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Early investigation of the ionosphere through its effect on radio waves resulted in description 
by means of layers, principally the D, E, and F layers, the latter subdivided into F1 and F2.  This 
terminology continues to influence our current concept of the nature of energy deposition in at-
mospheres, although the misleading “layers” has given way to “regions”.  Radar and spacecraft 
measurements now give a more complete picture of peaks and valleys and reveal the complex 
morphology of the ionosphere.  Space and planetary exploration has also found that the Earth’s 
ionosphere is unique, just as its atmosphere is unique, and for some of the same reasons. 
 The ionosphere is created by ionizing radiation, including extreme ultraviolet (EUV) and X-
ray photons from the sun, and corpuscular radiation that is mostly energetic electrons and mostly 
occurs at high magnetic latitude as auroral “precipitation.”  The solar photon output at these 
wavelengths, from ~1 nm to the H I Lyman-α line at 121.6 nm, varies by factors ranging from ~2 
to >100 over the 11-year solar activity cycle, and is additionally variable on shorter time scales, 
including especially the 27-day solar rotation period.  This causes dramatic variation in the tem-
perature and density of the thermosphere and ionosphere.  Changes in the solar wind and inter-
planetary magnetic field also affect the thermosphere/ionosphere through geomagnetic perturba-
tions that result in transfer of energy from the magnetosphere, both in the form of auroral particle 
ionization and in the form of heat from the resulting currents imposed in the polar regions.  Solar 
ionization and its by-products provide most of the ionization and heating of the thermosphere, 
and account for most of its 11-year and 27-day variation, but geomagnetic activity accounts for 
much of the shorter term variation on time scales from hours to days. 
 O+ is the most important ion in the Earth’s ionosphere, particularly in the extensive F2 region 
above ~200.  The F1 region from ~150 to ~200 km is distinguished by a transition to molecular 
ions, particularly NO+.  The E region from ~100 to ~150 km is dominated by O2

+ and NO+.  
Positive ions and electrons have generally fast collision rates, so one would suppose that iono-
spheric production would be balanced by recombination and that the ions would be short-lived 
after sunset.  However, atomic ions colliding with electrons have the problem common to all 
two-body reactions that a single molecule is unlikely to result, because there is nothing to carry 
away surplus kinetic energy.  Photon emission following collision of an atomic ion with an elec-
tron can stabilize the resulting atom; this radiative recombination is quite slow, with rate coeffi-
cients of the order of 10-12 cm3s-1.  Although radiative recombination occurs and is important in 
the highest reaches of the ionosphere, it is insufficient as a loss mechanism for ions and electrons 
given their observed F region densities.  Since the solar ionization frequency is ~10-6 s-1, ion 
densities would be several orders of magnitude larger than observed if radiative recombination 
were the only loss mechanism.  The recognition by Bates and Massey, in 1947, that atomic ions 
must yield their charge to molecular ions in order to undergo rapid dissociative recombination is 
regarded as seminal.  Dissociative recombination, schematically XY+ + e–  →  X + Y, has rate 
coefficients of the order of 10-7 cm3s-1 and is the fundamental loss mechanism for ions in plane-
tary ionospheres.  In order for an atomic ion to become a molecular ion, atom-ion interchange, 
schematically X+ + YZ → XY + Z+, or charge exchange, schematically X+ + YZ → X + YZ+, 
must occur.  Charge exchange reactions are typically fast if energetically possible, but atom-ion 
interchange rates depend on the nature of the reacting molecule, since a bond must be broken. 
 In regions of the atmosphere where molecules dominate, recombination chemistry is simpli-
fied since it is essentially a balance between ionization and dissociative recombination.  By ap-
plying the Chapman production function to obtain the ionization rate, a Chapman “layer” is ob-
tained, which is governed by photochemical equilibrium.  Although the F2 region has some of 
the morphological appearance of this type of layer, it is at the wrong altitude, and in the atom-
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dominated region.  It is not a Chapman layer at all, but a result of diffusive processes.  O+ has an 
increasingly long lifetime as altitude increases and the molecular fraction of the thermosphere 
decreases.  Above 200 km it becomes subject to diffusion, but is still chemically controlled up to 
the peak of the F2 layer near 300 km.  Above this altitude, ambipolar diffusion takes over, where 
“ambipolar” refers to the effect of electrical attraction between the ions and nearly massless elec-
trons, resulting in a scale height for O+ about twice that of O.  The long lifetime of O+ also ex-
plains why Earth’s ionosphere persists at night. 
 The terrestrial planets, Venus, Earth, and Mars, are so named due to their fundamental simi-
larity, and are presumed to have had common elemental origins.  However, their subsequent evo-
lution varied, due to their differing distance from the Sun, the smaller size of Mars, and the lack 
of rotation of Venus.  Thus, their atmospheres are entirely different, and so are their upper at-
mospheres and ionospheres.  Early exploration of Venus and Mars found that instead of persis-
tent, high-altitude, F2-type ionospheres, these planets have less dense, lower-altitude ionospheres 
that more resembled Chapman “layers,” were greatly attenuated at night, and consisted mostly of 
O2

+ and other molecular ions.  The presence of O2
+ seems especially perplexing, since Earth is 

the planet we generally associate with the unusual and quite reactive oxygen molecule. At higher 
altitude, O+ becomes an important species in the ionospheres of Venus and Mars, as on Earth, 
but at significantly lower density and without the same degree of persistence throughout the 
night.  CO2

+ is a minor ion on both planets.  There is a basic similarity in their ionospheres, de-
spite the vastly different density of their lower atmospheres. 
 The reason that the ionospheres of Venus and Mars are different from that of Earth is that the 
molecular compositions of their atmospheres are different, and therefore the compositions of 
their thermospheres are different.  Aside from the large differences in surface pressure, the at-
mospheres of Venus and Mars are similar in composition, dominated by CO2.  At thermospheric 
altitudes, atomic oxygen becomes dominant on all three planets.  The Venus and Mars ther-
mospheres are distinguished by high levels of CO2 due to the underlying atmospheric composi-
tion, whereas N2 is the main molecular species in the Earth’s thermosphere. 
 On Earth, O+ is a long-lived species in the high ionosphere because the O+ + N2 reaction is so 
slow and there are few other molecules to react with to make a short-lived molecular ion.  On 
Venus and Mars, the reaction O+ + CO2 is quite fast, because CO2 is much less strongly bound 
than N2.  The reaction of O+ + CO2 produces O2

+, which is also produced by the reaction CO2
+ + 

O.  Ionization of the major thermospheric gases on Venus and Mars, O and CO2, is thus quickly 
converted into O2

+, which dissociatively recombines, resulting in the observed ionospheric mor-
phology, lacking a significant F2 region.  Thus, ironically, although life-supporting Earth is the 
planet associated with O2, Venus and Mars are the planets with O2

+ ionospheres.  
 The F2 ionosphere is unique to Earth among the known planets.  This is due to its peculiar 
atmosphere, lacking in CO2, dominated by N2, and carrying its oxygen in unusual and reactive 
states.  Venus and Mars have nitrogen as well, but carbon and oxygen dominate their upper at-
mospheres, so it has little effect.  Earth has a significant carbon budget, and once had much 
higher levels of CO2 in its atmosphere, but most of its carbon is currently locked up in the crust 
in the form of carbonate rocks.  Thus, the F2 ionosphere may be a recent event in the history of 
Earth, an artifact of geology and biology. 
 

8009.pdfComparative Climatology of Terrestrial Planets (2012)




