehensive 
code review was performed within DLR software department.  

Moreover, systematically comparing and investigating aCCFs patterns under different synoptic 
conditions, at different altitudes and during different seasons also lead to a more comprehensive 
physical understanding of a realistic structure of the aCCF patterns and their variation. Overall the 
validation criterion was to decide if the Environmental Hotspots (areas, contours, polygons) are 
identical, when comparing to the merged aCCF spatial and temporal distributions.   

Hence, ALARM validation exercises were identified so that they support the sequential validation 
strategy described above. The hotspots identified have systematically been compared for a set of 
distinct days comprising different (typical) weather patterns and covering different seasons with the 
comprehensive climate change functions derived with aCCFs. The comparison determined, that the 
Hotspot analysis is able to capture the overall characteristic structure of the spatial and temporal 
variation of the CCFs. 

7.6 Data and Software Input 

An open-source Python library has been prepared in order to calculate Hotspot areas based on 
provided NWP data. Main input data are numerical weather prediction data (e.g. ECMWF). The 
respective licenses are available. All data are processed based on experience from earlier projects 
and the necessary software and interfaces are available and have been adapted. 

7.7 Research coordination & development  

Development of the Hotspot analysis and data product was done in close coordination and 
collaboration with research and analysis as part of the FlyATM4E project.  
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8 Summary and conclusion  

With this deliverable, ALARM provides detailed information on the advanced MET data product of 
work package 5, Environmental Hotspots. These Environmental Hotspots define regions that are 
highly sensitive to aircraft emissions. 

This deliverable reports on the development of the MET data product Environmental Hotspots. The 
concept of Environmental Hotspots is based on the prototype algorithmic climate change functions 
(aCCFs), which describe aviation’s climate effects of water vapour, NOx induced ozone and methane, 
and of contrail cirrus at a specific location and time. A concept of generating merged non-CO2 aCCFs 
was developed, which describe aviation’s total non-CO2 effect by combining the individual aCCFs of 
water vapour, NOx and contrail-cirrus. Technically merging aCCFs is be done with our newly 
developed open-source Python Library CLIMaCCF V1.0. This work was done in close cooperation with 
the SESAR FlyATM4E project. 

These merged aCCF are the basis of WP5’s MET data product Environmental Hotspots. In order to 
identify regions that are highly sensitive to the climate effect of aviation emissions we developed a 
concept that provides threshold values for the merged aCCFs. By exceeding the threshold value, the 
areas can be characterized as Environmental Hotspots. Analysis of Environmental Hotspots over the 
European airspace highlight a strong variability with different synoptical weather situations and 
cruise altitudes. 

The information on Environmental Hotspots is integrated to the ALARM Early Warning System (EWS). 
This deliverable provides the concept on the effective integration of this data product to ALARM EWS 
together with recommendations on the meteorological (MET) data requirements needed. 

To summarize we provide an efficient meteorological (MET) service to inform on the location and 
shape of those atmospheric regions where flight operations have a high climate effect comprising 
CO2 and non-CO2 effects.  

With the data product Environmental Hotspots being available, this enables that a comprehensive 
analysis of climate optimization of trajectories could be performed, which would allow to deliver an 
estimate to what extend such a highly integrated product of Environmental Hotspots allows to 
identify optimal solutions. Particular focus of such a systematic analysis would be the aspect, to what 
extent this highly integrated products allows to identify climate-optimized trajectories when 
comparing to usage of a more complex MET service data products which directly use the merged 
aCCFs. However, it has to be mentioned here that using a more complex MET service also requires a 
more complex implementation and expansion of the overall flight planning procedure and algorithms 
in the optimization of aircraft trajectories. 
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Acronyms and ALARM consortium 
 

Table 8: Non-exhaustive list of acronyms used across the text. 

Acronym Description 

aCCFs algorithmic climate change functions 

ATM Air Traffic Management 

ATR20 Average temperature response over 20 years 

CCF Climate change functions 

ECWMF European Centre for Medium-Range Weather Forecasts 

EMAC ECHAM5/MESSy2 Atmospheric Chemistry Model 

ERA-5 ECWMF reanalysis version 5 

EPS Ensemble Prediction System 

EI Emission index 

ERF Effective radiative forcing 

EU European Union 

EWS Early warning System 

F-ATR20 Average temperature response over 20 years with future emission scenario 

GHG Greenhouse gas 

GWP Greenhouse warming Potential 

H2O Water vapour 

P-ATR20 Average temperature response over 20 years with pulse emission 

PV Potential Vorticity 

PMO Primary mode ozone 

NOx Nitrogen oxide 

NRT Near real time 

RF Radiative forcing 

SESAR Single European Sky ATM Research Programme 

SJU SESAR Joint Undertaking 

WP Work Package 
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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 
Dietmüller el al 2022 [31]. 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.  

NOx induced aCCFs 

The total NOx aCCFs is a combined effect of the NOx induced ozone aCCFs and the NOx induced 
methane aCCFs. This can be explained by the fact that the NOx emissions of aviation led to the 
formation of ozone (O3) 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. 

Ozone aCCFs 

The mathematical formulation for the ozone aCCFs is based on temperature 𝑇 [K] and geopotential 𝛷 

[m2 s2⁄ ]. The relation for the ozone aCCFs (aCCFO3) at a specific atmospheric location and time is 
given in temperature change per emitted NO2 emission [K/kg(NO2)]:  

𝑎𝐶𝐶𝐹𝑂3 = { 0
𝑎𝐶𝐶𝐹′(𝑇,𝛷)

 for 𝑎𝐶𝐶𝐹′≤0
𝑎𝐶𝐶𝐹′>0 

with 𝑎𝐶𝐶𝐹′(𝑇, 𝛷) = −5.20 ∗ 10−11 + 2.30 ∗ 10−13 ∗ 𝑇 + 4.85 ∗ 10−16 ∗ 𝛷 − 2.04 ∗ 10−18 ∗ 𝑇 ∗ 𝛷 

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

Methane aCCFs 

The methane aCCFs is based on the geopotential 𝛷 [m2 s2⁄ ] and the incoming solar radiation at the 
top of the atmosphere 𝐹𝑖𝑛 [W m2⁄ ]. The relation of the methane aCCFs (aCCFCH4) at a specific location 
and time is given in temperature change per emitted NO2 emission[K/kg(NO2)]: 

𝑎𝐶𝐶𝐹𝐶𝐻4
(𝛷, 𝐹𝑖𝑛) = { 0

𝑎𝐶𝐶𝐹′(𝛷,𝐹𝑖𝑛)
 for 

𝑎𝐶𝐶𝐹′(𝛷,𝐹𝑖𝑛)≥0

𝑎𝐶𝐶𝐹′(𝛷,𝐹𝑖𝑛)<0
 

with 𝑎𝐶𝐶𝐹′(𝛷, 𝐹𝑖𝑛) = −9.83 ∗ 10−13 + 1.99 ∗ 10−18 ∗ 𝛷 − 6.32 ∗ 10−16 ∗ 𝐹𝑖𝑛 + 6.12 ∗ 10−21 ∗ 𝛷 ∗ 𝐹𝑖𝑛 

Thus, the methane aCCFs is negatively defined. It is set to 0 if the term aCCF’ is 0 or positive. 

𝐹𝑖𝑛 is defined as incoming solar radiation at the top of the atmosphere as a maximum value over all 
longitudes and is calculated by: 𝐹𝑖𝑛 = 𝑆 ∗ 𝑐𝑜𝑠𝜃 , with total solar irradiance S=1360 Wm-2 , with 
𝑐𝑜𝑠𝜃 = sin(φ)sin(d) +  cos(φ)cos(d)  and with 𝑑 = -23.44° cos(360°/365 ∗ (N + 10)). Here θ is the 
solar zenith angle, φ 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 NOx. 
The primary mode ozone (PMO), which describes the long-term decrease in the background ozone, 
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as result of a methane decrease, is not included. Thus if merging total NOx effect be aware that only 
the NOx effect on short term ozone increase and on methane decrease is taken into account. For NOx 
induced PMO climate impact we have the possibility to include it to the total NOx aCCF, as the PMO 
aCCF can be derived by applying a constant factor of 0.29 to the methane aCCF [25]. 

Water vapour aCCFs 

The water vapour aCCFs is based on the Potential Vorticity (𝑃𝑉) given in standard 𝑃𝑉 units 

[10−6K kg−1 m2 s−1]. The following the relation of the water vapour aCCFs (aCCFH20) at a specific 
location and time is given in temperature change per fuel [K/kg(fuel)]: 

𝑎𝐶𝐶𝐹𝐻2𝑂(𝑃𝑉) = 4.05 ∗ 10−16 + 1.48 ∗ 10−16 ∗ |𝑃𝑉| 

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

Contrail aCCFs 

The aCCFs of persistent contrail cirrus have been developed within the EU project ATM4E. A detailed 
description and verification of these contrail aCCFs are under [6]. 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 NOx and H2O 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 (RFaCCF−day) in [W m2⁄ ] is based on the outgoing longwave radiation 

(𝑂𝐿𝑅) in [W m2⁄ ] both at the time and location of the contrail formation. For a specific atmospheric 
location and time, the RFaCCF−day is given by: 

𝑅𝐹𝑎𝐶𝐶𝐹−𝑑𝑎𝑦(𝑂𝐿𝑅) = 10−10 ∗ (−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 (RFaCCF−night) in [W m2⁄ ] is based on temperature (𝑇) in [K]. For an 

atmospheric location (x, y, z) at time t: 

𝑅𝐹𝑎𝐶𝐶𝐹−𝑛𝑖𝑔ℎ𝑡 = { 0

𝑅𝐹𝑎𝐶𝐶𝐹−𝑛𝑖𝑔ℎ𝑡(𝑇)=10−10∗(0.0073×100.0107∗𝑇−1.03)
〗 for 𝑒𝑙𝑠𝑒

𝑇>201𝐾 

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). 
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The resulting contrail aCCFs are then given in temperature change per flown kilometre 
[K/km(contrails)].   

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  

CO2 aCCF 

In order to compare these merged non-CO2 aCCFs to the climate impact of CO2 a value for a CO2 
aCCFs is calculated with the climate-chemistry response model AirClim [25]. In case of the pulse 
scenario used also for the aCCFs above, the CO2 is given by 6.94∗10-16[K/kg(fuel)] (K. Dahlmann, 
personal communication, 2021). Note, however, that the CO2 aCCFs highly varies with the used 
emission scenario 
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