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Motivation

• Aviation is responsible for about 3.5% of total global warming 

• Aviation-induced climate impact consists of 

• carbon dioxide (CO2) 

• non-CO2 species (e.g., NOx, contrails, water vapor, ...) 

• An increase in global air traffic is foreseen in the coming decades (4.4% yearly) 

Critical increase in climate impacts is expected



How to reduce aviation-induced climate impacts? 
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• Numerous studies in the literature have investigated the potentiality to mitigate climate impacts with 
aircraft path planning with different considerations of climate impacts, operating cost, and trajectory 
planning method. 



Open problems

The aim of the conducted study is to address 
the following challenges:

 Consideration of uncertainty in planning 
climate-aware trajectories

 Development of efficient robust trajectory 
optimizers

 Consideration of currently structured 
airspace
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Climate optimal trajectory planning problem formulation

• Quantifying climate impact of aircraft emissions
• Algorithmic climate change functions are employed

• Quantifying  uncertainty
• Meteorological uncertainty is only considered
• Ensemble weather forecast is employed to characterize uncertainty in weather variables

• Aircraft dynamical model (and other physical and operational constraints)
• Full 4D aircraft dynamical model

• Objective function:
• Weighted sum of operating cost and climate impact

Main Requirments:



Quantification of Climate impact
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Algorithmic climate change functions (aCCFs): 
take instantaneous weather data at the time and location of emission to approximate its climate 
impact in terms of the Average Temperature Response over different time horizons. 

For this purpose, a python library has been developed in collabaration with our coleagues  wthin EU-projects
FlyATM4E and ALARM

• The CLIMaCCF is publicly accessible on GitHub:
https://github.com/dlr-pa/climaccf



Structure of CLIMaCCF:



Uncertainty

Ensemble Prediction System (EPS), providing n different forecast is employed to characterize uncertainty in weather 
forecast.

The current study focuses on uncertainty in meteorological variables obtained from standard weather 
forecasts as well as initial flight conditions



Uncertainty

Propagation of the uncertainty (associated with initial flight conditions and meteorological variables) 
within climate optimal aircraft trajectory planning:



Dynamical model and objective function

4D aircraft Dynamical model: Objective function:
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Robust 4D Climate Optimal Flight Planning in Structured Airspace

• A technique for flight planning that Integrates horizontal and vertical decision-making
• Fast performance thanks to GPU-based parallelization
• Considers climb, cruise and descent phases
• Incorporate uncertainty in meteorological variables, as well as initial flight time and initial flight mass

Features

Reference

• Robust 4D Climate Optimal Flight Planning in Structured Airspace using Parallelized Simulation on GPUs. Abolfazl Simorgh, Manuel Soler, et al..
Geoscientific Model Development (under-review).

Airspace Structure:
Robust Optimization:
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▪ Date:
▪ 13th of June 2018 – 0000UTC
▪ 20th of Dec 2018 – 12000UTC.

▪ Flight: 
• Frankfort to Kyiv

▪ Uncertainties:
• Initial flight time (Gaussian variable)
• Initial flight mass (Gaussian variable)
• Weather variables (10 ensemble members)

▪ NOx emission: BFFM2 

• Aircraft: A320-214 (CFM56-5B4)

Flight Planning Objective = 𝜶 * Simple Operting Cost + (1 − 𝜶)𝑘 * Average Temperature response

Case studies
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Flight: Frankfurt to Kyiv
13 June 2018, midnight (Formation of persistent contrails during nighttime)

Cost optimal (𝜶 = 𝟏. 𝟎):

• Higher altitudes (FL 340 for cruise)

• Flies through warming contrails

• Deviates from the shortest path to benefit from stronger tailwinds

• The net ATR is uncertain

Uncertainty ranges due to uncertain 

atmospheric conditions characterized 

using EPS

Min-Max

95% confidence
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Climate optimal (𝜶 = 𝟎. 𝟎):

• Lower altitudes (FL 280 for cruise)
• Avoids formation of persistent contrails
• The net ATR is almost deterministic



• The contrails have the largest climate impact. 
• The uncertainty in the net ATR is mainly related to the relatively high uncertainty in contrails’ climate impact. 
• The high uncertainty in contrails' climate impact is related to the high variability among the ensemble members of 

relative humidity provided by the EPS required to determine the areas favorable for forming persistent contrails.

Contribution of each non-CO2 species to net ATR: Standard deviation of Meterological variables:

Flight: Frankfurt to Kyiv
13 June 2018, midnight (Formation of persistent contrails during nighttime)



• Persistent contrails have the largest climate 
effects

• Mitigation potential is achieved mainly by 
avoiding contrail-sensitive areas

• Since the climate impact associated with 
contrails has high uncertainty, by avoiding
areas sensitive to form persistent contrails, the 
uncertainty of the net ATR decreases

• For a specific case, climate impact can be
reduced by 55.0% by accepting an increase of 
4.0% in cost (mean values)
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Flight: Frankfurt to Kyiv
13 June 2018, midnight (Formation of persistent contrails during nighttime)
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Cost optimal (𝜶 = 𝟏. 𝟎): 

• Higher altitudes (FL 360 for cruise)

• The net ATR is positive (warming)

Climate optimal (𝜶 = 𝟎. 𝟎):

• Lower altitudes (FL 300 for cruise)

• Generates cooling contrails

• The net ATR is negative (Cooling)

• The net ATR is uncertain due to the tendency
to fly in areas favorable to forming persistent 
contrails

Flight: Frankfurt to Kyiv
20 December 2018, midday (Formation of persistent contrails during nighttime)



flight: Frankfurt to Kyiv
Night-time VS Day-time

• The mitigation potentials for scenarios with contrails effects (warming or 
cooling) are higher due to dominant climate impact and non-smooth 
spatial behavior of contrails. 

• The generation of cooling contrails is associated with high uncertainty as 
the aircraft tends to fly within uncertain persistent contrail formation 
areas.

• The results are almost deterministic for the scenarios with no contrails or 
the cases where aircraft trajectories avoid the formation of contrails.  
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Future works

• Robustness of climate optimal trajectories in the presence of cooling contrails (during day-time)

• Robust 4D climate optimal trajectory planning in the free-route airspace 

Conclusion

• There is a potential to mitigate aviation-induced climate impact by climate-aware trajectory planning.

• Such mitigation potential is associated with uncertainty (e.g., climate science, emission calculation, and 

meteorological condition).

• Relative humidity provided by ensemble prediction systems is highly uncertain.

• Uncertainty in relative humidity leads to high uncertainty in the quantification of contrails climate impact.

• During night-time, reducing climate impact could also reduce the uncertainty ranges.

• However, during the day-time, mitigation of climate impact was associated with high uncertainty. 



Robust 2D climate optimal trajectories in Free-route airspace
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𝛼

• Simorgh, A., Soler, M., González-Arribas (2022). Robust Climate Optimal Aircraft Trajectory Planning Considering 
Uncertainty in Weather Forecast . 6th CEAS Conference on Guidance, Navigation and Control (EuroGNC). 
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