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Insola'on against escape velocity for planets
Zahnle & Catling, 2017

Atmospheres are found where gravity is high and insolation is low. 

empirical 𝐼𝐼 ∝ 𝑣𝑣!"#$ power law

Filled circles: Atmosphere is present
Open circles: Atmosphere is absent



Vola'le species on the 
terrestrial planets

• The amount of H2O on Venus is 1000-10000 
4mes smaller than that of Mars and Earth.

• The amounts of CO2 and N2 on Mars are 1000 
4mes smaller than those on Earth and Venus.

Chassefiere et al. (2007)

Venus     Earth      Mars



Escape processes
Thermal escape 熱的散逸
• Jeans’ escape

– Individual molecules in the high tail of the velocity distribu4on may 
reach escape velocity, at a level in the atmosphere where the mean 
free path is comparable to the scale height, and leave the atmosphere.

• Hydrodynamic escape
– Hea4ng by solar EUV（extreme-ultraviolet） radia4on leads to 

expansion of the thermosphere to high al4tudes. 
– Popula4on of  light species such as hydrogen in the upper atmosphere 

leads to expansion of the thermosphere to high al4tudes.
– Under such condi4ons, the pressure gradient pushes the atmosphere 

to interplanetary space. Because of the decrease of the gravita4onal 
accelera4on at far distances, the atmosphere escapes as a fluid. 

Nonthermal escape 非熱的散逸
– Dissocia4ve recombina4on
– Charge exchange
– Pick-up
– SpuNering



Thermal escape

Catling & Kasting (2017)

Jeans' escape

Hydrodynamic escape



Jeans escape

The condi4on for the escape to space of a molecule with mass m against the 
gravita4onal poten4al is

where v is the radial velocity and r0 is the radial distance from the center of the 
planet. Then the escape velocity vesc is obtained as

The high-energy tail of the Maxwellian distribu4on of the velocity distribu4on 
sa4sfies this condi4on, allowing the molecules to escape to space.
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Jeans escape from Mar.an atmosphere
Ramstad (2017) 



The atmosphere (including the solar corona) can be accelerated from 
subsonic near the surface to supersonic at far distances

LeVng the pressure be p, the mass density be ρ, the velocity be v, the 
gravity constant be G, and the planetary mass be M, the governing 
equa4ons are:

Hydrodynamic escape: simple solution (Parker model)
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Assuming that the temperature T does not depend on the distance r , we have 

 

cs = RT ~ Sound speed
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At the point where v = cs, dv/dr goes to infinity unless the R.H.S. becomes 
zero there. Therefore, we assume the R.H.S. becomes zero at r = rc where v 
= cs . Then we have

 

rc =
GM
2cs

2

In this case, dv/dr > 0 is satisfied both at r < rc and r > rc , enabling the velocity to 
be accelerated from subsonic to supersonic. 

In the solar wind, letting T = 106 K, the velocity exceeds the sound speed at  rc = 
8x106 km (5% of the Sun-Earth distance).



Distance

Velocity

Solu.ons of hydrodynamic escape



Energy balance of the thermosphere

 

(Bougher et al. 1994)



Source of solar UV

（ブレッケ，超高層大気物理学）

Solar spectrum

(Eugene Avre8, Smithsonian Astrophysical 
Observatory)

Structure of the solar atmosphere



Solar dynamo
Dikpati & Gilman (2009)

magnetic field energy 
à thermal energy à
high-temperature 
corona/chromosphere



Stellar evolu6on

• UV radiation from the Sun-like stars originates 
in magnetic chromospheric and transition-zone 
regions which are heated to temperatures of 
∼104– 105 K. Magnetic activity driven by the 
star’s rotation is crucial for this heating.

• Angular momentum loss by a stellar wind 
brakes rotation. The rotation period of the 
young Sun was much faster (∼few days) during 
the first 500 Myr after the arrival at the main 
sequence.

© ESA



Lammer et al. (2012)

Time

Time



Evolu6on of stellar ac6vity

Selsis et al. (2007)

• The fluxes of X-ray, EUV, solar 
wind, and CME (coronal mass 
ejec4on) decrease with the 
decelera4on of the star’s 
rota4on. 

• Stars with small masses maintain 
high ac4vity for a long 4me.



Lammer et al. 2008

Response of the Earth’s and Venus’ thermosphere to 
changes of solar EUV flux

Earth

Venus



EUV 
heating

Conduction

Adiabatic 
cooling

Tian et al. (2008)

EUV 
heating

Conduction



Long-term trend of solar luminosity

Theoretical models for the stellar interior show that the luminosity 
of the Sun had to change over time, with the young Sun being 
considerably less luminous than today.

Feulner (2012)



Escape of hydrogen from early Venus

Increase of the water mixing ra4o in the lower atmosphere leads to high 
popula4on of hydrogen in the thermosphere, thereby driving hydrodynamic 
escape.

Lammer et al. (2008)



Change of the ver:cal structure of Earth‘s atmosphere with the 
change of the sea surface temperature

Nakajima et al. (1992)

Atmospheric temperature Water vapor mixing ratio



• The amount of H atoms in the 
thermosphere increases with the increase 
of water vapor in the lower atmosphere.

• Absorp4on of solar EUV by H atoms is the 
primary heat source.

Composition of the upper 
atmosphere

Present Venus

Case A Case D



H2O mixing ratio 
at the cold trap
（90km,170K）

Calculated 
H flux

Calculated 
mass flux

à Amount of Earth’s 
ocean can escape in 
2 billion years

Kasting & Pollack (1983)



• Terrestrial planets may evolve through phases where their upper 
atmospheres are hydrogen-rich.

• High H2O mixing ra4os and/or high XUV fluxes result in escape fluxes in the 
range of 1011–1013 cm-2 s-1,  leading to a rapid H loss in tens of millions of 
years. 

Kulikov et al. (2006)



Loss of Oxygen ?

• In the case of an intense hydrodynamic escape of atomic hydrogen, the 
theory predicts that heavy atoms (such as oxygen) can be dragged off 
along with escaping H atoms.

• In the case of a purely EUV-driven hydrodynamic escape, the removal of 
all (or most of) the oxygen contained in an Earth-sized ocean was possible 
only at very early 4mes (t < 30–40 Myr). 

• Another possible loss mechanism is non-thermal escape.

Lammer et al. (2008) 



Titan’s hydrodynamically-escaping 
atmosphere

hydrodynamic escape driven principally by solar UV hea4ng 
by CH4 absorp4on

Lammer et al. (2012) Vuitton et al. (2014)

Thermospheric temperature profiles for 1, 30, 50, 
70, and 100 times higher solar EUV fluxes than 
today



Non-thermal escape (1) 

• Charge exchange
– Slow neutral + fast ion → fast neutral + slow ion

(such as  H + H+* à H+ + H* )
– By exchanging charge, the fast ion (which was trapped by the planet's 

magne4c field) becomes a neutral and is able to escape. 

• Photochemical reac:ons 
– Conversion of the energy of absorbed EUV/X-ray to kine4c energy

(such as  O2
+ + e à O* + O* ) 

• SpuBering 
– Impact of fast ions (solar wind or trapped par4cles) knocks atoms out 

of the atmosphere 



Non-thermal escape (2) 
• Ion escape 

– Ions flow upward along polar field lines via ambipolar diffusion and 
escape down magnetic field lines 

– Occurs in magnetospheres and also at Mars

• Ion pickup 
– If the exobase is above the boundary between the solar wind flow and 

the planet, once the particles become photoionized they can be 
picked up directly by the solar wind flow and carried away 

Kitamura et al. 
(2015) Lammer et al. (2008)



Ion pick-up (mass loading)

Pickup ions move initially in 
the direction of the solar wind 
convection electric field

Wei et al. (2017)

Solar wind

Interplanetary 
magnetic field

Convection 
electric field

Lorentz force acting on atmospheric ions

Convection electric field
vsw : solar wind velocity
BIMF : interplanetary magnetic field



Bulk plasma escape

Ma et al. 2004, Najib et al. 2011
K-H (shear) instability



Futaana et al. (2017)

Different 
magnetospheres

Earth (Intrinsic magnetosphere) Comet (Induced magnetosphere 
introduced by mass loading)

Venus (Induced magnetosphere)



Non-thermal escape from Mars
Lundin et al. (1989)

• Escape of oxygen from the present Mars was 
observed by Phobos spacecra@.

• The observed escape rate was such that the 
total oxygen in the current CO2 atmosphere is 
lost in 100 million years (or the total oxygen in 
a 1m-depth ocean is lost in 4.5 billion years.)
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+, CO2
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Lammer et al. (2008) 

Atmospheric escape from present Venus

Non-thermal processes are much more effective than thermal processes



Evolution of escape rates

Chassefiere et al. (2007)

Oxygen

Carbon



History of vola.le escape from Mars

The amounts of CO2 and N2 on Mars are 1000 Lmes smaller than those on Earth 
and Venus, while 40Ar, which is considered to have degassed a@er the planet’s 
formaLon, exists with a similar amount. This implies that MarLan CO2 and N2 have 
been lost just a@er the planet’s formaLon.

Chassefiere et al. (2007)



Cold trap and hydrogen escape from the present Earth

Catling & Kasting (2017)



O+ ouHlows from Earth, Mars and Venus
Ramstad & Barabash (2021)



Energy-limited and Supply-Limited Escape

• Limi4ng factors:
– Energiza4on rate ∝ solar wind power 
– Ion supply rate ∝ photochemical produc4on rate of ions

• Comparison among the planets shows (Ramstad & Barabash 2021): 
– Ion escape from Venus and Earth is energy-limited, while the ion 

escape from Mars is supply-limited. 
– Mars gravity is low enough that oxygen can escape via EUV-driven 

dissocia4ve recombina4on reac4on O+2 + e− → 2O* + E , which can 
produce oxygen atoms with kine4c energies sufficient to escape the 
shallow Mar4an gravity well. (yet not sufficient to facilitate oxygen 
escape from Earth or Venus)



Ramstad & Barabash (2021)



Role of intrinsic magnetosphere

• (Ramstad & Barabash 2021) Contrary to the classical idea that the  
magne4c dipole protects the Earth’s atmosphere, the comparison with 
Venus and Mars suggests that an intrinsic magne4c dipole field is not 
required to prevent stellar wind-driven escape of planetary atmospheres. 
The presence of dipole field may instead increase the rate of ion escape.

• The dipole increases the solar wind interac4on area, thereby facilita4ng a 
higher rate of energy transfer from the solar wind to atmospheric ions. ?

Illustration of atmospheric ion escape 
in the Earth’s intrinsic magnetosphere 
adapted from Seki et al. (2001)



Mars Atmosphere and Volatile EvolutioN
(MAVEN) mission

Arrive at Mars : September 21, 2014



MAVEN Science instruments
• NGIMS (Neutral Gas and Ion Mass Spectrometer) 

– He, N, O, CO, N2, O, O2, Ar and CO2, and their major isotopes 
– thermal O+2 , CO+2 , NO+, O+, CO+, C+, N+2 , OH+, and N+ 

• LPW (Langmuir Probe and Waves) 
– thermal electron density and temperatures 
– electric field wave power at frequencies important for ion heaLng

• STATIC (Supra-thermal and Thermal Ion Composi4on) 
– major ions (H+, O+, O+2 , CO+2 ), their corresponding ion temperatures 

(∼0.02 eV to >10 eV), and the 3-component (X,Y,Z) ion flow velociLes (∼0.2 to 
25 km/s) 

• IUVS (Imaging Ultraviolet Spectrometer) 
– H, C, N, O, CO, N2, and CO2 
– C+ and CO+2 

• SEUV (Solar Extreme Ultraviolet) 
– solar irradiance at so@ X-ray (0.1–7.0 nm), EUV (17–22 nm), and UV (Lyman-α) 

wavelengths 
• SEP (Solar Energe4c Par4cle) 

– energy spectrum and angular distribuLon of solar energeLc electrons (30–300 
keV) plus protons and heavier ions (30 keV–6 MeV) 



©NASA



Diffuse aurora on Mars 
Schneider et al. (2015) 

Incident particles ionize and dissociate atmospheric 
species, as well as heat the target atmosphere. 
These effects can lead to increased atmospheric 
escape rates



Dependence of vola:le escape on lower atmosphere 
processes

Heavens et al. (2018)

Hydrogen escape 
measured by MAVEN 
Solar Wind Ion Analyzer

Vertical distribution of total 
water content measured 
by MRO MCS



Tradi'onal scheme               New concept


