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Background contrail photo taken by F. Yu on January 11, 2023 
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https://www.youtube.com/watch?v=vuZhkaJzSHE

Alternative Fuel Effects on Contrails and Cruise 
Emissions Study (ACCESS) (Moore et al., 2017)



How measurements combined with theoretical study and numerical modeling

can advance process-level understanding and prediction capability

From Schumann 
et al., 1996

Yu, 1998, Ph.D Dissertation: “A Study of the Formation and Evolution 
of Aerosols and Contrails in Aircraft  Wakes: Development, Validation 
and Application of an Advanced Particle  Microphysics (APM) Model”



Chemi-ions are important for volatile  
particle formation (Yu and Turco, 1997;  Yu 
et al., 1998, 1999)

Data from SULFUR-5 (Schröder et al., 1998)  

Figure from Yu, Turco, Kärcher, and Schröder, 1998



Organic species can be essential  
in volatile particle formation and  
growth, especially when fuel sulfur  
content is low.

FSC = 20 ppm



Ø Volatile plume and ambient particles compete with soot 
particles for the formation of contrail ice particles. 

Ø Contrail ice formation is dominated by soot particles in 
soot-rich regime but by volatile particles in soot-poor 
regime at T well below the contrail formation threshold T. 

Kärcher, Nature 
Communications, 2018

How good is
the model
prediction?
What are
uncertainties?



An updated plume aerosol and contrail microphysics (ACM) model

Yu and Turco, 1997, 
1998a, 1998b, 1999; 
Yu et al., 1998, 1999; 
Turco and Yu, 1997, 
1998, 1999. Kärcher
et al., 1998, 2000; 
Kärcher and Yu, 2009

Particle formation and evolution in aircraft exhaust plume
Yu and Turco, 2000, 2001

Ions and particle formation in ambient air

Second-generation IMN model
Third-generation IMN model: Ternary IMN

Yu, 2006
Yu et al., 2018

Nadykto and Yu, 2003, 2004a,b;
Yu, 2005a,b

Yu, 2007

Nadykto et al., 2008a,b,c; 
2009a,b; Herb et al., 2011, 
2013 

Solar-Geoengineering
SAFs/hydrogen/Contrail https://www.albany.edu/~yfq/publication.html



Yu, F., B. Kärcher, and B. E. Anderson, Revisiting contrail ice formation:
Impact of primary soot particle sizes and contribution of volatile
particles, Environmental Science & Technology, under review, 2024.

Applications of updated plume aerosol and contrail  microphysics (ACM) model



Voigt, C., Kleine, J., Sauer, D., …, and Anderson, B. E.: 
Cleaner burning aviation fuels can reduce contrail 
cloudiness. Commun Earth Environ 2, 114 (2021).

ECLIF (Emission 
and CLimate Impact 
of alternative Fuels)

ECLIF campaigns 1-2

ECLIF campaign 3



Cases 1 2 3 4 5 6
ECLIF1 ECLIF1 ECLIF2 ECLIF2 ECLIF3 ECLIF3

Source aircraft Airbus A320 Airbus A320 Airbus A320 Airbus A320 Airbus A350 Airbus A350
Fuel 100% Jet A-1 59% JetA-1 + 

41% FT-SPK
51% JetA-1 + 

49% HEFA-SPK
70% JetA-1 + 

30% HEFA-SPK
100% Jet A-1 100% HEFA-

SPK
H (km) 10.67 10.364 9.726 9.656 10.626 10.621
Tamb (K) 215 220 218 216 213.3 213.8
RHi (%) 120 111.5 120 110 108 107.5
Vplane (km/h) 802.75 716.3 938.6 938.6 1044.81 1052.22
FFR (kg/h) 1180 820 1132 1091 2700 2751.3
FSC (ppm) 1350 570 70 4.1 211 7
EIH2O (kg /kg-
fuel)

1.227 1.283 1.287 1.297 1.258 1.35

EIsoot (1015 

#/kg-fuel)
4.9±0.6 2.5±0.2 2.7±0.6 2.3±0.6 0.95±0.3 0.61±0.07

EIice (1015 #/kg-
fuel)

4.2±0.6 2±0.2 2.3±0.2 1.1±0.4 0.78±0.4 0.34±0.15

Fice 0.86±0.23 0.80±0.14 0.85±0.26 0.48±0.30 0.82±0.68 0.56±0.31

Table 1. Ambient and aircraft conditions and measurements for the six case study of ECLIF 
campaigns reported in this work. (Data mostly from Voigt et al., 2021 and Markl et al., 2023).



Some soot particles didn’t
form contrail ice particles:
Why?

Kelesidis et al., 2023

Activation of soot particles is decided by the sizes 
of primary soot particles



Dependence of apparent contrail ice  
EI on EIsoot under ECLIFs conditions

The range of conditions for volatile 
nanoparticles to contribute significantly 
to the contrail ice number budget is 
wider than previously found.Kärcher and Yu, 2009



ecoD

VOLCAN

'VOL avec Carburants Alternatifs Nouveaux' (VOLCAN)

Boeing’s ecoDemonstrator program

https://www.dlr.de/en/media/videos/video-
volcan-project

https://www.boeing.com/sustainability/environment
/ecodemonstrator

Yu et al., EST under review, 2024

Personal communication with B. Anderson, C. Voigt, and R. Moore 



Summary 
Ø The aviation industry is actively pursuing new engine 

technologies and aviation fuels to achieve net-zero carbon 
emissions by 2050. There is an urgent need to understand 
the formation of nanoparticles under various scenarios and 
their implications for non-CO2 climate impacts.

Ø The activation of non-volatile soot particles during contrail 
formation is likely determined by the sizes of primary soot 
particles rather than the effective sizes of soot aggregates.

Ø The range of conditions for volatile plume particles to 
contribute significantly to the contrail ice number budget 
is wider than previously found.






