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What we learn
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In the 1st half of Planetary Atmosphere Lecture,  
We learned that planetary climate is tied to the mass and composition of 
a planet’s atmosphere. 

To understand how climate has changed over time,  
we must consider how the atmospheric mass and composition has 
evolved. 

In this 2nd half,  
I introduce the driving forces of atmospheric formation and 
evolution, and discuss the history of the atmospheres of terrestrial 
planets in our solar system
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Atmospheric hydrogen escaping to space

Earth imaged in VUV (100-200 nm) 

• Solar radiation (Lyman-α) is being scattered by Earth’s extended 
atmospheric hydrogen

• Suggesting some energetic hydrogen atoms are escaping to space 
• Atmospheric escape is one of the important drivers of the evolution 

of planetary atmospheres

Rairden et al. (1986)
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In an atmosphere,  
pressure and density decrease 
exponentially as a function of 
height (z),  

Where H is the scale height, 
defined by, 

As you go to the upper 
atmosphere, the composition 
become heterogeneous 
(homopause). The 
atmospheric gas eventually 
becomes colisionless 
(exobase), and can escape to 
space
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Thermal escape
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Jeans’ escape

Hydrodynamic escape

Maxwell-Bolzmann speed distribution func.
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Thermal escape
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Catling & Kasting (2017)

Jeans’ escape

Hydrodynamic escape

Suppose hydrogen atoms at exobase. 
The root-mean-square speed is given by,

1

2
mv2 =

3

2
kT

m: atomic weight 1.67×10-27 kg 
v: RMS velocity 
k: Bolzmann constant 1.38×10-23 J K-1 
T: temperature at exobase 1000 K

v ' 5 km s�1

On the other hand, the escape speed is, 

vesc = 11.2 km s�1

In Earth’s present atmosphere, 
thermal escape rate of hydrogen can 
be approximated by Jeans’ escape



In the upper atmosphere, there exist hot (fast) H+ ions ionized by solar UV 

The polar wind:  
Hot H+ ions can escape from the magnetic poles 

Charge exchange (H-H+):  
Hot H+ ions exchange charge with H atoms,  
producing fast-moving H atoms  
which can escape to space 

On present-day Earth, their contributions on H escape are, 
60-90% for charge exchange, 10-40% for Jeans’ escape, and 10-15% for the 
polar wind

Nonthermal escape of Earth’s hydrogen
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“Diffusion-limited escape” concept
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Catling & Kasting (2017)

Because the processes to remove hydrogen from Earth’s exobase are efficient,  
the total escape flux is controlled by the diffusion from the homopause (~100 km)



“Diffusion-limited escape” concept
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Ha : scale height of atmosphere

bi : binary di↵usion coe�cient of i

fi : volume mixing ratio of I

fT(H) : total hydrogen mixing ratio

fT(H) = fH + 2fH2 + 2fH2O + 4fCH4 + . . .

H escape flux from present Earth is small, because H2O abundance 
at the tropopause is kept small (condensation and precipitation), 
which is called cold trap

�dif,i '
bifi

Ha
' 2.5⇥ 10

17
fT(H) m

�2
s
�1

The rate of hydrogen supply from the homopause to the exobase by 
diffusion is given by,

i
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Surface environments of terrestrial planets

Orbital radius 0.7 AU 1 AU 1.5 AU
Surface pressure 90 bar 1 bar 0.006 bar
Major atm. composition CO2 N2, O2 CO2

Surface temperature 735 K 288 K 210 K
Global equivalent depth H2O 30 mm 2700 m >20 m
Major H2O reservoir water vapor seawater Polar ice (+ subsurface ice)



Planets formed by impacts in protoplanetary disk
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• Two sources of atmospheres: 
protoplanetary disk gas (primary atmospheres), 
volatiles delivered by impactors (secondary atmospheres) 

• For impactors whose velocities exceed 5 km s-1, which occur 
for ~1/10 Earth mass planets, an impact is followed by the 
release of volatiles (impact degassing) →
Atmospheres should have formed at the same 
time with the volatile delivery during the planet 
formation
(Matsui & Abe 1986; ABe & Matsui 1988)



Origin of atmospheres
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• Depletion of noble gases 
(atmophiles) tell us the secondary 
origin,  presumably sourced by 
asteroids and comets 

• Hydrodynamic escape is likely to 
be responsible for the loss of the 
captured disk gas (primary 
atmospheres) 
(Pepin 1991) 

• Note: some noble gases might be 
remnants of the primary atmosphere  
(Dauphas, 2003; Genda & Abe 
2005)

Pepin (2006)



Fate of Venus and Earth
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Venus is located near the inner 
edge of the habitable zone 

While cold trap at the tropopause 
kept H2O mixing ratio in Earth’s 
upper atmosphere lower, the 
mechanism did not work for 
early Venus 

The diffusion-limit on H 
escape sustained Earth’s water, 
but water on Venus was lost 
almost completely

H2O mixing ratio in upper atmosphere

Kasting et al. (1993)



Climate change on Mars
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Mars lost its surface water and atmosphere which sustained warm climate 

What caused the loss? 
• The loss of magnetic dynamo caused nonthermal escape (e.g., Jakosky et al. 2017) ? 
• The low gravity allowed significant thermal escape (e.g., Tian et al. 2009) ?

Warm & Wet? Cold & Dry

~4 billion years ago Present-day
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Nonthermal escape from non-magnetized planets

Carr and Head (2003) estimated the volume of a potential
early martian water reservoir from a geomorphological anal-
ysis of possible shorelines. The data suggest that the surface
features can be explained by a primitive (post-Noachian)
martian water ocean equivalent to a global layer with a depth
of about 150 m (Carr and Head, 2003).

The absence of valleys in the younger areas of the north-
ern hemisphere suggests that the liquid water presumably
present during the Noachian epoch disappeared suddenly,
before or during the end of the Late Heavy Bombardment
about 3.8 Ga. Based on the calculation by Kass (2001) that an
equivalent global water layer with a depth of about 50 m
may have escaped to space since the Hesperian epoch (about
3.5 Ga), and assuming that an amount of water equivalent
to a global ocean with a depth of about 20–30 m may still be
retained in the present polar caps, Carr and Head (2003) es-
timated a subsurface water reservoir to be equivalent to a
global ocean with a depth of about 80 m, which may be
trapped in volatile-rich deposits on the surface or in a
groundwater system.

It is important to note that after the Noachian epoch the
martian atmosphere was most likely not protected by a
strong intrinsic magnetic field. Therefore, the solar wind
plasma could interact directly with the upper atmosphere.
Later studies by Leblanc and Johnson (2002) and Lammer et
al. (2003a) of the water loss since the Hesperian epoch, after
the martian magnetic dynamo had ceased operating, indi-
cated that the earlier water loss estimates of 30–80 m (e.g.,
Luhmann et al., 1992; Zhang et al., 1993a; Kass and Yung,
1995, 1996, 1999; Kass, 2001; Krasnopolsky and Feldman,
2001) may be overestimations. The water loss study by Lam-
mer et al. (2003a) included thermal escape, ion pickup, dis-
sociative recombination, and sputtering, and used data of 
solar proxies with different ages to reconstruct the Sun’s ra-
diation and particle environment from the present time back
to 3.5 Ga (Dorren and Guinan, 1994; Guinan and Ribas, 2002;
Wood et al., 2002; Ribas et al., 2005). They estimated a total
loss of water equivalent to a global martian ocean with a
depth of about 12 m over the past 3.5 billion years by as-
suming the self-regulation mechanism between the loss of O
and H, as postulated by McElroy and Donahue (1972).

However, as pointed out by Lammer et al. (2003a), some
additional complex ionospheric processes, such as detached
plasma clouds and cold ion outflow (Fig. 1), might also have
contributed to the erosion of the atmosphere. The ejection of
plasma clouds triggered by plasma instabilities or other pro-
cesses at the ionopause transition region, which were ob-
served at Venus (Brace et al., 1982) and studied by a number
of authors (Wolff et al., 1980; Terada et al., 2002, 2004; Ar-
shukova et al., 2004), should be considered an additional way
by which heavy ions may have escaped from the martian
ionosphere (Penz et al., 2004). Cold ion outflow from the
ionosphere into the martian ionospheric plasma tail, due to
momentum transfer from the solar wind plasma flow (e.g.,
Pérez-de-Tejada, 1992, 1998; Lundin et al., 1989, 1990, 1991,
2007, 2008a, 2008b; Terada et al., 2002, 2004), is another po-
tentially important process. It would be logical to suggest
that the cold ion outflow into the plasma tail could have been
a very efficient loss process on Mars, because the same loss
process was recently identified as one of the most efficient
loss processes from the Venus atmosphere by ASPERA-4 ob-
servations on board Venus Express (Barabash et al., 2007a).

Pérez-de-Tejada (1992) estimated that cold ion escape due
to momentum transport effects may have removed an
amount of water from Mars that would have been equiva-
lent to a global ocean with a depth of about 10–30 m, de-
pending on uncertainties in the solar wind parameters and
the martian plasma environment in the past. Lammer et al.
(2003b) found, for moderate solar activity, a cold O! ion out-
flow loss rate from present-day Mars on the order of "1025

s#1, which is in agreement with the recently observed AS-
PERA-3 ion escape rates into the plasma tail (Lundin et al.,
2007, 2008a, 2008b). Assuming D/H isotopic constraints over
the last 3.5 billion years, Lammer et al. (2003b) estimated a
total water loss from Mars equivalent to a global ocean with
a depth of about 14 m (minimum) to 34 m (maximum). To
derive this estimate, they added together the loss rates due
to O! ion pickup (Lammer et al., 2003a), dissociative recom-
bination loss of hot O* (Luhmann, 1997), O! ion loss induced
by plasma instabilities (Penz et al., 2004), and sputtering of
O, CO, and CO2 (Leblanc and Johnson, 2002). The main un-
certainties in this estimate result from present uncertainties
in the atmospheric and ionospheric parameters and the re-
lated atmospheric escape rates due to plasma instabilities
and cold ion outflow in the transition layer between the so-
lar wind and the martian ionosphere. It should be noted that
in previous estimations of cold ion outflow loss, Pérez-de-
Tejada (1992) and Lammer et al. (2003b) assumed that the
ions escaped through the entire 100% circular ring area
around the terminator. Therefore, the estimated cold ion out-
flow loss rates by these authors should be considered to be
an upper limit.

An important question regarding the loss of the martian
atmosphere and its initial water inventory involves the on-

TERADA ET AL.56

FIG. 1. Illustration of ion pickup, cold ion outflow, plasma
clouds, and sputtering regions around Mars. The dashed line
corresponds to the planetary obstacle (ionopause) and the
solid line to the bow shock. !i is the thickness of the ionos-
phere at the terminator.

In the case of non-magnetized planets, 
the solar wind directly interacts the 
upper atmosphere, and causes escape  

Ion pickup:  
Ions in the upper atmosphere can be 
removed by the interaction with the 
solar-wind magnetic field  

Sputtering:  
Picked up ions re-enters the 
atmosphere and impacts neutral 
molecules/atoms 

test 
Bulk removal (cold ion flow): 
Ionized atmosphere interacts with 
the solar-wind plasma and is 
removed as bulk

Terada et al. (2009)



Isotope geochemistry
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B. Marty et al. / Earth and Planetary Science Letters 441 (2016) 91–102 93

Fig. 2. Nitrogen vs. hydrogen isotope variations among solar system reservoirs (mod-
ified after Aléon, 2010, and Füri and Marty, 2015). The H and N isotopic ratios are 
normalized to the respective protosolar values. Fractionation trajectories are dis-
played for illustration. “Ion-molecule” is from Aléon (2010), representing isotope 
fractionation during ion molecule exchange. “Kinetic” illustrates the case of isotope 
fractionation proportional to the inverse square root of masses and is only one of 
the possibilities (others involve reduced masses, molecular masses instead of atomic 
masses etc.). Light blue dots: Giant planets; beige dots: inner planets and Titan; grey 
squares: bulk primitive meteorites; light green diamonds: comets. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

and water in the Terrestrial atmosphere and the oceans. The D/H 
ratios of comets are generally higher by a factor of 2–3 rela-
tive to the ocean’s value and to most of the chondritic values, 
prohibiting a genetic relationship between cometary ice and Ter-
restrial water. Available data are mostly from long-period comets 
thought to originate from the Oort cloud. The measurement of 
an ocean-like D/H ratio for a Jupiter family comet (Hartogh et al., 
2011), presumably originating from the Kuiper belt, suggests a D/H 
heterogeneity among comet families. Recently, a D/H value three 
times the ocean’s has been measured in the coma from Comet 
67P/Churyumov–Gerasimenko (thereafter 67P), also a Jupiter fam-
ily member (Altwegg et al., 2015). The nitrogen isotopes give a 
similar story. Chondrites have variable N isotope ratios which dis-
tribution coincides with the Terrestrial composition. In contrast, 
comets have 15N/14N ratios about two times the Terrestrial and 
bulk chondritic values (Fig. 2). One possible caveat is that only 
HCN, CN, and NH+

2 could be measured at distance by spectroscopy 
(there is no in-situ measurement on a comet), and it is not clear if 
these nitrogen species are representative of bulk cometary N.

In this contribution we use the recent compositional data of the 
67P coma obtained by the ROSINA mass spectrometer on board 
of the ROSETTA spacecraft to set constraints on the origin(s) of 
volatile elements on Earth and Mars. Importantly, this instrument 
measured for the first time a noble gas – argon – in cometary 
gases (Balsiger et al., 2015). We present first a model composition 
for cometary matter using literature data and assuming that 67P is 
representative of the cometary reservoir. We then attempt a mass 
balance to infer the possible contribution of the outer solar system 
to the Terrestrial and Martian inventory of water, carbon, nitrogen 
and noble gases.

2. Reservoir inventories

2.1. Comets

2.1.1. Elemental abundances
The chemical and isotopic compositions of comets is con-

strained by (i) in-situ measurements by spacecrafts (e.g., A’Hearn 
et al., 2011; Le Roy et al., 2015; Jessberger et al., 1988; Kissel 
and Krueger, 1987), (ii) spectroscopic observations of comae (e.g., 

Table 1
Coma composition. 1: Species and elements are molar fractions normalized to wa-
ter (=100). 2: The range of C- and N-bearing species concentrations are for all 
comets analyzed so far (compiled from Bockelée-Morvan, 2011; Mumma and Charn-
ley, 2011; Le Roy et al., 2015). 3: The N2 content is derived from the comet 67P 
measurement by Rubin et al. (2015), the good correlation between CO and N2, and 
the cometary CO content given above. 4: Ar/H2O ratio from Balsiger et al. (2015).

Lower Upper Mean +/−
Water 100 1

Carbon
CO2 2.5 80 41 39 2
CO 1 30 16 15 2
CH4 0.6 1.5 1.05 0.45 2
C2H2 0.1 0.46 0.28 0.18 2
C2H6 0.4 10.5 5.45 5.05 2
others 0.4 2.4 1.40 1.00 2

!C 71 65

Nitrogen
NH3 0.3 1.5 0.90 0.60 2
HCN 0.1 0.6 0.35 0.25 2
N2 0.088 0.083 3

!N 1.43 1.02
N2/!N 0.06 0.07

Argon
36Ar 1.20E−03 1.10E−03 4

Bockelée-Morvan, 2011; Mumma and Charnley, 2011), and (iii) lab-
oratory analysis of cometary grains recovered by the Stardust mis-
sion (Brownlee et al., 2006) and of interplanetary dust particles 
presumably of cometary in origin (e.g., Duprat et al., 2010).

Comets are made of refractory silicates and metal, refractory 
and non-refractory organics, and ices (Jessberger et al., 1988; Kissel 
and Krueger, 1987; Mumma and Charnley, 2011; Bockelée-Morvan, 
2011). The analysis of cometary grains recovered by the Star-
dust mission revealed the occurrence of several high temperature 
phases reminiscent of chondritic material. These are calcium–alu-
minum rich inclusions, chondrules and refractory olivines. Sta-
ble isotope compositions of these phases indicate an inner so-
lar system origin for this material (Brownlee et al., 2006). From 
mass balance, silicate + metal (Si, Mg, Fe) grains make about 
25–30 wt.% (Jessberger et al., 1988). Refractory organics consti-
tute a significant fraction of C and, to a lesser extent, of N 
and H, and must be taken into account in the bulk composi-
tion of cometary matter (Greenberg, 1998). This is confirmed by 
a refractory organics/silicate + metal ratio close to 1 for dust emit-
ted by comet Halley (Kissel and Krueger, 1987). Therefore, organic 
refractory particles (the so-called CHON grains, Jessberger et al., 
1988) could make another 25–30 wt.%, and non-refractory carbon-
bearing species could contribute about 4–8 wt.% (Greenberg, 1998). 
The proportion of ice amounts for 30–50 wt.%. The composition of 
comae (Table 1) gives insight into the ice composition (∼80 wt.% 
H2O with CO, CO2, CH3OH, CH4, H2S, and N-compounds including 
CN, HCN, NH3 and N; Bockelée-Morvan, 2011; Hässig et al., 2015;
Rubin et al., 2015).

Noble gases are able to set stringent constraints on the origin 
of planetary volatiles on one hand, and on processes and con-
ditions of comet formation on another hand. Unfortunately the 
abundances of noble gases in comets are essentially unknown as 
these elements are extremely difficult to detect by spectroscopy. 
Stern et al. (2000) proposed an Ar/O ratio of 1.8 ± 1.0 × 10−4

for Comet Hale Bopp, lower than the solar value of 46 × 10−4

(Weaver et al., 2002, and refs. therein), but this estimate has not 
been confirmed. Weaver et al. (2002) suggested that the cometary 
Ar/O ratios are lower than 42 × 10−4, based on three comet ob-
servations. The only reliable set of measurements are those done 
on 67P coma using the ROSINA mass spectrometer which directly 
the 67P coma composition (Balsiger et al., 2015). They indicate a 

• Atmospheric escape processes preferentially remove light isotopes, 
causing heavy isotope enrichment in the remaining atmosphere 

• Data imply the loss of water from Venus, and both water and atmosphere 
from Mars

Marty et al. (2016)

Loss of water →
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Faint young Sun paradox

17

• ~4 billion years ago, the Sun's output would be only 70% as 
intense as it is during the modern epoch

• Assuming the same volume & composition of Earth’s 
atmosphere as present-day, early Earth would have been too 
cold to sustain its oceans

• However, geologic evidence suggest that Earth has sustained 
oceans from that period → need more greenhouse gas!

https://en.wikipedia.org/wiki/Sun


Carbon-Silicate cycle
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Catling & Kasting et al. (2007)

• Presence of oceans and plate tectonics have removed a large amount of 
atmospheric CO2 on early Earth by carbonate (CaCO3) formation, which 
explains the difference in Venus and Earth 

• The carbon-silicate cycle has a negative feedback, it may compensate for the 
faint young Sun (low T → less weathering → less carbonate formation → high 
atmospheric CO2 accumulation)



Summary
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Atmospheric escape is an important driver of long-term climate change 
• Thermal escape: Jeans’ escape, hydrodynamic escape 
• Nonthermal escape: charge exchange, polar wind, ion pickup, sputtering, … 

Captured protoplanetary-disk gas (primary atmospheres) are likely to have been 
lost by hydrodynamic escape 
Present atmospheres of Venus, Earth, and Mars originated from volatiles 
delivered by their building blocks (secondary atmospheres) 
Because impact degassing is efficient, the atmospheres should have formed at 
the same time with the volatile delivery during the planet formation 
Cold trap and diffusion limit on hydrogen escape have kept Earth’s water, 
whereas Venus lost its water because of the difference in their distances from 
the Sun 
Mars has lost its water and atmosphere because of its absence of global 
magnetic field and/or its small gravity 
Carbon-Silicate cycle has worked to stabilize Earth’s climate



Reference
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For further reading,  
Catling, D. C. and Kasting. J. F.  
Atmospheric evolution on inhabited and lifeless worlds.  
Cambridge University Press, 2017.

The slides have been upload to 
https://members.elsi.jp/~hiro.kurokawa/lecture_files/
ELSI_Winter_School_2018_Atmospheres2_Kurokawa.pdf 

You may be able to find by searching “ELSI Hiroyuki Kurokawa” on the internet

https://members.elsi.jp/~hiro.kurokawa/lecture_files/ELSI_Winter_School_2018_Atmospheres2_Kurokawa.pdf
https://members.elsi.jp/~hiro.kurokawa/lecture_files/ELSI_Winter_School_2018_Atmospheres2_Kurokawa.pdf


Exercises

21

1. Given the estimate of the diffusion-limited escape rate of hydrogen and 
the total H2O mixing ratio at the homopause of present Earth  
(H2: 0.5 ppmv, H2O: 3 ppmv, CH4: 1.8 ppmv), calculate the fraction 
(wt. %) of seawater that can be lost in 4 billion years 

2. Methane (CH4) has been proposed as a possible greenhouse-effect gas 
to compensate the faint young Sun paradox. Assuming fCH4 = 1000 
ppmv, calculate the fraction of seawater that can be lost during the 
Archean (4 Ga to 2.5 Ga)

Ha : scale height of atmosphere

bi : binary di↵usion coe�cient of i

fi : volume mixing ratio of I

fT(H) : total hydrogen mixing ratio

fT(H) = fH + 2fH2 + 2fH2O + 4fCH4 + . . .

You may use these values: Mass of a hydrogen atom 1.7×10-27 kg, 
Earth radius = 6.4×106 m, Mass of seawater = 1.4×1021 kg
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Exercises
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1. Given the estimate of the diffusion-limited escape rate of hydrogen and 
the total H2O mixing ratio at the homopause of present Earth  
(H2: 0.5 ppmv, H2O: 3 ppmv, CH4: 1.8 ppmv), calculate the fraction 
(wt. %) of seawater that can be lost in 4 billion years 

2. Methane (CH4) has been proposed as a possible greenhouse-effect gas 
to compensate the faint young Sun paradox. Assuming fCH4 = 1000 
ppmv, calculate the fraction of seawater that can be lost during the 
Archean (4 Ga to 2.5 Ga)

Ha : scale height of atmosphere

bi : binary di↵usion coe�cient of i

fi : volume mixing ratio of I

fT(H) : total hydrogen mixing ratio

fT(H) = fH + 2fH2 + 2fH2O + 4fCH4 + . . .

You may use these values: Mass of a hydrogen atom 1.7×10-27 kg, 
Earth radius = 6.4×106 m, Mass of seawater = 1.4×1021 kg
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A. 0.24 wt.%

A. 26 wt. %


