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Abstract Due to their buoyance, methane and water
vapor (H2O(g)) ascend into the mesosphere where they are
destroyed by chemical reactions or photolysis. In the
mesosphere at 81 to 83 km, H2O(g) condenses to ice which
then, due to the lack of buoyance, descends to 70 to 75 km
where ice sublimates back to H2O(g). A mesospheric
minicycle of water forms. In boreal summer evenings the
ice layer is visually observable from the ground as
noctilucent clouds (NLC). The middle mesospheric ozone
maximum (MMM) forms in the wintertime at a height of
70 to 75 km. It is located between the mid-latitudes and
somewhat north from the Arctic Circle, and symmetrically
in the Southern Hemisphere. In the daytime solar radiation
keeps the ozone concentration at a low level. During the
civil and nautical twilight the intensity of the sun’s rays
decrease dramatically. Ozone gains from this decrease
most. At high latitudes the solar radiation angle (θs)
decreases more slowly than at the mid-latitudes. IR
radiation has more time to photoexcite O2(1Δg) and triplet
state ozone (O3*). O2(1Δg) maintains the ozone
concentration and O3* spontaneously provides oxygen
atoms. As a result, the amplitude of the MMM layer in
terms of ozone concentration increases towards the high
latitudes.
Keywords Buoyance of Methane and Water Vapor in
the Atmosphere, Mesospheric Minicycle of Water Vapor
and Ice, Noctilucent Clouds, Photoexcitation of Ozone by
IR, Middle Mesospheric Maximum of Ozone, Abiotic
Formation of Oxygen Molecules by Photolysis of Water

1. Introduction
The mesosphere is the layer between the altitudes of 50
to 55 km and 85 to 90 km above Earth’s surface. Below the
mesosphere, the stratopause separates this layer from the
stratosphere and above it the mesopause separates it from

the thermosphere. The altitude of the mesopause may vary
seasonally between 86 and 100 km [1].
Verniani and Viani [2] studied the atmospheric
temperature at an altitude of 90 km for each month of the
year in 1962. They found that a minimum temperature of
170 K is reached in May and a maximum of 207 K in
November. They also investigated the diurnal variation of
the temperature and found a deep minimum of 162 K at
2300 hours and a shallow maximum of 197 K at 1000 hours.
The deep night minimum appears to occur in all seasons.
In situ measurements in the mesosphere are difficult.
The mesosphere lies between the maximum altitude for
most aircraft and the minimum altitude for most spacecraft,
so it is directly accessible only through the use of sounding
rockets. As a result, it is one of the most poorly understood
regions of the atmosphere. Solid objects entering Earth’s
atmosphere from space usually have such a high speed that
they start burning at an altitude of 120 km as a result of
friction caused by collisions with gas particles [3]. Most of
the burning takes place in the mesosphere. If large
meteoroids contain ice [4], they subsequently disintegrate.
Space rocks smaller than about 25 meters (about 10 t, if
irregularly shaped) will mostly ablate as they enter Earth’s
atmosphere and cause little or no damage [5]. These
“moderately sized” meteoroids have survived to the point
where they have completely lost their cosmic velocity and
begin to fall to the ground under the force of gravity [6].
Thus the mesosphere protects Earth from meteoroids.
Historically, atmospheric ozone has been measured
during the daytime by UV spectrometers in the presence of
ozone photolysis. Ozone also reradiates energy, which
emits at longer wavelengths in all directions. This thermal
emission of ozone can be observed at the microwave
frequencies. Based on their previous calculations and
experiments on the transmission of infrared emissions at
1.27 μm in the atmosphere [7], Evans and Llewellyn [8]
were the first to use this technique to detect the secondary
ozone maximum in daytime. A year later, Hays and Roble
[9] used the stellar occultation method (applicable to
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spectrometers) to show the presence of this maximum at
night. This maximum has been named according to its
location as the upper mesospheric and lower thermospheric
ozone maximum (MLT).
Locating the MLT layer was an important factor in
directing attention to the mesosphere. Techniques for
measuring the ozone began receiving more interest.
Sophisticated instruments were developed, such as the
Cryogenic Infrared Spectrometers and Telescopes for the
Atmosphere (CRISTA) [10], the Microwave Limb
Sounder (MLS) [11–12], the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) [13] and the
Solar Backscatter Ultraviolet/2 (SBUV/2) [14-16].
In the 1990s the work resulted in the discovery of a third
ozone maximum, which was named according to its
location as the middle mesospheric (tertiary) maximum of
ozone (MMM). The MMM layer is at an altitude of 70 to
75 km, between the northern mid-latitudes (about 45°N)
and somewhat north from the Arctic Circle, and
symmetrically in the Southern Hemisphere. The annual
variation in nighttime mesospheric ozone is characterized
by a maximum in wintertime and a minimum in
summertime. Daytime mesospheric ozone does not show
any distinct annual variation [17]. The diurnal variation in
the MMM layer is characterized by an increase of ozone
just before darkness, and by a decrease just before sunrise.
Below the MLT layer there is a very deep ozone
minimum layer around 80 km, which can be seen in both
the number density and the mixing ratio. The lowest ozone
concentrations values are 4×107 molecule/cm3 for the
number density and 0.13 ppm for the mixing ratio, and they
are found in January at the equator [18].
Noctilucent clouds (NLC) are cloud-like phenomena so
faint that they can only be observed visually during twilight
hours (i.e., when the sun is below the horizon illuminating
the cloud against a dark background). The first published
records of these phenomena were in 1885 by Jesse [19],
Leslie [20] and Backhouse [21] two years after the
Krakatau eruption: “Ever since the sunset of 1883 and last
year there has been at times an abnormal glare both before
and after sundown” [20]. By photographic triangulation
their height was measured to be around 82 km [22]. By the
beginning of the 20th century it was established that they
occur mainly during the summertime in both hemispheres
at latitudes greater than 50° and that they are geometrically
confined to a 1 to 3 km layer [23]. When viewed from
space these clouds are termed polar mesospheric clouds
(PMCs) and have been detected mostly by measuring
scattered solar radiation either in the visible or in the UV
part of the spectrum [24]. Hervig et al. [25] confirmed that
water ice is the primary component of polar mesospheric
clouds.

2. Materials and Methods
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2.1. Aims of the Study
The aim of this meta-study is to provide a basic
understanding of the dynamics related to mesospheric
phenomena such as the formation of the MMM and NLCs.
For this purpose, the following issues are discussed: the
upward movements of methane and water in the
atmosphere, their destruction either by chemical reactions
or photolysis, and the cycling of H2O(g) and ice in the upper
mesosphere. The importance of triplet state ozone and
excited oxygen molecules O2(1Δg) in the dynamics leading
to the formation of the MMM layer is discussed as well.
To estimate the importance of abiotic oxygen production,
the volume of annually formed atmospheric O2 is
calculated based on an estimate of the amount of annually
photodissociated water.
This study is based on the experimental research
available in the already published literature on the named
topics. Data from the literature regarding atmospheric
temperatures on Venus are used as evidence when
estimating the intensity of water photodissociation in the
early Precambrian era.
2.2. Formulas Used in Calculations
The formation enthalpies of reactions are calculated
according to Hess’s Law by formula (1):
ΔHf (reaction) = ΔHf (products) – ΔHf (reactants).

(1)

If the difference of ΔH°f (products) – ΔH°f (reactants) < 0, the
reaction is exothermic and it will proceed spontaneously.
In the text, the notation ∆H° is used instead of ΔHf.
λ = hcNA/E.

(2)

The relationship between energy and the wavelength of
electromagnetic radiation is calculated by formula (2) [26].
The formation enthalpies (kJ/mol) used are as follows:
for ozone 142.7, for O(3P) 249.2, for O(1D) 438.9 and for
O(1S) 653. The relationships between energy units eV,
kJ/mol and cm-1 are 1 eV = 96.49 kJ/mol = 8064 cm-1, 1
kcal = 4.184 kJ [27].

3. Discussion
3.1. Movements of Methane and Water Vapor in the
Atmosphere
3.1.1. Movements of methane
According to Archimedes’ principle, buoyancy (lift) is
an upward force exerted by a fluid or a gas that opposes an
object’s weight. The amount of lift provided by the hot air
depends on the density difference between the air inside
and outside of the balloon envelope caused by different
temperatures. The STP density (0°C and 1 atm) of air is
1.2928 kg/m3 and that of methane is 0.7167 kg/m3.
Methane is more than 44% lighter than STP air. The
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density difference is so great that immediately after
formation the trajectory of the methane molecule would be
upwards, regardless of ambient temperature. Even winds
cannot overcome the force created by buoyance. Trade
winds continually carry air (and methane) to the equator
from the Tropic of Cancer and the Tropic of Capricorn.
According to MIPAS measurements at the equator (see
Figure 1), between the latitudes of 10°S to 0°S the methane
volume mixing ratio (VMR) peaks around 15 km (green
line) [28]. When the air carried by the trade winds reaches
the equator, methane molecules are already high in the
atmosphere. Between the latitudes of 55°N to 75°N, there
is no equivalent peaking. Those regions have no winds with
a directional continuity even close to that of the trade
winds.
3.1.2 Movements of water vapors and ice
Water vapor (H2O(g)) represents a small but
environmentally significant constituent of the atmosphere.

Approximately 99.13% of it is in the troposphere.
Depending on the ambient temperature, tropospheric H2O(g)
as a whole is constantly depleted by precipitation as rain or
snow and replenished by the evaporation of H2O(g) within a
relative narrow temperature range. Methane does not
undergo similar physical phase changes in the atmosphere
of Earth.
The density of H2O(g) is 0.804 kg/m3 [29], making it 38%
lighter than the ambient air. The density difference is so
great that in the atmosphere, the trajectory of the water
molecule would be, due to buoyancy, upwards.
Even winds cannot overcome the force created by
buoyance. During the Airborne Tropical TRopopause
EXperiment (ATTREX) field campaign, vertical water
profiles between 14 and 18 km in the tropical Pacific were
measured [30]. The water profile peaks at 15 km due to the
H2O(g) carried by the trade winds towards the equator (see
Figure 2).

Figure 1. Methane VMR profiles from the upper troposphere to the lower mesosphere [28].
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Figure 2. Water vapor number density profiles from the NOAA water instrument. The red points correspond to the in situ water vapor number
densities during the descent and ascent for the two profiles. The blue line is the mean of the ascent and descent number densities. The green line is the
integrated water vapor amounts (scale at the top of the plot). Note the water peak at around 15 km [30].

The densities of liquid water and ice at 0°C are 998
kgm-3 and 918.7 kgm-3, respectively. At −100°C (173 K)
the density of ice is as high as 927 kg/m3 [31]. In its liquid
and solid state, water lacks buoyancy everywhere in the
atmosphere. Water vapor moves upward whereas liquid
water and ice descend.
Due to trade winds, the tropical tropopause is at an
altitude of about 18 km, and the temperature there is 195 K.
The extratropical tropopause is at an altitude of 8 to 12 km,
and the temperature there is 215 K [32].

Figure 3. Concentration of H2O in the mesosphere [37].

The tropopause works as a first atmospheric cold trap
where the freeze-drying of H2O(g) and subsequent
sedimentation of ice particles strongly reduces the amount
of H2O(g) entering the stratosphere. The part of water that
remains as gas at the top of troposphere enters the

stratosphere by vertical transport (caused by the buoyance)
through the tropopause transition layer (TTL). Seasonal
variation of entry mixing ratios (estimated from near
tropical tropopause level measurements) ranges from 2.5
ppmv during January–February to 4.5 ppmv during
September–October [33]. Measurement of H2O(g) mixing
ratios in the extratropical tropopause are rare. In December
in Kiruna, Sweden there was 4.2 ppmv of H2O(g) in the
tropopause [34].
In the stratosphere the temperature increases due to
increasing altitude. As warm air is able to contain more
water than cold air, the H2O(g) concentration increases as
well [36]. When the maximum stratospheric temperature is
achieved at around 45 to 50km [36], the stratospheric H2O(g)
concentration reaches its maximum value as well.
In the mesosphere, the concentration of H2O(g) in general
decreases slightly with increasing altitude due to the
decreasing temperature and increasing volume of the
available space. There are, however, two water peaks as
exceptions from this general mesospheric behavior. The
upper peak is at an altitude of 81 to 83 km, and the lower
peak is around 70 to 75 km. This double maximum is
typical especially in the equatorial region (see Figure 3)
[37−38]. The second atmospheric cold trap is located at an
altitude of 81 to 83 km. There the H2O(g) condense in the
cold of the night around metallic condensation nuclei and
form tiny nanocrystalline ice particles (see section 3.6.1).
While forming they already descend. When they reach an
altitude of 70 to 75 km, they sublimate as water vapor due
to the higher temperature.
When conditions are right, with the low angle of entering
sunrays in the polar summer time, the highest peak is
visually observable in the polar summer as NLCs.
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3.2. Destruction of Methane
3.2.1. Abstraction of H from CH4 by chemical reaction
The separate experimental bond enthalpies of CH4 and
its constituent radicals are as follows: D0(CH4 – H) = 439.3
kJ/mol D0(CH3 – H) = 462.9 kJ/mol, D0(CH2 – H) = 423.8
kJ/mol and D0(CH – H) = 338.5 kJ/mol. It is important to
note that when these four independently measured bond
enthalpies are combined, they give, according to the first
law of thermodynamics, ∆rxnH298(CH4  C+4H) = 1663.1
kJ/mol [39].
In the stratosphere the ascending methane molecules are
already considerably consumed by collision reactions (see
Figure 1). The most important reactant is the O(1D). Its
energy content is 438.9 kJ/mol, which is less than the 439.3
kJ/mol needed for direct abstraction of the first hydrogen
atom from a methane molecule. A plausible mechanism
may be an insertion of O(1D) into the methane structure. A
transient collision complex of (CH3OH)* is then formed
without the need for any activation energy. Due to the
sensitization, the energy needed for the abstraction of OH
from (CH3OH)* is much less than that for direct
abstraction of H from CH4. A unimolecular exothermic
decomposition follows (reaction 3) [40]:
O(1D) + CH4 (CH3OH)* CH3 + OH; ∆H° ≈ –160 kJ/mol.

(3)

3.2.2. Abstraction of H from CH4 by photolysis
The UV absorption spectrum of methane lies in the
vacuum ultraviolet (VUV) region in the range of 105 to
165 nm [41]. Intensive photodissociation of methane
occurs at wavelengths λ ≤ 140 nm and reaches its peak
between 130 and 105 nm.
Methane photolysis has been the subject of many
theoretical and experimental studies, but a complete
understanding of the process has not yet been achieved [42].
The longest wavelength at which methane can absorb UV
photons is 165 nm. Methane molecules encounter this
caliber of UV in the mesopause. The energy of the 165 nm
UV photon (725kJ/mol) is enough to abstract an H atom
from a methane molecule. The limiting factor then is a
small absorption coefficient.
UV wavelengths of λ ≤ 132.6 nm are found in greater
amounts at altitudes above 95 km. They contain energy
≥902.2 kJ/mol and are able to abstract two H atoms from a
CH4 molecule in one hit. Even though the pathways of
methane photolysis are not yet exactly known, it can be
deduced that photolysis prevents the existence of
appreciable CH4 above 100 km.
3.3. Destruction of H2O(g)
3.3 Abstraction of OH from H2O(g) by photolysis
The O – H bond dissociation energy in H2O, D0(H – OH)
is 492 kJ/mol. The second bond dissociation energy, D0(O
– H), is 425.8 kJ/mol. The enthalpy for atomization of
water is equivalent to the sum of the two successive

gas-phase O – H bond dissociation energies in water,
∆Hatomiz(H2O) ≡ D0(H – OH) + D0(O – H), yielding 917.8
kJ/mol [43].
The absorption spectrum of H2O(g) in the VUV region
exhibits two broad features that peak at about 165 nm and
128 nm [41]. The VUV absorption cross section at 121.6
and 160.8 nm are 13.6×10−18 cm2 and 4.1×10−18 cm2
molecule-1. At the wavelength of 185 nm the UV
absorption cross section of H2O is 6.78×10−20 cm2
molecule-l [44]. At wavelengths between 185 and 193 nm
the cross section decreases in a logarithmic fashion at about
5% per Angstrom (0.1 nm) [45].
UV wavelengths where λ < 193 nm contain
energy >619.8 kJ/mol. In photolysis there is enough energy
for the abstraction of OH from the H2O molecule. The
limiting factor is the small absorption coefficient. As seen
from Figure 4 some H2O is photolyzed already at an
altitude of 65 km. Around this altitude, the cut-off of UV
photons is 185 ≥ λ ≥ 193 nm.
In the daytime, above 95 km there are no hydroxyl
emissions (see Figure 4). Subsequently, this altitude
receives UV radiation with wavelengths of ≤130.4 nm,
photons of which contain energy ≥917.8 kJ/mol. They can
directly atomize water according to reaction (4). Then there
is no hydroxyl phase, and subsequently no OH relaxation
emissions to be observed.
H2O + hν (λ ≤ 130.4 nm)  H2 +½O2.

(4)

The most intensive OH emission takes place between the
altitudes of 83 to 90 km (see Figure 4). Therefore, below 90
km there is very little UV radiation λ ≤ 130.4 nm.
3.3.2 Abstraction of OH from H2O(g) by chemical
reactions
During the night, in the absence of photolysis, excited
O(1D) atoms abstract hydroxyl from the water molecule
(reaction 5) [46]. Isotopic experiments show that two
hydroxyls are formed, and that the reaction (5) proceeds
exothermic [40]:
O(1D) + H218O 

16

OH +

16

OH; ∆H°= –118 kJ/mol.
(5)

18

An important source of the O(1D) is the relaxation of
O(1S) to O(1D) which takes place a few kilometers above in
the MLT ozone layer, causing there the green nightglow
which continues the whole night. Due to its relatively long
lifetime O(1D) is able to enter the mesopause for the
reaction with water vapor. During the ablation of
meteorites hot metal is abstracting O from O2. Then O(1S)
and O(1D) are produced as well (see sections 3.4.2 and
3.6.1).
If an electronically or vibrationally excited oxygen
molecule has a minimum energy content of 190 kJ/mol,
and if it reacts further with the O(3P) atom, an O(1D) atom
is produced (reaction 6):
O(3P) + O2(X³Σg–, ν > 11) or O2 (1Δg, ν >5)
or O2(b1Σg+, ν > 2) O(1D) + O2(X3Σg–). (6)
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Figure 4. Local time distributions of 12-year mean OH glow of Meinel band (a) nightglow and (b) dayglow emission layers at the equator from
SABER observations at 2.0 µm. The unit for emission rate is in 103 photons cm−3 s−1 [47].

If excited oxygen molecules have more energy than
296.2 kJ/mol, they are also able to react with H2O(g) to form
OH and HO2. In the atmosphere the reaction then becomes
exothermic and spontaneous [46]. Excited oxygen
molecules O2(c1Σu–), O2(A’1∆u) and O2(A3Σu+) have energy
in the range of 408.8 to 492.4 kJ/mol and vibrationally
highly excited ground state O2(X³Σg—, υ ≥ 26) molecules
have an energy content of 405 kJ/mol (see Table 1 and
reactions 7 and 8):
(7)
H2O + O2(A3Σu+)  HO2 + OH

3.4. Ecological Significance of the Atomizing of Water
by Photodissociation
3.4.1. Amount of O2 Produced Annually by
Photodissociation of Water in the Atmosphere

At present, 4.8×1011 ga-1 of water is photolyzed in the
upper atmosphere into its constituent gases. O2 stays in the
atmosphere and the H2 (as H atom) escapes into space [48].
Compared to the present volume of the ocean water
(1.335×109 km3) on Earth, 4.8×1011 g or 4.8×10-4 km3 is an
insignificant amount. However, in the case of atmospheric
(8)
H2O + O2(X³Σg–, ν ≥ 26)  HO2 + OH*.
phenomenon, it would be more appropriate to compare gas
HO2 reacts further with oxygen atoms, forming excited volumes than liquid volumes. For that purpose, the amount
OH*. This reaction is exothermic by about 226 kJ/mol [46], water photolyzed annually needs to be converted into
so a vibrationally excited ground state or electronically moles of O2 by basic chemistry calculus.
According to the reaction (4), one mole of water yields
excited oxygen molecule forms as well (reactions 9 and
half a mole of O2. Annually, 2.67×1010 mol (NTP) of water
10):
10
10
HO2 + O(3P)  OH* + O2(X³Σg–, ν > 1) (9) is photolyzed, and ½×2.67×10 = 1.33×10 mol of O2 gas
is formed. Multiplying by the molar mass of O2 (32 g)
HO2 + O(3P)  OH* + O2 (1Δg) or O2(b1Σg+). (10) gives 4.256×1011 g of O2. The total mass of the atmosphere
Gao et al. [47] have mapped a 12-year mean distribution (5.136×1021 g) contains 20.9% or 1.073×1021 g of O2 [49].
of OH dayglow and nightglow (see Figure 4). The reactions Dividing 1.073×1021 g by 4.256×1011 ga-1 gives 2.5×109 a.
(5–10) maintain a high content of excited hydroxyls in the This means that with the present annual photodissociation
mesopause during the night, until the ascent of H2O(g) from rate of water the present atmospheric level (PAL) of O2
an altitude of 70 to 75 km starts to decrease and the descent would have been produced during the first 2.5 billion years
of Earth’s existence.
of ice from an altitude of 81 to 83 km starts to increase.
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3.4.2. Reaction of Hot Iron with Water Vapor
Walker [48] has described the evolution of Earth as
follows: “It is hardly likely that Earth formed with crust,
oceans and atmosphere already in place. It is more likely
that there was a period, after the formation of the Earth,
when these features were accumulating and evolving,
presumably as a result of gravitational differentiation of the
material of the primitive Earth.”
During the primitive phase of Earth, the surface
temperature may have been as high as 2000 K, and the
crust temperature even higher. The main reasons for this
difference are the gravitational potential energy released
upon core formation. Radioactivity could also contribute to
the heating of Earth early in its evolution if significant
amounts of certain extinct radionuclides (e.g., Aluminum
26) were incorporated into the accreting Earth [50].
Meteorites and oxidation of iron have contributed to the
surface temperature as well.
Walker [48] estimates that one sixth of the ocean volume
would have been needed to produce all the iron oxides now
in the top 50 km of the crust. Most of the oxidation has
taken place inside the crust, so there needs to be a
mechanism that was producing oxygen atoms there.
Unfortunately, the most striking example of the power of
the reaction of hot metal with steam is provided by the
Fukushima Daiichi Nuclear Power Plant accident in 2011.
The nuclear fuel at Fukushima was composed of uranium
oxide pellets encased in a zirconium cladding. Due to the
lack of fresh cooling water, the fuel rods created high
temperatures that continually boiled water into steam.
Once the rods reached more than 1200°C, the zirconium
started to interact with the steam and abstract the oxygen
atom from the H2O(g) (reaction 11). The pressure relief
valves were not operational either. If the concentration of
H2 exceeds 4% in the air, a spark will initiate a violent
chain reaction. At Fukushima, that happened three times in
five days in the air of the power plant, and three separate
hydrogen explosions occurred [51].
Zr + 2H2O → ZrO2 + 2 H2 + ∆H°.

(11)

One kilogram of Zr produces 0.0442 kg of H2. Reaction
(11) is highly exothermic: ∆H = –586.6 kJ/mol [52].
In the hot crust of the Precambrian Earth, iron abstracted
oxygen atom from H2O(g). Ferrous and ferric (haematite)
oxides, and magnetite (Fe3O4) was formed and H2 gas was
liberated (reactions (12–14).
(12)
Fe + H2O → FeO + H2
2Fe + 3H2O → Fe2O3 + 3H2
(13)
3Fe + 4H2O → Fe3O4 + 4H2.
(14)
The formation enthalpy of crystalline Fe3O4, determined
according to (reaction 14), is –1115 kJ/mol [53]. The
exothermic reactions (12–14) have, in part, kept the crust
temperature high.
3.4.3. Intensity of H2O(g) photodissociation during the
steam atmosphere period
It is likely that Earth has had an atmosphere composed of

N2 molecules from its beginning. It is highly unlikely that
all gaseous N2 would have been buried in the crust and the
mantle during the aggregate phase of Earth. Some was
clearly buried then because even these days N2 gas is still
emitted during volcanic eruptions.
The most important gas in volcanic emissions is water
vapor. Other gases include H2, CO, N2 and CO2 [32]. As
the temperature of the H2O(g) exhaled from the crust was
about 2000 K, a layer of steam atmosphere was created. It
was a combination of H2O(g) in the form of superheated and
saturated steam [54]. Its height may have been kilometers
from the ground. During the steam atmosphere phase,
liquid water could not descend to the surface.
Most meteorites formed within a period of less than
1×108 years at about 4.5 to 4.6×109 years ago [55]. Yet the
most intensive period can actually be narrowed to between
4.57 and 4.54×109 years ago [32]. The meteorite
bombardment was also likely to have been at its most
intensive then as well. Heat generated by friction heated the
steam layer from above, and the impacts of the meteorites
with the ground heated the crust and provided non-oxidized
iron as well. These may have been important additional
energy sources for maintaining the surface temperature and
the steam atmosphere.
On present-day Venus, at an altitude of 80km, the
atmospheric night-side temperature is 190 K [56]. This
closely corresponds to the present-day cold trap
temperature in the tropical tropopause of Earth.
In Venus the high-surface temperature is transferred
upwards via conduction and radiation. In addition to
conduction and radiation, on the Precambrian Earth the
high surface temperature has been moved upwards with
convection via ascending water vapors as well.
As the surface of Earth has been much hotter than that of
Venus is now, it is plausible to presume that the first cold
trap temperature of 190 K on Earth might have been above
the altitude of 95km, if there then even was any cold trap
(for ice formation) at all. During the steam atmosphere
period amount of photodissociated H2O(g) equaled that
H2O(g) which was exhaled from the crust into the
atmosphere. Production of O2 may have been very
effective. Non-oxidized iron and other non-oxidized metals
on the surface as well as metals from the ablation of
meteoroids consumed atmospheric oxygen by abstracting
O from O2. These processes were preventing the
atmospheric O2 concentration to increase excessively.
A mix of hydrogen and (ground state) oxygen molecules
in the atmosphere does not react. This is because the speed
of the molecules does not provide enough kinetic energy to
activate the reaction during collisions between the
reactants.
Hydrogen molecules formed in the crust may have
mostly reacted 1) with metals forming hydrides and
hydroxides and also 2) with graphite forming methane
[57].
Hydrogen molecules formed by photodissociation of
water above the 95km altitude have ascended further while
oxygen molecules have distributed into the lower
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atmosphere. Therefore, the concentration of hydrogen has
hardly reached the critical 4% limit in the lower
atmosphere. We can therefore conclude that the O2
molecules generated by photodissociation of H2O(g) were
not consumed by hydrogen.
Recent findings show that solar wind picks up O ions
from the upper thermosphere. When Earth is between the
sun and the moon, these ions are then carried to the moon
[58]. When the H2 molecules ascend high enough, they
meet UV photons at the wavelength of the Lyman α line
and are dissociated into H atoms, which ascend further and
are eventually stripped off by the solar wind.
When the peak intensity of the meteorite bombardment
subsided, most of the iron in the crust was probably
oxidized as well. Due to the loss of energy the steam layer
began falling. Eventually there was no longer enough
energy to maintain the superheated steam layer at all.
Tropospheric and mesospheric cold traps were created.
Liquid water started to descend to the surface, thereby
cooling it. Once the era of the intensive meteorite
bombardment ended, an oxidative atmosphere had already
developed.
3.4.4. Ecological Significance of the Reaction of H2 with
Graphite in the Core
Considering that approximately one sixth of the ocean
volume of H2O(g) was consumed in the top 50 km of the
crust during the steam atmosphere phase, reaction of
hydrogen molecules with graphite (15) may have
contributed importantly to our natural gas reserves.
C + 2H2 → CH4

(15)

One sixth of the ocean volume is 0.2225×10 km3,
containing 0.2225×1021 kg of H2O. In moles it is
0.2225×1024 g/18g/mol = 1.24×1022 mol. According to
reaction (4) the number of hydrogen molecules is also 1.24
× 1022 mol. As two moles of H2 yields one mole of methane
(reaction 15), this would result in 0.62×1022 mol of
methane. Because one mole of methane gas (in NTP
conditions) is 22.4 L, methane would have produced
1.39×1023 L or 1.39×1020 m3.
In 2017 global natural gas reserves were estimated to be
1.935×1014 m3 [59]. Even if the efficiency of the reaction
(15) would have been only one per mil, more than 700
times than the present estimated natural gas reserves would
have been produced. It is likely that deeper in the crust
there remains plenty of (so far) unobservable natural gas
sources.
9

3.5. The Middle Mesospheric Maximum of Ozone
(MMM)
3.5.1. Geographical Location of the MMM Layer
In the CRISTA measurements [17] all profiles show
increasing ozone mixing ratios above 80 km, in the lower
part of the MLT. Below this altitude, a distinct ozone layer
(MMM) exists centered at 72.5 km in the high-latitude
profile. The equatorial (2S) and mid-latitude (30S) profiles
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are rather similar but without the MMM layer (see Figure
5).

Figure 5. Results of CRISTA 2 observations show mesospheric ozone
mixing ratio (ppmv) between the latitudes of 2°S to 70°S. Data are
averages of profiles taken between August 13 and 15, 1997. Local times
are approximately 0000, 0400 and 0500 hours for 70°S, 30°S and 2°S
respectively [17].

Moreira et al. [60] studied the annual variation in
mesospheric ozone above Bern (Switzerland, 46.95N,
7.44E). The winter enhancement of nighttime mesospheric
ozone was observed, indicating that the MMM layer during
winter reaches northern mid-latitudes as well. This effect is
smaller in amplitude at mid-latitudes than it is at high
latitudes.
Rogers et al. [61] studied seasonal and diurnal variations
of the MLT ozone near the mesopause from observations
of the 11.072-GHz line in Massachusetts (42.62N, 71.37W
and 42.61N, 71.49W) on January 26. The diurnal variation
in the concentrations of ozone above 80 km (in the MLT
ozone layer) is clearly characterized by an increase of
ozone after sunset and by a decrease before sunrise (see
Figure 6). Below 80 km the same trends can be seen,
though they are much weaker. However, it can be deduced
that even at 42.62oN a winter enhancement of ozone with a
very small amplitude exists.
3.5.2. Formation of the MLT Layer during the Civil and
Nautical Twilights after Sunset
The sunrise at an altitude of 88 km above Neuchatel
(Switzerland (7N, 7E) is about 50 minutes earlier and
sunset about 70 minutes later than at the ground level [62].
In Massachusetts the length of the day on January 26 is 9
h 47 min. Given that in the MLT above Massachusetts the
daytime is two hours longer that it is on the ground, the
length of the day there is 11 h 47 min. The ozone layer is at
a stable daytime concentration for about 12 h 30 min,
including about 15 minutes before sunrise and about 30
minutes after sunset. The increase in ozone concentration
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starts when the civil twilight already has begun (see Figure
6).
Civil twilight is the moment when the sun is below the
horizon and the solar elevation angle (θs) is between
−6° < θs < 0. Human observers are, at this time, able to
distinguish terrestrial objects. During nautical twilight
(−12° < θs < −6), however, only outlines of objects are
visible to a human observer [63].
In Massachusetts on January 26, the θs was 27.56° [64].
In the MLT layer, the amount of time from 1200 hours to
sunset is 353 minutes. A decrease in θs by one degree takes
12 min. 54 s. The duration of the civil twilight is 1 h 17 min.
The maximum ozone concentration is reached around 2000
hours when nautical twilight time has begun (see Figure 6).

Figure 6. Diurnal variations in the ozone VMR for regions above 80 km
(42.62°N, 71.37°W) from observations at 11 GHz on January 26 2008
[61].

3.5.3. Formation of the MMM Layer during the Civil and
Nautical Twilights after Sunset
On the ground level in mid-August at 70°S, the length of
the day is 5 h 10 min, and subsequently in the MMM layer
it is about 7 h hours. The time from noon to sunset in the
MMM layer is so about 210 minutes. At noon, the θs on the
ground is 6.25. It decreases one degree in about 33 minutes.
In Bern on February 15, the length of the day is about 10
h 30 min, and in the MMM layer it is about 13 h 24 min.
The time from noon to sunset is 402 minutes. On the
ground at noon, the θs is 26, and it decreases one degree in
about 15 minutes 30 seconds.
In the northern mid-latitudes, θs decreases two times
faster than in the latitudes around the Arctic circle. This
means that during the civil and nautical twilight the sun’s
rays have twice as much time to affect.
When the increase in ozone concentration starts, all UV
radiation and visible radiation in the short range are already
cut-off. The turnover rate of ozone molecules then
decreases. As the wavelengths of the sun’s rays further
increase, the ozone concentration increases and reaches its

maximum during the nautical twilight.
The duration of civil and nautical twilights increases the
further north one moves. IR photons therefore have more
time to affect O2 and O3 molecules. This is obviously
important for the formation of the maximum intensity of
the MMM layer. In the Northern Hemisphere it restricts the
layer’s location to between the northern mid-latitudes and
somewhat north from the Arctic Circle, and its existence to
between the winter months of November to February. In
the Southern Hemisphere the layer’s location is between
the southern mid-latitudes and south from the Antarctic
Circle and its existence to between the winter months of
May to August.
3.5.4. Role of Excited Triplet State O3 Molecules in the
Formation of the MMM Layer
Like oxygen molecules, ozone also has several
vibrationally and electronically excited states. The three
lowest transition vibrational energy levels of 16O3 are 13.2
kJ/mol, 8.4 kJ/mol and 12.5 kJ/mol for the symmetric
stretch, bending, and antisymmetric stretch modes,
respectively [65]. The vertical excitation energy of the
triplet states 3B2, 3B1, and 3A2 are 98.4, 156.3 and 170.8
kJ/mol respectively [66].
Ozone has distinct IR absorption between the
wavelengths of 750 and 1060 nm (the Wulf band area) [67].
The energies corresponding to these wavelengths are 159.5
to 112.9 kJ/mol.
The existence of distinct absorption spectra actually
shows that after the photoexcitation by IR photons, the
triplet ozone molecule does not immediately fall apart. The
radiative lifetimes (τ) of the 3B2, 3A2 and 3B1 states of ozone
are 83.1 sec, 0.038 sec and 0.200 sec, respectively [66].
Later in the text these triplet ozone molecules are described
by the symbol O3*.
3.5.5. Excited O2(1Δg) and O2(b1Σg+) Molecules
Oxygen molecules absorb IR photons at 1269 nm and
1065 nm [68]. Then O2(a1∆g, ν=0) and O2(a1∆g, ν=1)
molecules are photoexcited. Their energy content is 94.3
kJ/mol and 112.3 kJ/mol respectively (see Table 1).
At an altitude of 90 km, peak density for ozone is about
1×108 and for O2(1Δg) it is about 3×109/cm3 [69]. During
the civil and nautical twilight, the proportion of IR light in
the incident sun’s rays increases in the MMM layer. This
would favor the formation of O2(1Δg). The potential for
O2(1Δg) formation can then be considered greater than
during the daytime. Due to the long lifetime of O2(1Δg), its
concentration most likely exceeds that of the ozone in the
MMM layer as well.
The oxygen molecules absorb IR light in the range of
758 to 772 nm, and visible light in the ranges of 685 to 697
nm and 627 to 637 nm as well [70]. Then photoexcitation
of O2(b1Σg+, ν = 0, 1 and 2) occurs. They have energies of
157, 173.8 and 190 kJ/mol, respectively (see Table 1).
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Table 1. Electronic and vibrational energies (kJ/mol) of O2(X3Σg−), O2(a1∆g), O2(b1Σg+), O2(A’1∆u), O2(A’1∆u), O2(A3Σu+) and O2(B3Σu−) molecules
[71], [72].
Eel + E(ν) (kJ/mol)
O2(X Σg )
3

O2(a ∆g)

−

1

ν(0) = 0
ν (1) = 18.6
ν(2) = 36.9
ν(3) = 55.0
ν(4) = 72.8
ν(5) = 90.3
ν(6) =107.5
ν(7) = 124.5
ν(8) =141.2
ν(9) =157.6
ν(10) =173.8
ν(11) = 189.7
ν(12) = 205.3
ν(13) = 220.6
ν(14) = 238.9
ν(17) = 292.9**
ν(26) = 405

O2( b Σg+)

O2(c1Σu−)

O2(A’1∆u)

O2(A3Σu+)

ν(0) = 157.0
ν(1) = 173.8
ν(2) = 190.3
ν(3) = 206.4
ν(4) = 222.2
ν(5) = 237.7
ν(6) = 252.8
ν(7) = 267.6

ν(0) = 390.8*
ν(1) = 400.1
ν(2) = 408.9
ν(3) = 417.2
ν(4) = 425.6
ν(5) = 433.3
ν(6) = 440.7
ν(7) = 447.6
ν(8) = 454.2
ν(9) = 460.2
ν(10) = 465.8
ν(11) = 471.0
ν(12) = 475.6
ν(13) = 479.7
ν(14) = 483.3
ν(15) = 486.4
ν(16) = 488.9
ν(17) = 490.7
ν(18) = 492.2
ν(19) = 492.9

ν(0) = 413.2*
ν(1) = 422.6*
ν(2) = 431.7
ν(3) = 440.4
ν(4) = 448.7
ν(5) = 456.6
ν(6) = 463.9
ν(7) = 470.7
ν(8) = 476.8
ν(9) = 482.3
ν(10) = 486.8
ν(11) = 490.4

ν(0) = 418.9
ν(1) = 428.2
ν(2) = 437.1
ν(3) = 445.6
ν(4) = 453.7
ν(5) = 461.3
ν(6) = 468.4
ν(7) = 474.9
ν(8) = 480.7
ν(9) = 485.7
ν(10) = 489.7
ν(11) = 492.5

1

ν(0) = 94.3
ν(1) = 112.3
ν(2) = 129.6
ν(3) = 146.7
ν(4) = 163.5
ν(5) = 180.0
ν(6) = 196.2
ν(7) = 212.1
ν(8) = 227.6
ν(9) = 242.8
ν(10) = 257.6

*calculated [71]; [73].

During the civil twilight, O2(b1Σg+) is able to form by
photoexcitation. Wayne [74] suggested that O2(b1Σg+) is
formed in the energy‐pooling process of two O2(1Δg) as
well. Then O2(b1Σ+g) is preferentially formed with two
quanta of vibrational excitation (reaction 16) [75]:
O2(1Δg, ν = 1) + O2(1Δg ν = 1) → O2(b1Σg+ ν = 2) + O2(X3Σg—);

∆H0 = –34.3 kJ/mol

(16)

The quenching of O( D) with O2(X Σg ) produces an
O2(b1Σ+g) molecule and an O(3P) atom (reaction 17) [76]:
1

3

—

O(1D) + O2(X3Σg—) → O2(b1Σ+g) + O(3P) (17)
O2(b1Σ+g) molecules maintain the ozone concentration
(reaction 18), as O(3P) creates new ozone:
O2(b1Σ+g) + O3 → O(3P) + 2O2(X3Σg—)

(18)

3.5.6. Role of excited triplet state O3 and O2(1Δg) molecules
in the formation of the MMM layer
During the nautical twilight when the ozone
concentration reaches its maximum, the incident solar
radiation contains only the Wulf band IR photons. Then
only O3* and O2 (1Δg) are able to be photoexcited.
The reaction (19) is endothermic by 12.2 kJ/mol if the
standard enthalpy (142.7 kJ/mol) of ground state ozone
(O3(1A)) is used in the calculation. However, due to the
participation of a vibrationally excited ground state ozone
molecule it is exothermic [72]:
O2(1Δg) + O3 → O(3P) + 2O2(X3Σg—)

(19)

When O2 (a1∆g, ν ≥ 1) reacts with ozone, reaction (19) is
exothermic even without the presence of an excited ozone
molecule. O2 (1Δg) molecules maintain the ozone
concentration before the darkness begins.
If not participating in the collision reactions, the O3*

molecule is, due to its great energy content, spontaneously
relaxed (reaction 20):
O3* → O(3P) + O2(X3Σg—)

(20)

In the reaction of O( P) with ground state ozone,
electronically excited O2(1Δg) and vibrationally excited
ground state O2 molecules up to 17 quanta are formed
(reaction 21) [77]:
3

O3(1A) + O(3P) → O2(X3Σg—, ν ≤ 17) + O2(1Δg);
∆H0 = –5.3 kJ/mol (21)
According to McGrath and Norrish [71], vibrationally
excited oxygen molecules having 18 or more quanta are
able to react with ozone and form O(1D) (reaction 22):
O2(X3Σg—, ν ≥ 18) + O3 → 2O2(X3Σg—, ν =0) + O(1D)
(22)
Given even the τ of 0.038 or 0.200 seconds, collisional
reactions of O3* are possible. Their contribution to the
reaction (21) would produce O2(X3Σg—, ν ≥ 18), which
would provide an important additional energy input to
induce a small increase in ozone concentration. The ozone
concentration drops only slightly during the dark period of
the night.
3.6 Noctilucent clouds
3.6.1 Meteoric Smoke Particles and the Formation
Mechanism of NLCs
Every day, more than 40 tons of meteorites hit Earth [78].
The ablation of meteorites by atmospheric friction
produces metal species such as Fe, Mg, Si, Na, Ca and K in
the atmosphere. Their atomic radiuses range from 111 to
243 pm.
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Ablation causes meteors to glow. If the direction of
motion of the meteoroid is opposite to that of Earth, the
speed of encounter may be as high as 255,000 km/h. The
temperature may even rise to 3500oC for several seconds
[79]. Metals on the hot surface react with O and O2. Metals
can then also react with N2 and CO2. Oxides, hydroxides,
N-compounds and carbonates are formed.
Ablated compounds immediately start to descend. In
continuous reactions their molecular weights increase
varyingly. More or less separated layers start to form. The
density difference between them and the ambient air
decreases, so their rate of descent slows.
Ablation is most intensive at an altitude of 95 km [80].
At an altitude of 81 to 83 km the sizes of the condensation
nuclei are already so large that they are able to trigger the
formation of nanocrystalline ice particles. When ice has
evaporated at 70 to 75 km, metallic nuclei continue to grow
and descend. In the upper stratosphere they have reached
dimensions from 200 nm to 40 μm, and are called meteoric
smoke particles (MSP) [81]. Ultimately, it may take up to
four years before the MSPs hit the ground.
Observations of NLCs are restricted to the upper
mesosphere above the boreal areas in summertime.
However, the two mesospheric maxima in the water profile
above the equatorial areas suggest that ice forms
throughout Earth’s mesosphere at an altitude of 81 to 83
km, regardless of season.
3.6.2 Apparent Movements of NLCs
When observed visually or by radar from the ground,
NLCs seem to be moving rather fast. Their direction of
movement is opposite that of Earth’s rotation around its
axis. This movement is taken as evidence of winds in the
upper mesosphere. However, there are no known and
experimentally proven physical factors which could
generate winds at that altitude.
Of the atmospheric mass, 99.99% is below an altitude of
80 km. The gravitational force of Earth is not strong
enough to bind the gas molecules above 80 km as tightly as
the solid/liquid mass on the surface is. Gas molecules lag
relative to the surface. An observer on the surface senses
that the NLCs are moving even though he or she is actually
moving faster relative to the clouds. An illusion of local
movement at an altitude of 81 to 83 km in a clockwise
direction is created. It is more relevant to suppose that the
NLCs are stationary relative to the ambient air at that
particular elevation range.

4. Conclusions
Due to buoyancy, methane molecules and water vapor
(H2O(g)) ascend in the atmosphere. Already in the
stratosphere most of the methane is destroyed by chemical
reactions. The rest of them are photodissociated by UV
photons of λ < 140 nm in the mesopause. Above 100 km,
appreciable amounts of CH4 molecules do not even exist.
At an altitude of 81 to 83 km, the ascending H2O(g)

condenses into ice crystals. The oxidation of metals ablated
from meteorites creates compounds which act as
condensation nuclei. Due to the lack of buoyance, the ice
crystals that are formed descend to an altitude of 70 to 75
km. There ice is sublimated back into H2O(g). An upper
mesospheric water mini cyle is formed. In boreal summer
evenings, the ice layer at 81 to 83 km is visually observable
from the ground, which results in the phenomenon known
as noctilucent clouds.
Nowadays, the amount of 4.8×1011 g of H2O(g) is
annually photodissociated in the mesopause. It produces
1.33×1010 mol×a-1 of O2. With that rate of accumulation,
the PAL level of O2 would have been produced within 2.5
billion years from the beginning of Earth. During the steam
atmosphere phase in the early Precambrian era, the
photodissociation of H2O(g) was much more intensive.
Earth had probably received an oxygenated atmosphere
already by the end of 4.54×109 years.
The middle mesospheric ozone maximum (MMM) is
formed in the wintertime at an altitude of 70 to 75 km. Its
location O2 (1Δg) is restricted between the northern
mid-latitudes and somewhat north from the Arctic Circle,
and symmetrically in the Southern Hemisphere. Daytime
ozone concentration is kept at a low but stable level by
intensive solar radiation. During the civil and nautical
twilight, the intensity of the sun’s rays decreases
dramatically. Ozone, being the weak oxygen species, gains
the most from this decrease. Its concentration increases to
the maximum just before the dark.
Excited O2 (b1Σg+) and O2(1Δg) molecules maintain the
ozone concentration and excited triplet state ozone (O3*)
molecules fuel the process with oxygen atoms via
spontaneous dissociation or via chemical reactions. During
winter, the solar radiation angle (θs) decreases two times
slower at the high latitudes than it does at the mid-latitudes.
IR radiation has twice as much time to affect O2 and O3
molecules during the twilight. The production of O2 (1Δg)
and O3* is then more efficient in the high latitudes. As a
result, the amplitude of the MMM layer in terms of ozone
concentration increases when moving from the
mid-latitudes towards the high ones. The ozone
concentration drops only slightly during the dark period of
the night.
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