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This webinar is the dissemination event of a safety study carried out within the ALBATROS

TODAY'S SCOPE m

In-flight turbulence

research project
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EASA and the Data4Safety (D4S)
programme are members of the
ALBATROS Consortium, led by NLR

...but many others participated:
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One of the project's research
topics was a directed study on in-
flight turbulence, the subject of
today’s session
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e Main findings
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Questions
& comments

Please use the Slido app
or join through the website

Join at
slido.com
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Passcode: D4S

Scan to join the session
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Advanced systems and solutions for better practices against hazards in the aviation system
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: ' Total funding Deliverables Consortium
Project duration : :
Horizon Europe across the project partners

More about the project: wWww.albatros-horizon.eu
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Why ALBATROS? N

. . , L ALBATROS
Improve resilience to emerging and future hazards and increase survivability

A, =

:

Emerging & future hazards New fuels & energy systems New aircraft entrants

Extreme weather ¢ space weather ¢ climate Hydrogen-fuelled and hybrid-electric aircraft Drones and Urban Air Mobility vehicles require
change impacts ¢ cybersecurity introduce new operational and safety risks. new approaches to safety risk assessment.
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Why in-flight turbulence? NS
ALBATROS

(\{g Climate change is expected to increase the likelihood and intensity of in-flight turbulence,
highlighting the need for a data-driven understanding of this emerging safety hazard

Study turbulence analytically

;
THIS DIRECTED STUDY ;%?

Look beyond the encounter itself

In-flight turbulence,
through EASA Data4Safety

Work at European scale

Demonstrate D4S capabilities

#HEO@E)

Open up future research




Data4Safety brings together European-scale aviation data, safety expertise and advanced
analytical capabilities to strengthen the study and enable cross-industry collaboration

What does the D4S bring to

0 SAFETY ISSUE this study?
IDENTIFICATION

Safety reports
% Flight data

Expertise and
collaboration

RISK
02 ASSESSMENT Data assets

Analytical
capabilities
03 PERFORMANCE
MEASUREMENT European scale

perspective

Supported by Programme members Platform & Analytics Provider

28 14 8 3 2
E A SA National Air Operators Airports Aircraft Professional ALG o. Parad Igma

Aviation Manufacturers Representative
Authorities Bodies




Audience interaction

What topics related to in-
flight turbulence are you
most interested in today?
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and methodology
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Data sources AL
ALBATROS

*European Central Repository

*
ECR* safety Recorded flight data

occurrence repo rts

4 N
@ Geographical Worldwide Europe
scope subject to Regulation (EU) 376/2014 L )
a N
Time scope 2015 - 2025 2023 - 2025
\ Y,
4 N
4 M 4.4 M
Data volume
Safety occurrence reports L Flights )
4 N
Data provider European Central Repository 6 European Operators
\ J

>EASA
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The complimentary nature of ECR and recorded flight data N
ALBATROS

Visible
consequences
Accidents, incidents...

ECR data | Reported turbulence: events that may represent a significant
risk to aviation safety’, including severe turbulent events?

« Measures the subjective, reported intensity of the turbulent
encounter

« Biased towards events with actual or potential consequences

= o o e
e ———

Recorded flight data

+ Identifies actual exposure to turbulence, irrespective of
consequences or outcomes

* Measures the objective, threshold-based magnitude of the
aircraft response to turbulent gusts

Latent risk
below the surface

* In the context of climate change and possible increase of
turbulence encounters, allows monitoring of latent risk

T According to Reg (EU) 376/2014
2 According to Reg (EU) 923/2012
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Analytical framework AL
ALBATROS

Data Preprocessing turbulence

Identification consequential events
encounters

Turbulence Characterisation of Analysis of

X, )
;& ZEASA
* e x® &= )
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Data preprocessing N

ALBATROS
Data Preprocessing
Geographical @ Temporal X Aircraft Type Flight Phase /\/°\ Turbulence Type /%—2
ECR Initial Climb Clear Air
Directed . 2015-2025 Large Commercial Cllrpb Turbulence
Study Worldwide . Transport Aircraft* Cruise &
Scope Flight data P Descent Convective
2023-2025 Approach Turbulence

* Refers to CAT Complex Aircraft as defined by EASA in Regulation (EU) No 965/2012
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Ad-hoc turbulence identification methodology ms

Turbulence
Identification

ECR safety occurrence reports Recorded flight data

Keyword-based search combined « Turbulence identification
with LLM enhancement of low methodology based on the RMS* of

O_Q\ reported attributes the vertical accelerometer signal

i

qIP—— Retrieval of turbulence-specific « High-pass filter to separate
_ 1 )
attributes from the occurrence turbulences from manoeuvres
narratives

* RMS = Root Mean Square
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Turbulence characterisation TArST
ALBATROS

Characterisation of

turbulence
encounters

Turbulence characterisation
Analysis across different dimensions on both data sources




Data sources and methodology

Consequential events

¥
e <

ALBATROS

Analysis of

consequential events

Consequential events
Looking beyond the turbulence event itself

Injuries

Aircraft damage

Loss of separation

Level bust

AP disengagement

——

High load events

——

Overspeed

Aircraft upset

TCAS RA

>EASA
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Main findings
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Topic #1

What is the frequency of
turbulence encounters?
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Main findings — Topic #1

Physical exposure to turbulence

>827,000 197

turbulence episodes episodes per 1,000 flights

»x ¥

%
TR

Flights affected by turbulence
Recorded flight data

17.5%

of flights contain at least one
turbulence episode

82.5%

of flights are free of turbulence

* RMS = Root Mean Square

ALBATROS
53.6 s 0.48 g
average episode duration average vertical load deviation
Breakdown by intensity level
Recorded flight data
24% 0.1%
0 0.1%
‘ severe turbulence episodes
(RMS* > 0.3)
2.4%

moderate turbulence episodes
(0.2 < RMS* < 0.3)

97.5%

light turbulence episodes
(0.1 < RMS* < 0.2)

>EASA
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Frequency of reported turbulence TR
ALBATROS

Annual rate of reported turbulence and total ECR occurrences per 1,000 flights

ECR data
0.5 45

22,004 . £
reported turbulence-related 3 40 o
occurrences 3 04 33.3‘ _ 35 Q
c o S
3 9 po - o

< 03
5 o 25 &
IS 5
Q 20 @
= 3 02 =
Turbulence-related occurrences: T 0.20 : 15 9
1 in 3,600 flights o1 T °
n >, g Q 0.1 0.15 10 5
-] . Ll
2 5
E ke

0 0
2019 2020 2021 2022 2023 2024 2025
—e— Turbulence-related occurrences —e— Total ECR occurrences

>EASA
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Topic #2

How do turbulence encounters
vary by flight phase?
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Flight phase shapes exposure and reporting ms

Distribution of flight phase in turbulence encounters
Recorded flight data & ECR data

W Recorded flight data BECR (Measured turbulence is concentrated at\
30 285 60% low altitudes and at end of flight
55.4% ' A
= Weather and topology-related
& o phenomena
B 25 50% 3
g < S o Changes in aircraft response
k5 é—” o g__US (density, wing loading)
S5 Y4— o -+ o
% 2 20 40% g = Less operational flexibility than
Z 2 o = in cruise
5 2 S < \ v,
g € 15 139 30% & 3
€3 g2
2 S 20.0% = In ECR, cruise is largely dominant
U o “—
8 & 10 14.5% 20% ; = 0 Cabin activity
L un S
I 5 IS 9 Less predictability of CAT
2 s 7.2% 36 0% 8
o 2 8% 1.8 L Higher likelihood of consequences
0.3 . such as injuries
. = I - N )

Initial climb Climb Cruise Descent Approach
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Topic #3

What types of turbulence do we
observe in the encounters?
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The role of turbulence type N

Distribution of turbulence type by flight level Likelihood of injuries by turbulence type
ECR data ECR data
490-499 100% ® Without injuries
- " (o}
440-449 = 9 B With injuries
— — O
360-369 3
320-39 =B S . .
T 280289 =— 3 60% 80.6% 90.8% 84.6%
[ — . :
— 240-249 = B Clear Air Turbulence (CAT) Q
5 200-209 : 2 40%
2 ——— m Convective Turbulence =
120-129 E o\oo 20%
80-69 @& 19.4%
40-49 —— o ¥ 70 15.4%
0-9 e 0%
0.0% 0.2% 0.4% 0.6% 0.8% 10% Clear Air Convective Aggregate
Percentage of turbulence-related occurrences Turbulence (CAT)  Turbulence
\ Y ) \ Y )
Lower predictability Predominance in — Higher injury likelihood for CAT
(weather radar) + cruising altitudes — encounters

>EASA
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Topic #4

The role of
on-board weather radar
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Main findings — Topic #4 . . .
The late-cruise turbulence peak: a hypothesis AL
ALBATROS

Distribution of turbulence episodes during cruise
Recorded flight data

0.010 ( )

Management of on-board weather

a radar and detection limitations due to
manual tilt and gain settings near top
of descent

0.008

0.006

o Crew proficiency in radar adjustment
and/or insufficient attention given to
radar adjustment in SOPs

0.004

Probability density

0.002

e High workload in transition
from cruise to descent

0.000 \
0 20 40 60 80 100

Cruise progress (%)
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Testing the hypothesis: the role of radar technology ms

Distribution of turbulence episodes during cruise by aircraft generation
Recorded flight data

0.0101 /\ 0.010 |
|

> 0.008 2 0.008
= @
C C
S 0.006] °
> O >, 0.006
= £
2 0.004] B737, A320 T 0004 B737 MAX, A320 NEO
° Older generation models 2 Newer generation models
[

0.002 0.002

0.000 0.000

0 20 40 60 80 100 0 20 40 60 80 100
Cruise progress (%) Cruise progress (%)

>EASA
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Topic #5

What consequences do
turbulence encounters
create?
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Consequences drive ECR reporting ms

Distribution of consequential events in turbulence occurrences
ECR data

24.0%

Overspeed condition

15.8%

13.4% 84%

with a reported consequence

Injured person on board

Aircraft upset

Operational consequences 12.3%

Shows the ECR bias towards events with consequences,
in accordance with Regulation (EU) 376/2014

Level bust 9.3%

Aircraft damage 51%

Reduction in safety margins 4.8%

Loss of separation 1.7%

No consequence reported 16.0%

>EASA
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Consequences drive ECR reporting ms

Distribution of consequential events in turbulence occurrences
ECR data

24.0%

Overspeed condition

Injured person on board

15.8% Deep dive through ECR

Aircraft upset 13.4%

Operational consequences 12.3%
Deep dive through

recorded flight data

Level bust 9.3%

Aircraft damage 51%

Reduction in safety margins 4.8%

No further analysis

Loss of separation 1.7%

No consequence reported 16.0%

>EASA
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Topic #6

What are the characteristics
of turbulence-related injuries
and aircraft damage?
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Injuries are much more common than aircraft damage TS
ALBATROS
Injuries in turbulence occurrences Aircraft damage in turbulence occurrences
ECR data ECR data
6.5% 5.1%

'l 8.9% ’

m Serious Injuries ® Aircraft Damage

50.1%

® Minor Injuries ® No Damage

No Injuries Not Reported

84.6%

15% 5%

with reported injuries with reported damage

>EASA
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. ° . ° ° ° . . ,
Cabin crew activity links cruise to injuries AL
ALBATROS
Distribution of injuries by affected personnel Cabin crew: Activity during injury
ECR data ECR data
g 60% ® Minor injuries
i W Serious injuries
O,
= 40%
(]
e
2 30%
3
o 20%
O
C
Q2
s
5 o 38% M 3.7% T m2E%n movm/
. o A
Pilots 2.6% o . : . :
© Performing, Standing Walking in  Seated Using Seated Other
Cabin Cabin without  Lavatory with
Service Seatbelt Seatbelt
Fastened Fastened

>EASA
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Lack of restraint drives passenger injury risk s
ALBATROS
Distribution of injuries by affected personnel Passengers: Activity during injury
ECR data ECR data
3 60% M Minor injuries
i o M Serious injuries
2 0% 2.5x
3 reduction in
g 30% injury likelihood
Passengers - 30.2% 5
o 20%
5 1.7%
: -
>
Pilots 2.6% X
© Standing  Walking in Seated Using Seated with Other
Cabin without Lavatory Seatbelt
Seatbelt Fastened

Fastened
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Topic #7

What are the key consequences
of turbulence identified
in the recorded flight data?
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Main findings — Topic #7 . ) ) ) . ¥
Consequences increase with aircraft response intensity ms

Exposure to consequential events
Recorded flight data

Light intensity (0.1 < RMS < 0.2)
® Moderate intensity (0.2 < RMS < 0.3)

1 : .
O 000 o B Severe intensity (RMS > 0.3)
§ Correlation between (physical) intensity
S 100 and rate of consequential events l
3
C
Q
>
° 10
2
o
o
o
— 1
@
o
o
e 0.1
o
=
O
O 001

TCAS RA Aircraft Upset Overspeed AP Disengagement Flight Envelope Passenger Discomfort

Protection Limits
[\ J

I
High load events

>EASA



Main findings — Topic #7

Autopilot disengagement

Exposure to consequential events
Recorded flight data

Breakdown by number of disengagements

1 disengagement
= 2 disengagements
= 3 disengagements

4 or more

disengagements

74.75%

¥
AL

ALBATROS

Light intensity (0.1 < RMS < 0.2)
® Moderate intensity (0.2 < RMS < 0.3)
M Severe intensity (RMS > 0.3)

AP Disengagement

>EASA
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Extreme load events TR
ALBATROS

Exposure to consequential events
Recorded flight data 1 in 300,000 flights Weight-off-seat events last 4 times
Exceeds flight envelope longer than positive load excursions
1000 protection limits /
[}
23
2 Definition of high load events*
o 100
g 4 )
C
2 Lower Upper
Q 10 Bound Bound
3
o
S Passenger
— 1 Discomfort
]
o
9 Flight Envelope
e 0.1 Protection
o Limits
>
",
O 0,01

Flight Envelope  Passenger Discomfort

Protection Limits
[\ J

I
High load events

* See "Certification Specifications and Acceptable Means of Compliance for Large Aeroplanes (CS-25)", EASA, 2023

>EASA
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Aircraft upsets, overspeed events, and TCAS RA . e
ALBATROS

Exposure to consequential events
Recorded flight data

Light intensity (0.1 < RMS < 0.2)
® Moderate intensity (0.2 < RMS < 0.3)

1
O 000 B Severe intensity (RMS > 0.3)
S
& 100
9
5 Aircraft upset bounds*
43 10 4 ~N
2
bt Roll Pitch
o
(@)
— 1
8 Aircraft Upset > 45°
(%]
]
e 0.1
L
5
O
O 0.1

TCAS RA Aircraft Upset Overspeed

* Based on EASA and FAA definitions

i [ 2EASA
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Topic #8

How effectively do safety
barriers prevent or
mitigate turbulence
slido.com encounters?
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ERCS defines the barriers, LLMs assess their effectiveness NS
ALBATROS

The European Risk Classification Scheme (ERCS)* framework in action
Example: Turbulence-induced overspeed event

Prevention barriers

4 )

Aircraft, equipment and @
infrastructure design

Mitigation barriers

e a

Regulation, procedures, @
and processes

Recovery barriers

e N
Warning systems @
operation and action
E.g. Autopilot-disengagement aural

and visual warnings annunciated
during the overspeed event

E.g. Cabin crew adherence to
procedures requiring crew to be seated
and restrained when necessary

E.g. Onboard weather radar
capability designed to detect
convective cells

\. y \. y, \. y
If failed Turbulence If failed Consequential ' failed
encounter event are
- ~ E9 Overspeed event p N
Tactical planning @ Situational awareness @ Late recovery from a @
Eg. Pre-flight weather forecast and action potential accident scenario

and turbulence prediction E.g. Flight crew descended or changed

E.g. Crew re-engaged autopilot or auto
level and informed ATC to exit the thrust and stabilised the flight path at a
turbulence zone safe level after the overspeed event

. J . A

* The ERCS was formally established by the European Commission through Delegated Regulation (EU) 2020/2034, becoming fully operational in January 2023
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¥
Crew awareness and SOPs contain turbulence consequences ms

@ Aircraft, equipment 57 49 13.3%
and infrastructure design : '
PREVENT
@ Tactical planning 65.3% 13.0%
1.9% 1.8%
@ Regulations, procedures,
and processes
(o)
MITIGATE 2.4%
@ Situational awareness 22 0% 64.6%
and action
' 08% [ 05%
Regulations, procedures, \
and processes
0.0%
RECOVER
@ Situational awareness 83.7%
and action

0% 20% 40% 60% 80% 100%
W Failed Assumed M Failed M Stopped ™ Remaining Not Applicable Not Reported

>EASA
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Conclusions related to in-flight turbulence AL
ALBATROS

Turbulence characterisation Consequential events and barriers

Two risk profiles
Severe turbulence is rare but with high-consequence;
light turbulence is frequent and with lower consequence

Consequences increase with intensity
Overspeed and autopilot disengagement are the most
frequent consequences; more severe consequences remain rare

Occupant vulnerability matters
Injuries are linked to unrestrained occupants and
ongoing cabin service

Lack of restraint drives passenger injury risk
There is a 2.5x reduction in injury likelihood when the
passenger seatbelt is fastened

Early warning is key
Timely information enables cabin preparation and cabin
service suspension

Repeated AP disengagements are noteworthy
In around one quarter of events, the AP is manually re-
engaged before being disengaging again

CAT poses greater risks Safety relies on layered barriers
CAT is harder to detect and often occurs during cruise, Technical, operational and human barriers jointly
causing more injuries prevent escalation
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Conclusions and way forward . . ¥
The effects of a warming climate AL
ALBATROS

LETTER

Climate change is increasing turbulence*
i European Plan
EUROPEAN PLAN FOR ‘( for Aviation Safety
AVIATION (EPAS)

Peer-reviewed
« Strong and growing scientific consensus that anthropogenic warming is increasing s

in-flight turbulence
e Clear-air turbulence (CAT) shows the most consistent correlation with climate

Incg

>EASA

{

change (2-3x increase by 2050-2080") EASA
Scientific Climate
Committee benchmark

«  Convective turbulence is also likely to intensify

(more frequent severe thunderstorms across Europe by 21002) Annual Report

Key takeaways This study...

Improved detection and forecasting of CAT should be a priority v Establishes a baseline analysis of turbulence,
a@ to mitigate the risk associated with injuries caused by its low enabling future changes in turbulence to be
monitored and tracked over time

predictability and the high level of cabin activity during cruise

Continued advancements of onboard weather radar technology "/ Suppprts ewglence-based SR analygls e .
. : . . decision-making through a comprehensive analysis
will play a key role in adequately managing convective turbulence of turbulence

* General sources: EASA Scientific Committee Annual Report 2025, European Plan for Aviation Safety (EPAS) 2023-2025, IPCC Sixth Assessment Report (AR6)
T Lee, Williams & Frame (2019), Nature; Storer, Williams & Joshi (2017), Geophysical Research Letters
2 Rédler, Groenemeijer, Faust, Sausen & Pugik (2019), npj Climate and Atmospheric Science
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Way forward N e

Fuse data sources
Link ECR, flight data and meteorological data to strengthen turbulence identification and
characterisation

Improve turbulence measurement
Develop EDR-based methods to distinguish atmospheric turbulence itself
from aircraft response to turbulence

Investigate turbulence type, factors affecting the late-cruise peak, injuries, consequential
events and performance of safety barriers in greater depth

Expand dataset and repeat
Use growing D4S dataset to broaden analytical coverage, identify regional trends and
monitor changes over time

Operationalise the findings
The analytics developed in this study should be operationalised as safety performance indicators
(SPIs) within the D4S platform, enabling continuous monitoring at the European level

Encourage airline-level application
The findings of this study serve as a starting point for airlines to review their turbulence risk and assess
the applicability of the methodology within their own Flight Data Monitoring (FDM) programmes
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For sending questions and comments, please use the Slido app or join directly through the
website:

Join at
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Which aspect of turbulence
would you like to
understand better?

In view of future R&D
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For sending questions and comments, please use the Slido app, which is also accessible
through WebEx:

Join at
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A ANYAY
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Scan to join the session
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How relevant was the
content covered today to
your work or interests?
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Conclusions and way forward . ) ¥
Collaboration and data sharing enable safety research ms

SLE e [nprecerentec From research to Interdisciplinary

turbulence data volume and monitorin exbertise
identification diversity g o]

Combining ECR narratives Enabling a first-of-its- Paving the way towards a Bringing together EASA
and recorded flight data kind, large-scale European data-driven European safety expertise, NLR

to capture both reported turbulence study based on safety monitoring scientific and operational
events and measured data from multiple framework expertise and ALG data
aircraft response, which operators analytics/Al capabilities

within a European research

has allowed for a broader
framework

view on turbulence

Supported by * %

x *

*x 3 X The collaboration between ALBATROS and D4S unlocks unprecedented data-
* 04s * driven aviation safety research on in-flight turbulence at European scale

****
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Selection of exposure data

Three candidate exposure datasets were evaluated:

Data Temporal Regional Overflight ECR Conclusi
Volume Scope Scope Coverage Coverage onclusion
57M 1 I o Best
ECTRL il 19-25  EASAMS*  Yes >95% e
ADS-B . 24-'25  Worldwide O % temporal
flights (Possible) (Up to 100%) scope
Variabl Variabl * N 90% Lack of
Eurostat ariable ariable EASA MS o A ek

»x ¥

%
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ALBATROS

EUROCONTROL

offered the best trade-off with

excellent ECR coverage,

adequate temporal scope, and

the inclusion of overflights

)

A

* Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Liechtenstein, Luxembourg, Malta, Netherlands,
Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland
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ECR turbulence identification methodology ms

Apply a structured
query across ECR
attributes

BIAIG [PeTpUI e Dataset validation Turbulence type PEE G|l @it

based on study's : : : dataset for an
scope using LLM and flight phase filters analysis-ready dataset

Perform a keyword
search across free-text
attributes

Restore precision

Maximise recall

>EASA
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ECR turbulence identification methodology ms

Apply a structured
query across ECR
attributes

PRI [Pl Dataset validation Turbulence type BEIE] GBI Gt

SEEIEC O Sl using LLM and flight phase filters da.taset o el
scope analysis-ready dataset

Perform a keyword
search across free-text
attributes

Temporal, operational,

and geographical filters Dataset validation using LLM
Raw data 749,000 occurrences >>/600 occurrences Working ECR dataset
4M occurrences B N
22,004
® . Turbulence-related
occurrences
from 2015-2025

Turbulence type

119,300 occurrences and flight phase filters
«  Query-identified: 36,900 22,004 occurrences

Keyword-identified: 82,400

Turbulence identification

>EASA



Q&A **
Recorded flight data turbulence identification methodology ms

Separate manoeuvres
from turbulence

Detect and classify Aggregate events into
events episodes

Flight-data preparation
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Recorded flight data turbulence identification methodology ms

Aggregate events into
episodes

Separate manoeuvres
from turbulence

Detect and classify

Flight-data preparation
J brep events

0 Flight-data e Detect and classify Working dataset of
preparation events recorded flight data
4.31M flights 734,200 flights C N
Raw data 734.200
4.4M flights !
flights

. ) with
> 827,000

turbulence episodes
from 2023-2025

Separate manoeuvres from turbulence
4.19M flights
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Recorded flight data turbulence identification methodology ms

Flight-data preparation

QUALITY FILTERS

Only valid operational flights are retained

FLIGHT VALIDATION

Flights must contain a complete airborne phase and the data required for analysis

BIAS CORRECTION

A small systematic offset can affect accelerometer measurements. The bias is
estimated during stable flight and corrected throughout the flight

>EASA



Recorded flight data turbulence identification methodology e v

ALBATROS
Separate manoeuvres
from turbulence

TURBULENCE (tf) MANOEUVRE (3f)

VERTICAL ACCELERATION

HIGH PASS FILTER (0.25 Hz)

MANOEUVRE
REMOVED

TURBULENCE

VERTICAL ACCELERATION

;[ EASA
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Recorded flight data turbulence identification methodology ms

Separate manoeuvres
from turbulence

Manual identification

Average
__ Typical maneuver characteristics (lower frequencies)

. Bl —1 _ frequency*
Flight #1 [Hz]

ssure altitude (ft)
8 8 13

28000,

eyl
E100 \\MW‘“AM'W/MW” s “H"‘Www U1 u.mwy‘;‘ﬂmmywmmw’rm it Mwﬁﬂfﬂr‘"ﬁu\;’v""\.}w
:090 E
_________________________________________________ me T oom Manoeuvres . High pass filter (0.25 Hz)

32500

Flight #2 °~

[ Turbulence

[
M‘l\J

DL0{ AR el

o 50 100 150 200 250 300 350 400
Time

* The average frequency is calculated based on a random sample for both groups

s: D2EASA

Fax*
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Recorded flight data turbulence identification methodology e v

ALBATROS
Detect and classify
events
Vertical acc. (Nz) =
| . TURBULENCE
SEVERE [RMSg > 0.3] * (TTTTTTTTT T 1
I 1
I N !
MODERATE [0.2 < RMSg < 0.3] I _ |1 !
| RMSg = |5 Z a? !
| |
| I

LIGHT [0.1 < RMSg < 0.2]

* Airborne Turbulence Detection System
Certification Tool Set (Hamilton &
Proctor, 2006)

RMSg

s: »EASA
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Recorded flight data turbulence identification methodology ms

Aggregate events into
episodes

{ TURBULENCE EVENTS } ) [TURBULENCE EPISODES}
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When physical and reported exposure converge ms

Physical exposure to turbulence by intensity level
Recorded flight data

Light 192.52
Frequency of reported turbulence
Moderate 4.63 ECR data
0.28
turbulence occurrences
Severe 0.24 per 1,000 flights

Frequency per 1,000 flights
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Higher intensity reveals consistent seasonality ms

Seasonal distribution of turbulence encounters per data source
Recorded flight data & ECR data

—eo—ECR occurrences (total) —e—Recorded flight data (severe episodes)

0.35
£
o 03
o
S 0.25
8 02
3
[
2L 0.15
>S5
2
2 01
o
>
2 0.05
(]
>
(on
g 0
L

January February  March April May June July August September October November December
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On-board weather radar and late-cruise peak (1/2)

Traditional / manual radar

Manual antenna tilt and gain management
Crew must adjust the radar settings as altitude, range and flight phase
change to maintain an effective scan ahead.

Greater crew workload during descent

Maintaining appropriate coverage requires active radar management,
particularly as the aircraft transitions from high-altitude cruise to lower-
altitude flight.

More limited high-altitude weather detection

Cold, high-altitude convective cells can become less reflective, making
some weather more difficult to detect without appropriate gain
management.

65521 1asS02
074°/23

.
T | 222 | e 2218 51

27.6m

T

VOR R

¥
AL

ALBATROS

Modern multiscan / automatic radar

Automatic tilt and gain management
Radar systems can automatically adapt scanning and sensitivity based on aircraft
altitude, range and other operating conditions

3D / multi-angle scanning
Multiple scans can be combined to build a more complete picture of weather ahead,
reducing reliance on a single manually selected antenna angle

Temperature-based gain compensation
Modern systems can increase sensitivity at high altitude to account for reduced radar
reflectivity associated with ice-crystal-dominated convection

Reduced reliance on manual radar management
Automation aims to maintain effective weather detection while reducing the crew
workload associated with continuously adjusting radar settings.

NOBN150
2218 .51
39 4m

lllustrative example only: radar displays and
capabilities vary by aircraft, system and operator;
the figure is intended solely to illustrate the
general differences discussed above
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On-board weather radar and late-cruise peak (2/2)

Probability density

»x ¥

%
TR

ALBATROS

B737 MAX, A320 NEO
Newer generation models

(n = ~22,000 episodes)

0.010/ /\ 0.010
|
0.008 2 0.008
[7)]
C
S
0.006 0.006
B737, A320 ) 2
) 3
0.004] Older generation models ® 0004
S
. a
0.002. (n = ~54,000 episodes) 0.002
0.000+ 0.000
0 20 40 60 80 100 0 20

Cruise progress (%)

40 60
Cruise progress (%)

v Aircraft type used as a proxy for the actual radar weather installation
v' Same data processing for both generations

v Large sample sizes: 54,000 and 22,000 turbulence episodes during cruise, respectively

80

100

>EASA



»x ¥

Geographical distribution NS
ALBATROS

Clear air turbulence occurrences Convective turbulence occurrences
ECR data ECR data

W19 W34
" REY W 239
W 099 W 163
M 050 W o0ss
' moo2 W o.12

Note: Normalisation is done per 1,000 occurrences reported in each state

*x* -
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Short vs. long-haul operations

Turbulence type by route type

ECR data
Long-haul 35%
0% 100%

B Clear Air Turbulence (CAT) = Convective Turbulence

Intensity level by route type
ECR data

Long-haul 44% 44%
Short-haul 36% 45%

0% 100%
B Severe M Moderate ™ Light

»x ¥

%
TR

Injury severity level by route type
ECR data
Long-haul 84%
0% 100%
M Serious B Minor No Injuries Reported
67%

of turbulence-related occurrences
are short-haul flights

>EASA
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Injury location N
ALBATROS

Injury location Cabin crew: Injury location
ECR data ECR data
50%
I M Serious ™ Minor
S ., 40%
5 &
S %g 30%
(8]
3.78 L0, 35 am
‘ S 10%

16.12%

81.15% 18.85%

1.60% 1.14% 2.35%
m - : 1.38% : 1.21% : 0.87%
6300 4.79%

%
2.
ﬁ_ 0.86%
\ 0.59% 0%
Galley Aisle Passenger Other Door/Boarding Crew Rest Area  Lavatory

0.43% Seating Area Area

Passengers: Injury location

ECR data
Not Reported m Galley 50%
m Passenger Seating Area = Aisle 0% W Serious M Minor
m Other m Lavatory D
O n
. c o 30%
m Door/Boarding Area m Crew Rest Area 25
3£ 20%
3£
. 0/0 . 0
3 14.04% -/ 072% 027
. 0.18%
N - W 045% | 018% pagsogy
Galley Aisle Passenger Other Door/Boarding Crew Rest Area  Lavatory

Seating Area Area
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Consequential events s g
ALBATROS

Rate of consequential events by 1,000 turbulence episodes*
Recorded flight data

o5 P4.647
o
@ 204
()
o
© 15
—
]
o 10 T
0]
T 54
o
o 0,829 0.261 0.246 0.076 0.031 0.025 0.014 0.011 0.006 0.006 0.002 0.002 0.001
0.017 TCAS RA 9 o
0.018| Flight envelope protection limits
0.057| Aircraft upset .
0.364| Passenger discomfort .
1.086' Overspeed .
25.016_ AP disengagement .
25 0
Rate per
1,000 ep.

* Vertical bars show rates of combined consequential events, bars on the left show aggregated rates per consequential type
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Autopilot disengagements AL

ALBATROS
Breakdown of autopilot disengagements by number of disengagements
Recorded flight data
1.18% v' 75% of episodes involve a single AP

disengagement

v' 25% involve repeated disengagements,
1 disengagement with the AP re-engaged and subsequently
disengaging again

" 2 disengagements v" Further investigation could explore AP

behaviour, operational procedures and
pilot response

= 3 disengagements

v' The data cannot distinguish manual
disengagements from automatic system-
triggered events

4 or more

disengagements

74.75%

AP Disengagement

>EASA
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Overspeed events s g
ALBATROS

Increase in calibrated airspeed (CAS) and Mach number in overspeed events Breakdown of overspeed events by flight phase
Recorded flight data Recorded flight data
Light Light
0.071 —— Moderate + severe 251 —— Moderate + severe
0.061 50
>
0.051 @
< 15; .
0.041 > 41.38% Climb
%
0.031 | .
5; 10 m Cruise
0.02] o |
5] 49.05%
0.011 0 m Descent
0.00 | 0/
5 10 15 20 25 30 35 0.02 0.04 0.06 0.08 0.10 0.12
A CAS: max during episode — mean before episode (kt) A Mach: max during episode — mean before episode

N = 899

detected overspeed events
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Aircraft upsets AL
ALBATROS

Types of aircraft upset** Breakdown of aircraft upsets by flight phase
Recorded flight data Recorded flight data

22 2.13%

N
o
L

17.02%

(=)
w
|

Initial climb

38.30% = Climb

[
o
L

m Cruise

m Descent
. 1 38.30% = Approach
0 |

Pitch down

Number of upsets caused
by specific combination
w

Aircraft upset bounds*
/ N

4.26%

Bank right o I Roll Pitch

Bank left .
Pitch up .

Aircraft Upset

-

* Based on EASA and FAA definitions
* Vertical bars show number of upsets caused by each combination of attitude excursion. Lateral bars show total number of upsets by type of aircraft upset




Probability density
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Extreme load events

Probability density of the minimum and maximum Nz value
by intensity*

Recorded flight data

T T
! !
! i
| |
-1.0g ; 0.0g | i
(n=3) . (n=165) : - (n=143) - (n=12)

— Max Nz -- Min Nz

Light — Max Nz (n=807,378)

Light — Min Nz (n=807,378)
——— Moderate — Max Nz (n=19,431)
— — Moderate — Min Nz (n=19,431)
—— Severe — Max Nz (n=994)
— = Severe — Min Nz (n=994)
— -~ Flight Envelope Protection Limits
—-= Passenger Discomfort

e -

—f————— e

1
—
o
]
[N]
w

Nz raw (g)

Lower
Bound

Passenger

Discomfort

Flight Envelope
Protection Limits

-

* Vertical bars show the four extreme load thresholds
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Average time below (left) and above (right) the load
thresholds for episodes that exceeded them at some point [s]
Recorded flight data

Passenger

3.14 0.71 | ™ Above Positive

Discomfort Threshold

M Below Negative
Threshold

Flight Envelope

0.48 0.45

Protection Limits
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Limitations

=,

—, ECR safety occurrences
—

»  Subjectivity in reported turbulence intensity and type
(consequences, individual reporting biases)

* Incomplete taxonomy fields and narrative information

* Uncertainty in automated classification and data enrichment
Over 99% agreement on manual validation, but no systematic
validation

* Reported consequences cannot always be attributed solely to
turbulence
Other contributing factors limit causal interpretation

» Limited representativeness of the ECR sample
Broad European coverage, not representative of all regions/operators

¥
AL

ALBATROS

% Recorded flight data

Limited representativeness of the recorded flight data sample
Overwhelmingly short-haul, narrow-body operations

Intensity represents aircraft response rather than atmospheric
turbulence (RMSg is not an aircraft-independent measure of
atmospheric turbulence)

Absence of meteorological context prevents reliable classification of
turbulence type and independent validation of meteorological
mechanisms

Limited availability of aircraft parameters
Lack of control-surface deflections, angle of attack, and pilot inputs
limit the analysis of consequential events

Potential overlap between turbulence and aircraft manoeuvres.
High-pass filtering may not be able to fully separate turbulence-
induced acceleration from residual manoeuvre-related dynamics
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The EU Safety Risk Management (SRM) Process NS

patadSafety

Discovery

5. Safet: \
performagce 1. Identification

measurement - of safetyissues

Common objective

Improve

SLEEEEC  gviation safety |2 Assessment
and follow-up of safety issues

3. Definition and
programming of
safety actions

ALBATROS

Analytical outputs from D4S and/or related research studies naturally connect
with EU SRM steps, but defining the interaction model is key to clarifying
how both processes contribute and interact

By leveraging multi-source data, studies can generate evidence on exposure,
precursors and barrier performance to support EU SRM assessment and
monitoring, making a defined interaction model key to structuring this
contribution

The ALBATROS directed study on in-flight turbulence represents a practical
application of how Data4Safety and research activities can complement the EU
Safety Risk Management process, delivering the evidence and analysis required for
the assessment of the safety issue addressed in Step 2 of the process
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