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Please Fasten your Seat-Belt! We will departly shortly

1. 🛫 Turbulence Overview

2. ✈ From Reynolds to Wright, why can we fly? 

3. 🍱 Meal Service (Break and Game)

4. ⛈ Meteorology and Climate Change 

5. 🛬 Climate change for Aviation Turbulence

Questions from Students will have SkyPriority for all the lecture!
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The Navier Stokes equations
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The Terms in the Navier Stokes equations
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The Reynolds number



www.davide-faranda.com P 6

Turbulence in fluids, the first key observation by Reynolds (1883)

L
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From Reynolds (1883) to Lewis Fry Richardson (1922) 
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The Kolmogorov Cascades 

←✈→ 
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The Kolmogorov Cascades 
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The Eddy dissipation rate 
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From Kolmogorov to Parisi & Frisch (1985)

Frisch & Parisi refined the Kolmogorov hypothesis from global self-similarity to local self-similarity
=> EDR is not a constant 
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From Reynolds to Wright Brothers 1903 First Flight 

Wright flyer, 1903
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How Turbulence affect Flights? 

Thermal Turbulence                 Wake Turbulence                  Clear Air Turbulence              Thundestorms  
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How do we quantify turbulence during flights? 

Turbli.com for Paris (CDG) - New York (JFK) 
Flight AF 8 16:30 - 19:10  09/02/2025

ED
R
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Plane Turbulence, is the worst yest to come? 

•In US , turbulence-related incidents 
cost the aviation industry up to $500 
million annually.

•These costs stem from increased aircraft 
wear and tear, passenger and crew 
injuries, and flight delays.

•Turbulences lead to higher fuel 
consumption and increased CO₂ 
emissions.

•In 2022, global air travel emitted over 
780 million tons of CO₂, accounting 
for about 2% of global energy-related 
CO₂ emissions.
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Is Climate Change to blame for increased turbulence?

This first 2013 study, opened the way for understanding how turbulence is 
affected by climate change
=>  let’s make a step back to understand these results
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Climate Change, the Physical Basis

Sunlight warms the surface of the 
Earth. But Earth stays warm even at 
night because of a layer of carbon 
dioxide, or CO2, in our atmosphere. 
CO2 acts like a heat-trapping 
blanket, absorbing the heat and 
holding it in. 

There are other heat-trapping gases. 
These include methane (CH4), water 
vapor, nitrous oxide (N2O), and some 
fluorinated gases.
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CLIMATE CHANGE CONTRIBUTING FACTORS - LAST 10 YEARS

The anthropogenic warming is 
responsible for the majority of 
the warming in the last 10 
years, but El Niño also had a very 
clear effect. The solar cycle, the 
eruption of Hunga Tonga, and the 
reduction in maritime air pollution 
may also have played a small role 
in the records of 2023." 

- BERKELEY EARTH
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Climate as a «closed » Physical System

• Earth is a closed system, but 
all of its innumerable smaller 
parts are interconnected; 

• When CO2 perturbs this 
steady state, the 
atmosphere, hydrosphere, 
biosphere, and geosphere 
react creating extreme 
events in each sphere

 Source: bbec.ac.in
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Using analogs frequency changes to detect long-term dynamical changes

1.We select alternatively all  ERA5 
Sea-level Pressure maps over the 
North Atlantic from 1950-2021

2. For each map we compute the 
Euclidean distance between daily 
maps, and define a high quantile  to 
select the analogues. 

3. We count the number of 
analogues per decade and we 
select those having an increasing 
trend and a decreasing trend 
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Ensuring Robustness of Changes

1. For each SLP map (a) we take the best 2% 
(b), 1% (c) and 0.5% (d) analogues in daily 
sea-level pressure maps from ERA5 starting 
in January 1950. 

2. The # Analogues counted in each decade 
are then obtained (blue dots, panels b--d). 

3. A linear fit is performed (solid line) and 
the confidence intervals for the slope are 
computed (dotted lines). 

4. Only if all confidence intervals have a 
positive slope, the map has increasing 
frequency

[hPa]
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Results: Winter

The vast majority (92.7%) of circulation patterns show no significant occurrence trend 
in the historical period; 5.1% show increasing trends and 2.2% show decreasing trends
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Faranda et al. PNAS, 2023
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Linking frequency changes to impactful extreme events

WINTER WINDSTORMS [m/s]

Faranda et al. PNAS, 2023

• We find that large scale atmospheric 
patterns which favor wintertime 
windstorms over large parts of the 
continent are becoming increasingly 
frequent

• We cannot explain the changes with 
natural variability, the main hypothesis is 
climate change! 

• What are the implications for turbulence 
in aviation?
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Eddy Dissipation Rate (EDR) changes with climate change

This is the frequency increase of EDR 
during pattern that become more 
frequent => how much time we 
spend in more turbulent flights! 

Alberti, Faranda et al. GRL 2024
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How turbulent is getting because of climate change?

(a) Increasing analogues
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(b) Decreasing analogues
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More events featuring moderate to severe turbulence 
levels, especially associated with atmospheric ridges 

and clear air turbulence episodes
Alberti, Faranda et al. GRL 2024
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Can we detect the influence of Climate Change on a single Flight?

Attribution: The 
process of determining 
the causes of observed 
changes in climate and 
extreme events in 
terms of natural climate 
variability or 
greenhouse gases 
emissions
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Which Extreme Events need Attribution?

Weather extreme events may disrupt 
daily life, damage infrastructure, and 
have long-lasting effects on communities 
and ecosystems. This depends on:

Vulnerability: accounts for the 
susceptibility to damage of the assets 
exposed to the forces generated by the 
hazard.

Exposure: represents the stock of 
property and infrastructure exposed to a 
hazard, and it can include 
socioeconomic factors. 
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Climatic Hazards
Wind💨
Rain⛈
Heat 🌡
Cold 🥶

Greenhouse Emissions 🏭

Climate Variability 🌍

Impacts 💵 💵
Health 🤒
Infrastructure 🌉
Property 🏠
Tourism 🏝
Agriculture  🧑🌾 

Weather Phenomena 
-Cyclones 🔵
- Anticyclones 🔴

P 28

A General Pathway to Attribution

Statistical Attribution
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Statistical Attribution #1  : Detection
 

1. Define a quantiy that can track the extreme events: here cyclone energy
2. Sort our record and locate the percentile of our event
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Statistical Attribution #2 : Characterization Of The Event
 

By definition, the probability that a 100-year event will occur in any single 
year is 1%. That means the probability that it won’t happen that year is 
99% 
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Statistical attribution #3 : results
 

For attribution we can use changes in 
model projections of identiftied 
observables:

-1940-1970 (dark blue line) show cyclone 
energy for the world with low greenhouse 
gases emissions

-2020-2050 (light blue line) showt he 
changing frequency of 99th percentile 
events.

We conclude that Global warming due to 
rising greenhouse gases has increased 
the risk of an extreme North Pacific 
hurricane season like 2015’s by a factor 
of 5
     NOAA Climate.gov graphic adapted from Zhang et al., 2016.
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Can Statistical Attribution work on Flights turbulence?
  

• Statistical Attribution is concerned with 
observables averaged over a certain 
region

• It does not take into account the 
spatial and temporal extension of the 
phenomena ot attribute

• It does not account for the physical 
causes of changes that we observe in 
the climate system
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Climatic Hazards
Wind💨
Rain⛈
Heat 🌡
Cold 🥶

Greenhouse Emissions 🏭

Climate Variability 🌍

Impacts 💵 💵
Health 🤒
Infrastructure 🌉
Property 🏠
Tourism 🏝
Agriculture  🧑🌾 

Weather Phenomena 
-Cyclones 🔵
- Anticyclones 🔴

P 33

ClimaMeter Attribution Pathway

ClimaMeter
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ClimaMeter

• ClimaMeter is a rapid 
attribution framework for 
putting weather extremes in a 
climate perspective, developed 
by IPSL-CNRS

• ClimaMeter is a consortium 
of scientists coming from 
several institutions all over the 
world.

•
• Report ready about 48 hours 

after the event. All reports 
availabe on Zenodo

• We have analyzed 65 events 
in 15-months, with over 2000 
international press articles
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The Methodology used in ClimaMEter

🌐 Data: gridded data from reanalyses based on ERA5 (1950 to Present)

🌀 Event Definition: Time averaged Surface Pressure Anomalies map in a lon-lat box  

🔍 Analogues Analysis: Assess differences in Present vs. Past Analogues

⏰ Periods: Split into two periods 

-🏞 Past: Barely affected by Climate Change  

-🏜 Present: Highly affected by Climate Change 

📊 Diagnosed Changes: Pressure, Temperature, Precipitation, Winds

🌍 Natural Variability Modes Change of phase in analogues: ENSO, AMO, PDO
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Example of Turbulence Attribution:  SAS Flight 957 14/11/2024
 

🌀 💨

[hPa] [km/h]
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Example of Turbulence Attribution:  SAS Flight 957 14/11/2024
 

🌀

💨

Past Present Δ

Pressure

Wind 10m

[hPa]

[km/h]
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Example of Turbulence Attribution:  SAS Flight 957 14/11/2024
 

Reynolds Stress Tensor 
Components between 
200 and 250 hPa Flight 
levels

Analyses  provided by Tommaso Alberti
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Example of Turbulence Attribution:  SAS Flight 957 14/11/2024
 

• Turbulence on SAS Flight 957 was mostly increasead by anthropogenic 
climate change.

• Natural variability alone cannot explain the increase in turbulence on SAS 957

• This turbulence was triggered by exceptional meteorological conditions 
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Conclusions

• We can detect the climate change 
signal on atmospheric turbulence in  
avearage and on single events.

• Knowing in advance how climate 
change affects flight turbulence may 
help in reducing the (huge) impact 
of aviation on global warming.

• Don't worry, airplanes are designed to 
withstand even extreme turbulence... 
your comfort is all in the hands of 
pilots!

 

Y-a-t-il un pilote 
dans l’avion?
1980
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If you liked this presentation… and Rome!

Researcher positions will be soon available on the project “Mediterranean Extreme 
Events and Tipping elements in a changING climate on multiple spatiotemporal scales” 
recently financed by MUR (Italy equivalent of ANR)

  => Contact Tommaso.Alberti@ingv.it 

mailto:Tommaso.Alberti@ingv.it
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www.climameter.org

• Alberti, T. et al. (2024) Impacts of Changing Atmospheric 
Circulation Patterns on Aviation Turbulence Over Europe. 
GRL.  

• Faranda et al. (2023). Atmospheric circulation compounds 
anthropogenic warming and impacts of climate extremes in 
Europe. PNAS, 120(13), e2214525120. 

• Faranda, D et al (2024) : ClimaMeter: Contextualising 
Extreme Weather in a Changing Climate, Weather and 
Climate Dynamics, 2024 

climameter@lsce.ipsl.fr
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Xaida has received funding from the European Union’s 
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🙏 Thanks for your attention!


