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Contrail and cirrus that evolve from contrails represent the largest share of the climate 
impact from aviation, even larger than the contribution from CO2. In order to reduce this 
climate impact and the uncertainties related to it, the fundamental science of contrails and 
their impact on the atmosphere from a present and future aircraft fleet needs to be based on 
accurate and reliable airborne measurements.  
Research at DLR has focused on the detection of contrails in a suite of measurement 
campaigns in the past decade. Different evolution stages of contrails from the first second 
behind the aircraft until they evolve into contrail cirrus have been measured with national and 
international partners like NASA and NRC. We present recent results on contrail properties 
measured with DLR’s unique research aircraft fleet. The observations are further used to 
guide model evaluation from the plume to the global scale. 
While new carbon-free technologies like hydrogen powered engines now come into 
perspective, their impact on contrail formation is largely unknown. We will comment on the 
importance of airborne measurements of these new type of contrails, the challenges and 
potentials that come with it to frame a sustainable future air traffic. 
Dr. Tina Jurkat-Witschas is Project Leader of the DLR Research Group H2CONTRAIL and Prof. Dr. 

Christiane Voigt is Head of Department Cloud Physics at the DLR and Professor at the University of Mainz. 
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Outline

• Motivation: Why do we care about contrails?

• How do contrails form?

• How do we detect contrails and their microphysical properties at different evolution stages?

• How can we reduce the climate impact from contrails?

• Outlook: 

How much do we know about contrails from H2 combustion and H2 fuel cell electric power? What are the 
needs from the research perspective?



> Detection of contrails – challenges and future perspectives > tina.jurkat@dlr.de •   RAeS > 09 Juni 2022DLR.de  •  Folie 3

The climate impact of aviation - today

• The global effective radiative forcing (ERF) from aviation in 
2018 was about 100 mWm-2 ; which is 3,5% of the total ERF

• The larges share comes from non-CO2- effects which 
comprise about 2/3 of the total ERF

• Contrails and Contrail Cirrus (57%) have the largest 
contribution 

• Uncertainties of the non-CO2 effects are 8 times larger than 
the CO2 effect

• Contrails have the potential to immediately reduce the 
climate impact from aviation!Adapted from Lee et al., 2021



Formation of contrails : the micro scale

Adapted from Kärcher, 
Nature Communications, 2018
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Direct emissions: 
soot, CO2, H2O, NOx, 
SO2, Hydro Carbons, 

volatile aerosol
particles…

Droplets freeze and 
form ice particles

Water droplets form 
on soot particles

Ice particles grow due to uptake of
ambient water vapor

TEMPERATURE~550K -220K Depending on atmos. 
Conditons: a fraction of ice
particles will sublimate

Vortex
PhaseJet  Phase Wake vortex 

phase
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See also presentation from Ulrike Burkhardt, RAeS, 02.12.2021 

Recap:
Principles of contrail
formation

Schmidt- Appleman
Criterion
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Contrail and Contrail Cirrus properties during aging
Vortex
Phase

Dispersions Phase:
formation of contrail cirrus

0 – 10
seconds

1 – 4
Minutes Minutes to Hours

Jet
Phase

Climate relevance

Ice particle size



→ Number, size and shape of the contrail ice particles are climate important parameters!
→ Size and Life cycle of contrails has an impact on the radiation budget

DLR.de  •  Chart 7

Micro- and macrophysical properties of contrails matter!

Schumann et al. 2012

spherical Non-spherical

Thin contrail Thick contrail
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Micro-physical properties:

number densities and size 
distribution

extinction

Macro-physical properties:

width, depth, 
life time

Optical depth
𝜏 = 

𝑧

𝑟
𝑄𝑒𝑥𝑡𝐴 𝑟 𝑛 𝑟 𝑑𝑟𝑑𝑧
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Outline

• Short introduction: Why do we care about contrails?

• How do contrails form?

• How do we detect contrails and their microphysical properties at different evolution stages?

• How can we reduce the climate impact from contrails?

• Outlook: 

How much do we know about contrails from H2 combustion and H2 fuel cell electric power? What are the
needs from the research perspective?
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Contrail and Contrail Cirrus properties during aging
Vortex
Phase

Dispersions Phase:
formation of contrail cirrus

0 – 10
seconds

1 – 4
Minutes Minutes to Hours

Jet
Phase

DLR
Dassault
Falcon 20

DLR
Gulfstream
HALO
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Contrail and Contrail Cirrus properties during aging: Measurement platforms
Vortex
Phase

Dispersions Phase:
formation of contrail cirrus

0 – 10
seconds

1 – 4
Minutes Minutes to Hours

Jet
Phase

DLR
Dassault
Falcon 20

DLR
Gulfstream
HALO

• Range: 3500 km, 5 flight hours
• Altitude: certified for 12.8 km  
• Maximum payload about 2 tons

• Range: 10000 km; more than 10 flight hours
• Altitude: certified for more than 15 km 
• Maximum payload of 3 tons→ 25 to 30 instruments
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Measurement of contrails with the DLR-Falcon

Wing pod: Ice particle measurement

Inlet for CO2, Aerosol, NOx measurements

Temperature sensors
Humidity sensors
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Instruments for measurements of contrail ice particles: light scattering

© DMTContrail ice particles

Backward scattered light:
shape of ice particles

Forward scattered light:
sizing and counting of ice particles
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Instruments for measurements of contrail cirrus ice particles: imaging

1.
28

 m
m

Contrail cirrus ice particles
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DLR Instruments for measurements of contrail ice particles: full size spectrum

Early contrail Contrail cirrus
Vortex
Phase

Dispersions Phase:
formation of contrail cirrus

Jet
Phase
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Detection of contrail ice particles: the jet regime
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DLR Falcon 20
ACCESS-2:  Alternative Fuel Effects on Contrails and Cruise Emissions Study
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DLR Falcon 20

Detection of contrail ice particles:
the jet regime

AEI= Apparent Ice Emission Index
→ number of ice particles formed per kg burned fuel

The Jet regime:
Inhomogeneous, turbulent region behind aircraft where
the contrail forms

→ High resolution measurements are needed to
resolve the contrail structure and evolution

Jurkat-Witschas et al., in prep

Detection of contrails – challenges and future perspectives > tina.jurkat@dlr.de •   RAeS > 09 Juni 2022



DLR.de  •  Folie 17

ECLIF/NDMAX: Contrail of the ATRA (A320) measured by the DLR-
Falcon and the NASA-DC8

Kleine, et al., 2018

AEIice+EISoot =AEItot

Detection of contrails : the vortex phase

DLR-ATRA

NASA-DC8
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Detection of contrail cirrus and natural cirrus – the dispersion phase:
HALO campaigns ML-CIRRUS and CIRRUS-HL

Voigt et al., BAMS, 2017
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CIRRUS-HL - Advancing our understanding of cirrus 
in high and mid-latitudes and aviation impact

Coordination: Voigt and Jurkat-Witschas
Participants: DLR, 4 universities, 4 research centres, 
> 100 participants

www.cirrus-hl.de

http://www.cirrus-hl.de/


CIRRUS-HL 
in a nutshell

146 h in total
25 h in-situ cirrus data
~25 h cirrus remote sensing
36 to 76°N, 8 to 14 km
210 < T



Objectives of the campaign

21

(1) Understand the formation, microphysical properties and 
radiative impact of high and mid-latitude cirrus  
→ Do we see an aviation impact on the cloud properties?

(2) Investigate cooling daytime contrails (in contrast to 
warming night time contrails)

(3) Advance weather, cloud and global models
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Cabin instrumentation CIRRUS-HL

Comprehensive aerosol – water vapor –trace gas - ice particle – radiation payload!
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HALO- Instrumentation for studies of contrail and contrail cirrus :
state of the art cloud probes and water vapor instruments

23

Arctic cirrus ice particles
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Higher ice crystal numbers in mid-latitude cirrus
Aviation impact?

mid
latitudes

high latitudes

mid latitudes

high latitudes

CCP/PIP: De la Torre Castro, Hahn, Moser, Jurkat-Witschas, Voigt, DLR, Uni Mainz

Ice number concentrations in cirrus Particle size distributions
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Measurement of the day vs night time radiative properties of contrail cirrus

Day Night
Lidar and radiation above contrail ci.

In-situ in contrail cirrus

Radiation below contrail cirrus

Contrail
cirrus cluster
predicted
with CoCIP

Day 

Night 

Aim: probe a contrail cluster during day and night

Lidar
(Wirth et al.)

In-situ
(De la Torre et al.)



Contrail particle measurements with the BCPD
• Backscatter Cloud Probe with Polarization Detection   

- particles in the size range 2-50 µm measured by scattered light in the 145° angle 
- Polarisation measurements to detect the phase of particles 

• Advantage: no drag, low weight, window mounted, easy to operate 

Measurement of small cloud particles: (supercooled droplet) icing conditions, contrails 
and contrail cirrus at flight altitude

BCPD

CDP © DMT

Example of detection of contrails and contrail cirrus with BCPD 
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Outline

• Short introduction: Why do we care about contrails?

• How do contrails form?

• How do we detect contrails and their microphysical properties at different evolution stages?

• How can we reduce the climate impact from contrails?

• Outlook: 

How much do we know about contrails from H2 combustion and H2 fuel cell electric power? What are the
needs from the research perspective?
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Relationship of emitted soot particles and nucleated ice crystals

• Soot-rich regime:

- nucleated ice crystals per kg of burned fuel is
linearly dependent on the number of emitted
soot particels per kg of burned fuel

- number of nucleated ice crystals depends on 
ambient temperature below the contrail
formation temperature

• at low ambient temperatures: 
every soot particle forms one ice crystal

Adapted from Kärcher, 
Nature Communications, 2018
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Relationship of emitted soot particles and nucleated ice crystals

• Soot-poor regime:

- at temperatures near the theshold formation
temperature Θ:

- number of nucleated ice crystals depends on 
ambient temperature below the contrail
formation temperature

Adapted from Kärcher, 
Nature Communications, 2018
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Cleaner burning jet fuels reduce contrail cloudiness

The use of sustainable aviation fuels with 
low aromatic content leads to 

• Reduction in soot particles number

• Reduction in initial ice particle number

• Increase in ice particle diameter

• Reduction of contrail cirrus life time 
and optical depth

1 10
0

1

2 Alternative Fuel
Jet A1 Ref2; Deff = 1.9 mm

Reference Jet A1 Fuel 

 SSF1; Deff = 2.7 mm
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Ice particle diameter Dp (mm)

Contrail ice crystal size distribution

Voigt et al., Nature Comm EE, 2021

See also presentation from Christiane Voigt, RAeS, 28.04.2022 

Moore et al., Nature, 2017

Jet A 
HEFA blend

Soot size distribution
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Impact of the initial contrail ice particle number on the global radiative
forcing of contrail cirrus

• Reduction in initial ice particle number reduces the radiative
forcing from contrails on global and on the local scale

• Contrail coverage and optical depth is reduced

• Largest effects are seen in ice supersaturated regions and in 
the North Atlantic Flight corridor

• Contrail cirrus life time is reduced by 4 to 5 hours compared
to present fleet

• A reduction of 80% of the initial contrail ice number reduces
the global radiative forcing by 50%

Burkhardt et al., NPJ Climate and Atmospheric Science, 2018

Main questions: How and in how far can the initial 
contrail ice number be reduced ?

High soot

Low soot

Normalized initial ice particle number

N
or

m
al

iz
ed

R
F
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Outline

• Short introduction: Why do we care about contrails?

• How do contrails form?

• How do we detect contrails and their microphysical properties at different evolution stages?

• How can we reduce the climate impact from contrails?

• Outlook: 

How much do we know about contrails from H2 combustion and H2 fuel cell electric power? What are
the needs from the research perspective?



H2 contrails : The next generation contrails
>DLR.de  •  Folie 33
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https://www.zeroav
ia.com/about-us https://de.deutscheaircraft.com/news

https://www.dlr.de/content/en/articles/news

https://www.airbus.com/en/innovation/
zero-emission/hydrogen/zeroe
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Linking high resolution models 
and measurements to answer:

How and where do H2 contrails form?
What are their properties ?
How are climate relevant parameters modified?

DLR-research group H2CONTRAIL: 
Impact of H2-based engines on contail properties

Contact   tina.jurkat@dlr.de and simon.unterstrasser@dlr.de

mailto:tina.jurkat@dlr.de
mailto:simon.unterstrasser@dlr.de
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Linking high resolution models and measurements :

H2 combustion
chamber simulations

Modelling of
contrails from H2-

engines

Designing instruments and 

H2 contrail measurements
in demo mission

Derive climate relevant 
parameters

Scale to large jet
aircraft
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Contrail properties from H2 combustion

Kerosene combustion

Soot and volatile particles

H2Ogas
NOx

Ambient aerosol

But: Measurements and model studies are needed to prove theory and
to perform a valid climate impact assessment !!

?

Aircraft 
emissions

Ambient
aerosol

Hypothetical picture:
H2 combustion 

Example of aerosol
variability in the atmosphere
vs aircraft plumes
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Research needs on contrails from H2 combustion for a future climate impact
assessment
According to theory, H2 combustion has the potential to reduce the contrails optical properties & life time 
and thus reduce the climate impact from aviation

?

?

?

Modified Lee et al (2021)

But: Measurements and model studies are needed to prove theory and
to perform a valid climate impact assessment !!

Required:
use of green hydrogen!



Contrail properties from H2 fuel cells

Kerosene combustion

Soot and volatile particles

Ambient aerosol

But: Measurements and model studies are needed to prove theory and
to perform a valid climate impact assessment !!

H2Oliq
H2Ogas

?
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Hypothetical picture:
H2 Fuel Cell
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Theory of contrail formation altitude from H2 combustion and H2 Fuel Cells 

Gierens, Aerospace, 2021

• Contrail formation altitude for 

• LH2 combustion 
• H2 Fuel cell powered engine

• But contrails from fuel cells will most likely be 
- optically thinner
- have shorter life times 
- and are recommended for use in aviation from 
the climate perspective

• Fuel cells have no NOx and no CO2 emissions
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New set of DLR- instruments for H2 contrail detection in demo missions

H2 contrail ice particles
© Jurkat-Witschas, Voigt

NOx measurements
© Roiger, Stock, Harlass

aerosol and trace gas measurements
© Sauer, Heckl, Stock, Neumann

H2O measurements
© Marsing, Kaufmann, Voigt

Airborne instrumentation 
adaptable to different aircraft, 

speed and altitude ranges



DLR provides expertise on contrail measurements
and modelling on multiple scales

Contrail and emission
measurements

High resolution
models

Satellite
Measurements

Regional and global 
models

 

  

 

Abbildung 1: (oberer Teil) schematische Darstellung der Verfolgungsflüge zur Messung von Emissionen und Kondensstreifen eines 

Turbopropflugzeugs mit einem für die Wasserstoffverbrennung geeigneten Triebwerk, (mittlerer Teil) Verbrennungssimulation in 

einem zweistufigen FLOX®-Brennersystem, Schemaskizze der geplanten Arbeiten, Abgasanalytikaufbau im Labor, (unterer Teil) Kette 

an hochaufgelösenden LES-Simulationen zur Abdeckung der drei Kondensstreifen-Regime: Jetphase, Wirbelphase und 

Dispersionsphase. 

 

MSG Satellite

Contrail prediction

Global Models

LES 

Airborn
measurements
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Thank you for your attention!

tina.jurkat@dlr.de
christiane.voigt@dlr.de

With contributions from
Ulrike Burkhardt, Simon Unterstrasser, Elena de la Torre Castro, Johannes Lucke, Martin Wirth, 
Klaus Gierens and the CIRRUS HL team

mailto:tina.jurkat@dlr.de
mailto:christiane.voigt@dlr.de
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