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Earth:      1bar, 300K, N2, O2 

Venus:   92bar, 700K, CO2 

Callisto:   <10-11bar, CO2 

Titan:      1.5bar, 94K, N2 

Mars:        6mbar, 200K, CO2 

Mercury:   exosphere (traces of Na) 

Diversity of Atmospheres 



Classification of Atmospheric Loss Processes 

 
Loss to Space: 

Escape 

Loss to Surface: 
Sequestration 

 

Thermal Non-Thermal 

● Jeans ● Pickup 

● Chemical ● Hydrodynamic 



Jeans Escape vs. Hydrodynamic Escape 

Jeans 

Hydrodynamic 



 
vesc 

(300 K) 

(1000 K) 

                     
particle number 

T = 300K                      

T = 1000K                      

                   

particle velocity 

Jeans Escape vs. Hydrodynamic Escape 

Escape velocity: 

Peak velocity: 



Escape Velocity vs. Peak Velocity 

● Escape velocity: 
 

● Earth:   11 km/s 
● Venus:  10 km/s 
● Mars:      5 km/s 
● Titan:   2.1 km/s 
● Pluto:   1.2 km/s 
● 67P/CG:   1  m/s 
 

 

 

● Peak velocity 
 

● H,   300K:    2 km/s 
● H, 1000K:      4 km/s 
● N2,  300K:   0.4 km/s 
● N2,  100K:    0.2 km/s 
● CO2,100K:  0.16 km/s 
● CH4,  50K:    0.2 km/s 
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Thermal Escape at Earth: Jeans, H 
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[Catling & Zahnle, 2009] 

● Today: Only H Jeans Escape  
 

● Earth: 3 kg/s = 3 1027 /s 
● Mars: ~ 1026 /s  

● Venus: << 1026 /s 
 

 



Jeans Parameter λ0 

[Volkov et al, 2008] 



Hydrodynamic Escape 
[Vidal-Madjar et al.; Nature, 2003] 

● Not in our planetary system 
 
● Young Earth, Mars, Venus 
 
● Comets: 1024 ….. 1028 /s 
 
● HD 209458b: 1036 /s = 109 Kg/s (H) 
 
● Sun: 1036 /s (106 metric ton/s) 



Solar Hydrodynamic Escape: 

Solar Wind 

 
  Atmosphere = Corona:Tcorona ~ 106 K 

 
 Parker model 

 
 1036 /s  ~ 1 Megaton / s 
 
 

[http://sohowww.estec.esa.nl/] 



 Pickup 

● Interaction of Solar Wind with ionospheric ions 
 
● Pulling out and incorporating ions in the Solar Wind 

 
● Electromagnetic plasma effect 
 
● Collisionless  

 
● Operating where Solar Wind overlaps ionosphere 
 
● Nearly no pickup at Earth  
  
● Pickup at Mars, Venus, Pluto, Titan 
 
● Pickup at comets,  but …. 



 Pickup at Mars vs. comets 

● Mars has a hydrodynamically stable atmosphere/ionosphere 
 
● Without Solar Wind no loss 

 
 
 
● Comets have hydrodynamically unstable atmospheres/ionospheres 
 
● Without Solar Wind it would be lost nevertheless 

 
● Pickup at comets is a subsequent process but not the primary loss process 



 Pickup of test particles from point source 

vsw 

B 

E 

Solar wind density         

● 

Pickup ions, point source (weak comet)          



 Pickup at Mars 

[Boesswetter & Motschmann, 2010] 



 Pickup at Mars 

Integral flux (O+, O2
+ , CO2

+ ) 
 

MEX at solar minimum 

[Boesswetter & Motschmann, 2010] 



 Pickup at Mars 



Loss by  

Pickup at Mars 

River delta in Nepenthes Mensae 
[www.dlr.de] 



 Loss by Pickup at Mars 

[Boesswetter & Motschmann, PSS,2010] [Ribas et al., ApJ, 2005] 



 Pickup at Venus 

[Martinecz & Motschmann, JGR, 2009] 

● O+ loss rate: 9x1025 /s 



 Pickup at Venus 

[Lammer et al., PSS, 2006] 



 Pickup at Pluto 

● New Horizons: 
   Pluto flyby 14 July 2015 



Pluto‘s atmosphere 

 Tenuous atmosphere: N2, CH4 

 Pressure: 1 Pa (10 µbar) 

 Upper atmosphere extremely cold: 70 K 

 g = 0.6 m/s2 (1/16 of Earth) 

 Vescape = 1.21 km/s 



Pluto‘s atmosphere: neutral density profiles 

 Nitrogen, Methane as major components 

 Ethine, Ethene as minor components 

[Gladstone et al, Science,  2016] 



Ionization of atmospheric molecules 



- 

Pickup of newborn Plutogenic ions 



Pickup of  

newborn  

Plutogenic  

ions 

[Feyerabend et al, JGR, 2017] 

● CH4
+: 3 1023 /s  ~    8 g/s  

● N2
+:   4 1024 /s  ~ 187 g/s 

● CH4: 5 1025 /s  ~ 1.5 µm ice/Pyr → 28 m ss age 
● N2:      1023 /s  ~    3 nm ice/Pyr → 6 cm ss age 

Thermal escape 
[Gladstone et al,   
Science, 2016] 



Gas transfer from Pluto to Charon 

[Grundy et al, nature, 2016] 

http://pluto.jhuapl.edu/Multimedia/Science-Photos/image.php?gallery_id=2&image_id=209 

http://pluto.jhuapl.edu/Multimedia/Science-Photos/image.php?gallery_id=2&image_id=209
http://pluto.jhuapl.edu/Multimedia/Science-Photos/image.php?gallery_id=2&image_id=209
http://pluto.jhuapl.edu/Multimedia/Science-Photos/image.php?gallery_id=2&image_id=209


 Pickup at Titan 

● N2
+:   3 1026 /s ~ 14 kg/s 

● CH4
+: 6 1024 /s ~ 160 g/s 

● H2
+:   3 1023 /s ~    1 g/s 

[Feyerabend et al,  PSS, 2015] 

● H2:   1028 /s (thermal loss [Strobel & Cui, 2014]) 



Chemical Escape 

Species may be lost  
by chemical reaction 

Example:  
Chemical processes  
in Titan‘s atmosphere 

[Feyerabend et al,  PSS, 2015] 



 Summary 

 Atmospheres of planetary bodies may be lost by thermal or non-thermal escape 
 
 Atmospheres of planets and moons in solar system are hydrodynamically stable 
 
 Hydrodynamically unstable atmospheres at comets, hot jupiters 
 
 Pickup as major non-thermal loss process for unprotected atmospheres 
 
 Pickup in competition to Jeans escape for heavy species 
 
 Atomic hydrogen lost mainly by Jeans escape 
 
 General conclusions are difficult because of diversity of atmospheres 
 

 


