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Abstract  The absorption of UV, visible and near IR 
radiation by O3 produces transient, electronically excited 
O3. The absorption of thermal IR radiation (λ = 9.065, 
9.596 and 14.267 µm) produces vibrationally excited O3 
molecules. Thermal absorption is likely the main factor in 
the self-decay of O3. Photoexcitation of ground state O2
(X3Σg

–) by IR and red light radiation produces singlet 
oxygens (O2 (a1∆g) and O2 (b1Σg

+)). Chemical reactions in 
the stratosphere produce them as well. When reacting with 
ozone, singlet oxygen produces O (3P) and O2 (X3Σg

–). By 
doing so, they tend to maintain the prevailing ozone 
concentration and are thereby important for the stability of 
the ozone layer. During the daytime, O (1D), O2 (a1∆g) and 
O2 (b1Σg

+) reach their maximum concentrations at altitudes 
of 45 to 48 km. This manifests fast ozone turnover which 
generates the maximum stratospheric temperature at those 
particular altitudes. During the night-time, the self-decay 
of ozone and absorption of light from the nightglows, moon 
and stars by O3 and O2 generates so much heat that the 
stratospheric temperature decreases by only a couple of 
degrees. Being a heavier gas than O2 and N2, ozone lacks 
buoyancy in the atmosphere, and it starts to descend 
immediately when formed. Chapman calculated that ozone 
in the stratosphere would descend 20 m per day. At the 
North and South Poles, during the four to six months of 
darkness in the winter, ozone descends by 2.4 to 3.6 km. 
This descent is likely the main reason for the stratospheric 
ozone depletion above the poles during winter. 

Keywords  Ozone Self-decay, Photoexcitation of 
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Poles during Winter 

1. Introduction
At the beginning of the 20th century, it was found that 

the emissions of stars contribute to only a part of the total 

night-sky emission intensity in the visible range [1]. By the 
late 1920s, it became obvious that Earth’s atmosphere 
exists at high altitudes as well, and important chemical 
processes occur there, such as the green line nightglow of 
oxygen atoms (OI 5577Å) [2]. It became evident that 
excited O and O2 are present in the atmosphere, because 
features of the day and night airglows derive optical 
transitions from these species. The development of 
quantum and molecular orbital theories provided 
explanations for the observed phenomena, and led to the 
development of modern aeronomy. 

Singlet oxygen, 1O2 (present notation O2 (a1∆g)), was 
first observed in 1924 [3] and it was then defined as a more 
reactive form of oxygen molecule. UV nightglow was 
explained to be due to the relaxation of even more highly 
excited oxygen molecules [4]. In 1939, Kautsky [5] first 
proposed that 1O2 might be a reaction intermediate in 
dye-sensitized photooxygenation. The study of excited 
oxygen molecules has since become an important goal in 
physical chemistry [6, 7]. 

In the 1930s, Sydney Chapman proposed a kinetic model 
for the production and destruction of stratospheric ozone 
(the oxygen-only theory) [8]. Chapman’s mechanism 
involves two photochemical, (1) and (2) and three chemical 
reactions, (3) to (5) [9].  

O2 + hν → O +O     (1) 

O3 + hν → O +O2 (2) 

O+ O2 + M → O3+M  (3) 

O+ O3 → O2 + O2 (4) 

O + O + M → O2 + M     (5) 

According to the theory, the net production of oxygen 
atoms results almost exclusively from the 
photodissociation of molecular oxygen (1). Ozone is 
formed via a single recombination reaction of atomic and 
molecular oxygen (3). Photolysis (2) and the reformation 
of ozone (3) would have no ultimate net effect on the 
amount of ozone. Under usual stratospheric conditions, O3 
photolysis (2) is 103 times faster than the dissociation of O2 
(1). Reaction (3) is to a similar degree faster than (4) and (5) 
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for O removal [9]. 
Originally, Chapman included (6) in his mechanism as 

well. He considered that it would describe the thermal 
decomposition of ozone. In technological applications the 
temperature-dependent self-decay of ozone is presently 
well realized [10]. 

O3 + O3 → 3O2             (6) 
Chapman also makes a note that ozone is a heavier gas 

than O2 and N2, implying that it descends in the atmosphere 
due to gravity. He calculated that at an altitude of 50 km 
ozone would descend even 20 m per day. Excited oxygen 
and/or ozone molecules had no role in Chapman’s theory. 

In the 1970s, the existence of vibrationally and 
electronically excited states of ozone was proven 
theoretically [11]. At the same time, the global upper 
mesosphere and lower thermosphere (MLT) ozone 
maximum were also discovered [12–14]. A third ozone 
maximum was found in the 1990s. It was named, according 
to its vertical location, as the middle mesospheric (tertiary) 
maximum of ozone (MMM). In the Northern Hemisphere 
its location is restricted to between the mid-latitudes and 
somewhat north from the Arctic Circle during the winter 
months [15]. 

It turned out that the models, based on (1) to (5) of the 
Chapman cycle, predicted ozone concentrations that are 
smaller compared to the observed concentrations. In the 40 
to 45 km region, the error was about 10% to 20%, its 
magnitude increasing with altitude [16–18]. 

In computer models it is assumed that the ozone layer is 
so homogeneous and static that it would enable the use of 
linear equations to model the stratospheric ozone behavior. 
This concept has been criticized by the Crista researchers 
[19]. According to them, 3-D images demonstrate that 
ozone is organized in complex dynamic vertical and 
filamentary structures that are constantly changing. 
Considering the inhomogeneous distribution of ozone in 
the atmosphere, the approach to restrict it to a certain ideal 
fixed frame of average thickness does not seem relevant. 
Attempts to model complex nonlinear processes with zonal 
averaging and linear equations will invariably give 
inaccurate results. The Chapman cycle, however, has 
remained at the core of the models of ozone kinetics used 
by current atmospheric scientists [20]. 

Chapman’s model needs to be expanded by considering 
the excited states of O2 and O3 molecules, the reactions of 
which with ground state O2 molecule (O2(X3Σg

–)) also 
produce unpaired oxygen species. Their contribution 
would be important when comprehensively explaining the 
dynamic behavior of ozone in the atmosphere. 

2. Materials and Methods 
2.1. Aims of the Study 

The aim of this meta-study is to provide a basic 
understanding of the dynamics related to the formation of 

the stratospheric ozone layer. For this purpose, important 
new variables are discussed, including the downward 
movement of ozone due to its lack of buoyancy, the 
temperature-dependent self-decay of ozone, and the 
importance of the excited states of O3 and O2 molecules in 
the dynamics of the stratospheric ozone layer.  

This study is based on available satellite data regarding 
the existence of O3 and excited O2 molecules in the 
atmosphere as well as on the published physical and 
chemical (practical and theoretical) research on their 
formation and reactions. 

2.2. Formulas Used in Calculations 

The formation enthalpies of reactions are calculated 
according to Hess’s Law by (7):  

ΔH°f (reaction) = ΔH°f (products) – ΔH°f (reactants)     (7) 

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 ΔH°f. 

λ = hcNA/E                 (8) 

The relationship between energy and the wavelength of 
electromagnetic radiation is calculated by (8) [21].  

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 [22]. 

3. Discussion 

3.1. Attenuation of the Solar Radiation in the 
Atmosphere 

Ultraviolet radiation (UV) includes wavelengths 
between 10 and 400 nm. By convention, it is subdivided 
into extreme UV (EUV, or XUV: 10–110 nm), far UV 
(FUV: 110–200 nm), UVC (200–280 nm), UVB (280–320 
nm), and UVA (320–400 nm) regions. Wavelengths of 10 
to 200 nm are also called vacuum ultraviolet (VUV), 
because ground-level instruments are usually placed under 
a vacuum to obtain sufficient light transmission in this 
region [23]. The exact division between the EUV and the 
FUV is frequently considered to be the ionization threshold 
of molecular oxygen at 102.8 nm [23]. UV radiation is 
attenuated in the atmosphere by absorption and scattering 
[24]. Absorptions define the absorptive optical thickness of 
the atmosphere, and scatterings the non-absorptive optical 
thickness of the atmosphere. 

3.1.1. Absorptive Attenuation of UV Light: Effect of 
Nitrogen and Oxygen Species  

In the thermosphere, absorptive shielding of the 
atmosphere towards EUV radiation is provided by N, N2, O 
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and O2 species. Nitrogen atoms absorb EUV especially in 
the 61.2 to 69.4 nm region [25]. Molecular nitrogen has 
strong absorption bands in the range of 80 to 100 nm [26]. 
Oxygen atoms absorb EUV photons in the range of 60 to 
100 nm, singlet oxygens O2 (a1Δg) and O2 (b1Σg

+) absorb 
EUV in the region of 83.5 to 90.0 nm [27]. 

Absorption of O2 and O3 attenuates the FUV and UVC in 
the mesosphere and stratosphere. O2 has a continuous UV 
absorption band (with decreasing intensity) at the 
wavelengths of 105 to 252 nm. O3 absorbs continuously 
(with variable intensity) at the wavelengths of 105 to 1100 
nm (See Figure 1) [28, 29]. The release of energy when UV 
photons are absorbed by O3 is the main source for heating 
the stratosphere during daytime. 

 

Figure 1.  Transmittance Spectrum of O2 in the Visible and Near IR 
bands [29] 

3.1.2. Absorption of Red and IR Light by O3 and O2 
O3 absorbs red light at wavelengths of 540 to 640 nm 

(see Figure 1) [29]. Absorption of those wavelengths starts 
in the lower thermosphere. At an altitude of 4.6 km, the 
cumulative effect of the O3 absorption of red light is 
considerable (see Figure 2). These absorptions probably 
intensify the overall feeling of blueness in the sky. 
Rayleigh scattering is the main reason for blue sky.  

 

Figure 2.  The UV–Vis (grey) and Vis–NIR (black) optical depth 
spectra from sunset observation (3 March 2004, 79:8oN, 80:5oW), shown 
for four sample tangent heights. An optical depth of 8 corresponds to a 
transmission of 0.03% [30] 

 
O3 absorbs IR at wavelengths of 750 to 900 nm and 920 

to 1060 nm (the Wulf bands) [29].  
O2 absorbs IR at the wavelength s of 1065 nm and 1269 

nm [31]. Red light it absorbs at the wavelengths of λ = 627 
to 637 nm, λ = 685 to 697 nm and λ = 758 to 772 nm, the A, 
B and ϒ-bands of O2 respectively [30, 32].  

IR absorption by O2 and O3 prevents some of the solar IR 
and most of the nightglows’ IR from reaching the ground. 
The release of energy when visible and IR photons and UV 
photons (from UV nightglows) are absorbed by O3 is an 
important source of energy for heating the stratosphere 
during the night. 

3.1.3. Attenuation of Solar Light by Inelastic and Elastic 
Scattering 

EUV photons with wavelengths of 10 to 50 nm are 
screened off by inelastic scattering (in which photons lose 
energy) already in the thermosphere. Collisions produce 
photoelectrons [2]. They have enough energy to carry out 
further ionization reactions [33]. Ionizations caused by 
EUV creates the ionosphere of Earth.  

When photons of UVC, UVB, UVA and blue light 
collide with N2 and O2 molecules, they are subjected to 
elastic Rayleigh scattering in the mesosphere, stratosphere 
and troposphere. At this point photons do not lose energy, 
only their direction of movement is changed. From the 
lower stratosphere down the Rayleigh scattering becomes 
increasingly important.  

The deviate portion of solar radiation is called skylight. 
It comes from all regions of the sky. This means that one 
can, for example, get a tan even when under a small 
umbrella at the beach or when skiing on powder snow on a 
sunny day.  

It is estimated that the “sky” portion contributes 15% to 
25% of total downwelling irradiance in the blue light 
region (400 to 500 nm). In the UVA region it contributes 
25% to 50%. In the UVB region it contributes 50% to 
nearly 100% [34]. 

Only the longer part of UVB (290 ≤ λ ≤ 320 nm), 
depending on the latitude, reaches the ground [35]. 
Rayleigh scattering eliminates the most energetic part of 
the UVB (280 nm ≤ λ ≤ 290 nm), so that only traces of it 
reach the lower troposphere [36].  

3.2. Stratospheric Ozone Layer 

3.2.1. Boundaries of the Stratosphere 
The height of the tropopause depends on the latitude and 

the season. During the summer monsoon, the height of the 
tropopause may be as much as 18 km over southwest Asia. 
At the midlatitudes, the tropopause is less than 9 to 10 km 
above sea level. In winter above Antarctica, Siberia and 
northern Canada its height is 8 km [37]. The lower 
boundary of the stratosphere varies accordingly.  

Above India the stratopause is, on average, at an altitude 
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of 47 to 48 km with a standard deviation of 3.2 km [38]. 
Above Germany its altitude is between 47 and 49 km [39]. 

3.2 2. Temperature Profile of the Stratosphere 
Above Germany the stratospheric temperature increases 

with altitude at an average of 5 °C per km. The maximum 
temperature is reached at the altitude range of 45 to 48 km. 
From the stratopause upwards, the temperature of the 
mesosphere decreases (see Figure 3).  

 
Figure 3.  Nighttime Temperature Profile of the Atmosphere above 
Germany in June 2005 [39] 

The stratopause temperatures above India range from 
248 to 279 K with maximum frequency of occurrence in 
the temperature range of 261 to 262 K [38]. Above 
Germany the summer stratopause (∼275 K) is slightly 
warmer than the winter stratopause (∼266 K) [39]. 

During the night the stratosphere cools a bit. Diurnal 
temperature difference between 20 and 48 km is 1 to 2 
degrees. From the stratopause upwards in the mesosphere, 
the diurnal temperature difference increases (see Figure 4). 

 

Figure 4.  Diurnal Temperature Amplitude in the Stratosphere and 
Mesosphere [40] 

3.2.3. Elevations of VMR and Number Density Maxima of 
Ozone 

The maximum volume mixing ratio (VMR) of ozone (9 

to 10 ppm) is centered at the altitude of 32 km between 20 
oS to 20 oN (see Figure 5). On the other hand, the maximum 
number density of ozone is centered at altitudes of 15 to 25 
km [41]. VMR and number density maxima do not 
coincide at the same altitude because the density of the air 
decreases ten times when going from 20 to 35 km [42]. At 
20 km, the VMR of 3 ppm contains three times more ozone 
molecules than the VMR of 10 ppm at 35 km.  

During the winter, between the midlatitudes and boreal 
areas, the number density maximum of ozone (5–6×1012 
cm-3) is located at altitudes of 15 to 20 km [43]. 

 

Figure 5.  Ozone VMR in the Stratosphere and Mesosphere [40] 

3.3. Diurnal Variation of the VMR of Ozone in the 
Stratosphere 

Parrish et al. [44] measured the day–night variation of O3 
VMR for each hour of the day over the summer months 
(June, July, and August) from 1995 to 2013 above Hawaii 
(see Figure 6). 

Between altitudes of 20 to 27 km, the O3 concentrations 
are more or less the same during the day and night. Within 
this range UV photons with λ < 252 nm are screened off 
due to the great absorptive optical density of the 
atmosphere. So, the dissociation of O2 (1) does not produce 
O atoms. The photolysis of O3 (2) and the self-decay of 
ozone are more or less the sole contributors of O atoms. 
Reaction (3) is able to produce enough new O3, 
concentration of which remains stable. 

A notable exception is the afternoon minimum of O3 at 
altitudes of 20 to 24 km. The non-absorptive optical density 
of the atmosphere at this altitude is already so great that the 
Rayleigh scattering has importance. For this reason, there 
is more energetic UV radiation available in the afternoon. 
The photolysis of O3 increases. Reaction (3) is not able to 
produce enough new O3, concentration of which 
subsequently decreases.  

At altitudes of 31 to 39 km, the UV radiation in the 
morning is capable of photolyzing O3, but not of 
dissociating enough O2. Due to the lack of O atoms, the O3 
concentration is kept low. The morning minimum of O3 is 
created. By midday the proportion of more energetic UV 
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photons increases and dissociating of O2 is higher. The 
produced O atoms fuel the formation of O3 via (3). The O3 
concentration reaches its afternoon maximum. 

At altitudes of 42 to 46 km, the UV is already in the 
morning as strong as it is at altitudes of 31 to 39 km at 
midday. The O3 maximum is now created in the morning. 
Around midday the production of O atoms increases due to 
higher O2 dissociation. However, for two reasons this is not 
enough to boost O3 formation. First, the rate of O3 
photolysis increases even more than that of O2 dissociation. 
Second, the rate of (3) depends on the abundance of a third 
body M, and therefore on pressure. The air pressure is 
already so low that the availability of M molecules limits 
the rate of (3). As a consequence, concentration of O3 is 
depleted in the afternoon. However, in spite of this the 
overall ozone turnover is so great that the stratospheric 
temperature reaches its maximum within the range 45 to 48 
km. 

From 48 km upwards, UV radiation is intensive enough 
already from the morning. However, the abundance of M 
decreases increasingly and so does the rate of (3) as well. 
Concentration of O3 remains low all day. Overall ozone 
turnover starts to decrease, and temperature starts to 

decrease. 

3.4. Excited States of Ozone Molecules 

3.4.1. Structure of Ozone Molecule 
Ozone is an allotropic form of oxygen constituted of 3 

oxygen atoms. It has 24 electrons, of which 6 are in the 3 
closed shell inner orbitals, and 18 valence electrons are in 
12 outer orbitals [45].  

In the ab initio calculations, ozone is considered to have 
three structural symmetries (a type of conformational 
isomer): the C2v (open) minimum, the D3h (ring) minimum, 
and the O (3P) + O2(X3Σg

–) dissociation threshold. In the 
calculations the barrier to isomerization (open → ring → 
open) is taken to be about 1.3 eV (125.4 kJ/mol) with 
respect to the dissociation asymptote. The ground 
electronic state of ozone (in the open minimum 
conformation) has 1A1 vibrational symmetry [46]. Like O2, 
O3 molecule has a multitude of electronically excited as 
well as vibrationally excited states. The excited states have 
a much weaker O2-O bond and hence may lead to much 
faster reaction rates with various atoms and molecules. 

 
Figure 6.  Day–night difference of measured (black) and modeled (solid and dashed red lines) ozone values for each hour of the day in summer (June, 
July, and August), normalized to the corresponding midnight values. Measured values are derived from selected MWR data, averaged over the summer 
months from 1995 to 2013, at pressure levels between 56 hPa to 0.1 hPa [44] 
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3.4.2. Electronically Excited Ozone Molecules 
The chemistry of the electronically excited ozone 

molecules is not as straightforward as that of electronically 
excited oxygen molecules. Already the energy of the 
lowest excited electronic state of O3 is above its 
dissociation threshold O (3P) + O2 (X3Σg

—). Only the 
lowest triplet states have so long lifetimes that they likely 
participate bimolecular reactions in the atmosphere. More 
highly excited (singlet) states are dissociated immediately. 
That is why the electronically excited states of O3 are 
categorized according to the energies of their photolysis 
products. Relevant reactions in the stratosphere are [45]: 

O3 + hν (λ<1180 nm) → O (3P + O2 (X3Σg
—)    (9) 

O3 + hν (λ<612 nm) → O (3P) + O2 (1Δg)      (10) 

O3 + hν (λ< 463 nm) → O (3P) + O2 (b1Σg
+)    (11) 

O3 + hν (λ< 411 nm) → O (1D) + O2 (X3Σg
—)   (12) 

O3 + hν (λ < 310 nm) → O (1D) + O2 (1Δg)    (13) 

Photoexcitation in the Wulf band (9) produces triplet 
states of O3 that have energies more than 101.4 kJ/mol 
(1.051 eV). The existence of (rather) distinct absorption 
spectra actually shows that triplet state ozone molecules do 
not immediately fall apart. The vertical excitation energy 
of the triplet states 3B2, 3B1, and 3A2 are 98.4, 156.3 and 
170.8 kJ/mol respectively. The radiative lifetimes (RLT) of 
the 3B2, 3A2 and 3B1 states of ozone are 83.1 s, 0.038 s and 
0.200 s, respectively [47]. 

Photoexcitations in the Chappuis band (10,11) produce 
singlet states of O3 with energies of more than 195.5 kJ/mol 
(2.026 eV) and of more than 258 kJ/mol (2.678 eV), 
respectively. Photoexcitations in the Huggins (12) and 
Hartley bands (13) produce singlet states of O3 with 
energies of more than 291.0 kJ/mol (3.016 eV) and 385.9 
kJ/mol (3.999 eV), respectively [45]. 

3.4.3. Vibrationally Excited Ozone Molecules 
Ozone has three vibrational quantum numbers: ν1 for the 

symmetric stretch, ν2 for the bend and ν3 for the 
antisymmetric stretch. Theoretically, 185 energetically 
different vibrational states can be calculated up to the 
dissociation threshold [46].  

Ozone absorbs thermal radiation at wavelengths of 9.065, 
9.596 and 14.267 µm, at which point the 3 lowest 
vibrational energy levels of 16O3 are produced: O3(1,0,0) = 
1101.9 cm-1 (13.2 kJ/mol), O3(0,1,0) 698.5 cm-1 (8.4 
kJ/mol) and O3(0,0,1) = 1043.9 cm-1 (12.5 kJ/mol), 
respectively [46]. The thermal wavelengths that O3 absorbs 
belong to the outgoing long-wave radiation (OLR) of Earth. 
It is likely that a considerable proportion of the 
stratospheric ozone is constantly in vibrationally excited 
states, except above the poles. 

3.4.4. Self-decay of Ozone 
In technological applications such as wastewater 

disinfection technology, the temperature-dependent 
half-life time (HLT) of ozone is well realized [48]. In the 
air the HLT of ozone is about 3 months at –50ºC, 18 days at 
–35 ºC and 8 days at –25 ºC [49].  

It has been shown that the decay of ozone follows an 
empirical mathematical formula. This formula is used to 
calculate the optimum time intervals when to prepare 
ozone for a technological application [50].  

It has been suggested that collisions with other 
molecules (bimolecular mechanism) cause the self-decay. 
The kinetic energy per kelvin (monatomic ideal gas) is 
KEavg = 3×[R/2] = 3R/2; per mole it is 3.46 kJ/mol at 273 K 
[51]. It can be approximated that at 185 K one mole of 
ozone is receiving in collisions about 2 kJ of kinetic 
energy.  

Another possibility for self-decay is a unimolecular 
mechanism via the absorption of thermal radiation. In both 
cases the acquired energy is a function of temperature. 
Depending on the temperature, the absorption of thermal 
radiation may be more important than kinetic collisions in 
the self-decay of ozone 

3.5. Photoexcitation of O2 (X3Σg
−) to Excited Oxygen 

Molecules 

Vibrationally or electronically excited O2 molecules 
may undergo reactions that are slow or impossible for 
ground state O2 molecules. Within its dissociation range, 
O2 (X3Σg

−) has up to 26 different vibrational states (ν1–ν26). 
Energy content of each νi (cumulatively) increases by18.6 
to 16.4 kJ/mol. Below its ionization threshold, O2 has 
several electronically excited states [7]. Each of these 
states has individual dissociation ranges within which they 
have individual vibrationally energy levels as well. Table 1 
presents the parameters of those electronically excited O2 
molecules which have importance in the stratosphere. 
Additionally, are presented the parameters of O2 (B3Σu

−) 
and O2 (3Πu) molecules, which are photoexcited in the MLT 
ozone layer as well as above it [52]. 

The RLT of O2 (1∆g) in the air is 75 minutes. It is 
relatively immune to deactivation by atmospheric gases 
[53], and so it is an effective reactant whenever formed in 
the atmosphere. O2 (a1Δg) and O2 (b1Σg

+) states are known 
to form indirectly via various sensitizer systems [54]. O2 
(a1Δg) produced via photoexcitation is planned to be 
utilized as booster in combustion technology [55]. The 
fluorescence emission of O2 (a1Δg →X3Σg

−) produces the 
IR atmospheric nightglow system at 1.27 µm, and that of 
O2 (b1Σg

+ → X3Σg
−) produces the atmospheric nightglow 

system at 761.9 nm. 
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Table 1.  Excitation Energies and Enthalpies of Oxygen Molecules at Different Electronic States [6, 7] 

O2 molecule Excitation energy 
kJ/mol Excitation wavelength (nm) Dissociation range kJ/mol 

X3Σg— 0   493.7 

a1∆g 
94.3 
112.3 

1269 
1065 399.4 

b1Σ+
g 

157.0 
173.4 
189,9 

A band: center at 762 nm  
B band: center at 690 nm 
ϒ band: center at 630 nm 

336.7 

c1Σu
— A’1∆u  

A3Σu
+  

390.8 
410.6 
418.6 

243 < λ < 252  
243 < λ < 252  
243 < λ < 252  

102.9 
83.0 
74.8 

B3Σu
— 590.6 175–205  93.0 

3Πu 1026.7 107.5–116.5  96.5 

 

In the atmosphere ground state O2 molecules are 
photoexcited to O2 (a1Δg, ν=0 and 1) by IR photons (14) 
(see Table 1). 

O2 (X³Σg
−) + hν (λ=1060 nm) →O2 (a1Δg, ν=0) (14) 

Photoexcitation by red light photons produce O2 (b1Σg
+, 

ν=0, 1 and 2) (15). 

O2 (X³Σg
−) + hν (λ=760 nm) →O2 (b1Σg

+ ν=0) (15) 

When O2(X3Σg
−) is photoexcited in the laboratory by 

UV photons between 243 < λ < 252 nm), vibrationally 
excited states of O2 (c1Σu

−, ν>12, A’1∆u, ν>8, and A3Σu
+, 

ν>7) are produced (16) [56, 57]. 

O2 (3Σ−
g) +hν (243<λ <252 nm) → O2 (A3Σ+

u) (16) 

3.6. Stratospheric Daytime Reactions 

3.6.1. Photolysis of O3 
The photolysis of ozone (2) in the daytime stratosphere 

is actually comprised of five energetically different 
pathways (9) to (13). The most important of them is (13).  

This reaction has been extensively studied. 
Measurements show that the reaction does not stop (i.e., its 
quantum yield does not go to 0) even at wavelengths as 
long as 330 nm if the temperature is cold enough [58]. This 
is due to the participation of vibrationally excited ozone 
molecules in the reaction. Owing to this there is a “tail,” the 
contribution of which enhances the total integrated O (1D) 
production by more than one third.  

3.6.2. The Three-body Recombination  
Reaction (3) is the principal ozone-forming reaction at 

nearly all altitudes in the atmosphere. M represents a 
non-reactive species, which take up the energy released in 
(3) to stabilize O3. Without its presence, the produced O3 
would immediately return to its respective parts as O and 
O2.  

If O2(X3Σg
−, ν = 0) as M molecule receives the released 

energy, vibrationally excited ground state O2 molecules (up 
to the level ν = 5) are produced. If the produced O2(X3Σg

−, ν 
= 5) further reacts with O atoms and M is then O2 (b1Σg

+), 

vibrationally excited ground state O2 molecules up to the 
level of ν ≥ 18 are produced. According to McGrath and 
Norrish [59], if (and when) the produced O2(X3Σg

−, ν ≥ 18) 
react with ozone, O (1D) will be produced. 

O2(X3Σg
−, ν ≥ 18) + O3 → 2O2(X3Σg

−, ν =0) + O (1D)
               (17) 

This energy pooling pathway may not be a frequent one, 
but even with a small probability it boosts the dynamics of 
the stratospheric ozone layer in terms of O (1D) production. 

3.6.3. Reactions of Singlet Oxygen Molecules with Ozone 
When reacting with ozone, singlet oxygen molecules 

produce O (3P) atom (18, 19). 

O2 (1Δg) +O3 (1, 0, 0) → O (3P) + 2O2 (X3Σg
−); 

∆Ho = −1.0 kJ/mol           (18) 

O2 (b1Σg
+) + O3 → O (3P) + 2O2 (X3Σg

−); 

∆Ho = −47.5 kJ/mol           (19) 

Reaction (19) is expected to be very efficient. An energy 
transfer process (20) is possible as well. Then excited O3* 
molecule is formed [11]. 

O2 (1Δg) + O3 → O2 (X3Σg
−) + O3*      (20) 

Singlet oxygen molecules maintain the stability of the 
stratospheric ozone layer. This is an important expansion 
of Chapman’s theory of ozone.  

3.6.4. Reactions Producing O2 (b1Σg
+) in the Stratosphere 

O2 (b1Σg
+) is generated in the stratosphere when O2 

(A3Σ+
u) relaxes (21) [60, 61]. 

O2 (A3Σ+
u) → O2 (b1Σg

+) + hν         (21) 

The three-body reaction (22), an energy transfer via    
O (1D) to O2, is an important source of O2 (b1Σg

+) at 
vibrational levels ν = 0 and 1 in Earth’s atmosphere [62]. 

O (1D) +O2(X3Σg
−) + M → O2 (b1Σg

+) + O (3P) + M; 

∆H0 = –32.7 kJ/mol           (22) 

Wayne [63] suggested that O2 (b1Σg
+) is formed in the 

energy‐pooling process of two O2 (1Δg). Then O2 (b1Σ+
g) is 
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preferentially formed with two quanta of vibrational 
excitation (23) [64]: 

O2 (1Δg, ν = 1) + O2 (1Δg ν = 1) → O2 (b1Σg
+ ν = 2)  

+ O2 (X3Σg
−); ∆H0 = –34.3 kJ/mol      (23) 

At an altitude of 45 to 48 km the dissociation rate of the 
O2 by UV, the production rates of O(1D), O2(1Δg) and 
O2(b1Σg

+) via the reactions (10) to (13) are the highest [42].  

3.7. The Ablation of Meteoroids: An Important Source 
of Energy for the Nightglows 

Important nightglows in the upper atmosphere are the 
(OI 5577Å) green line nightglow due to the relaxation of  
O (1S) to O (1D) and the UV nightglows due to the 
relaxation of O2 (c1Σu

−, A’1∆u, and A3Σu
+) to ground state 

O2 molecules. A long-term puzzle in aeronomy has been 
the energy sources of the nightglows. Energy generated via 
the ablation of meteoroids may be an important missing 
link. 

3.7.1. The Frequency of Impacts and Elevation of 
Maximum Ablation 

Based on the measurements of cosmic-enriched 
elements (Ir, Pt, Os and super-paramagnetic Fe) in polar ice 
cores and deep-sea sediments, the daily accumulation rates 
of interplanetary dust particles on Earth ranges from 100 to 
300 tons [65]. Meteoroids entering at cosmic speed start to 
ablate due to atmospheric friction. Temperatures may rise 
even to 3500 ºC for several seconds [66]. 

The ablation profiles of individual elements differ from 
each other. The maximum ablation of iron takes place 
between 95 and 85 km at temperatures of 2000 to 2300 K 
[67]. During ablations so much energy is generated that the 
4.3 µm thermal radiance at an altitude of 92 km is enhanced 
by about a factor of 50 compared to the 4.3 µm radiation 
due to the auroral activity [68].  

The overall influx of meteoroids to Earth is constant, but 
on a day-to-day basis the frequency of impacts at a certain 
latitudinal and longitudinal location changes randomly.  

3.7.2. Chemical Reactions Inflicted by Frictional Heat 
Generated during Ablation 

Any reaction involving molecular oxygen could, in 
principle, lead to the formation of excited oxygen 
molecules if sufficient energy were liberated [69]. Heat 
generated during the ablation of meteoroids is able to 
produce a wide array of excited oxygen molecules starting 
from highly excited O2 molecules, such as O2 (3Πu), and 
ending in the lowest energy states of O2 (b1Σg

+) and      
O2 (a1Δg). According to observations, the UV nightglow 
due to O2 (A3Σu

+) is strongest at 90 to 100 km [70, 71]. It is 
likely that energy derived from ablations in the MLT layer 
is producing O2 (c1Σu

−, A’1∆u and A3Σu
+) which further fuel 

the UV nightglows.  
At temperatures over 2000 K, iron abstracts O atoms 

from O2 molecules, and excited O (1S) and O (1D) atoms 

are then produced. Due to the low overall concentration of 
iron in meteoroids, the production of O (1S) via this 
pathway is probably rather small. 

The shock-heating over 3500 K excites N2 molecules 
even to the states of N2 (b’1Σu

+) (12.575 eV) and N2 (b1Πu) 
(12.849 eV) [72]. It is reasonable to presume that the 
normal ablation temperature of 2000 to 2300 K would 
produce excited (metastable) N2 (A3Σ+

u), the energy 
content of which is 9.67 eV. The quenching of N2 (A3Σ+

u) 
by O (3P) atoms produces O (1S) (24) [73].  

N2 (A3Σu
+) + O (3P) → N2 + O (1S); 

∆H0 = –529.3 kJ/mol           (24) 

Measurements during rocket-borne experiments [68] 
showed that in one leg the emission intensity of the green 
line nightglow was 10 kilorayleigh (kR), but in another leg 
it was 30 kR. This kind of variation implies a correlation 
between O (1S) production and the frequency of meteoroid 
impacts.  

Considering the high proportion of N2 in the air, (24) is 
an important pathway to produce O (1S) in the night sky at 
the altitudes of 90 to 100 km to fuel the green nightglow. 

3.8. Factors Affecting Stratospheric Night-time 
Reactions 

Astronomical dusk/dawn is divided into civil, nautical 
and astronomical twilights. At the Equator on the ground, 
their total duration is 2h20min [74]. Due to the altitude, the 
sunset is later (sunrise earlier) by 1 minute for every 1.5 km 
rise, approximately linearly regardless of latitude [75]. For 
this reason, the dusk and dawn at 20 km lasts about 
2h33min and at 50 km about 2h53min, a difference of 
about 3.5%.  

During the dusk and dawn, the stratosphere receives 
visible and IR light from the sun and also from the moon, 
stars and auroras for production of singlet oxygens and 
triplet state ozone molecules. Complete darkness or 
astronomical night is the period between astronomical dusk 
and dawn [76]. At the Equator at 20 km it lasts about 9h27 
min, and at 50 km about 9h7min. Then only light from 
nightglows, moon, auroras and the stars is available. The 
amount of UV, visible and IR light dramatically decreases. 
The OLR is an altitude dependent stable source of energy 
throughout the night. 

Moving upwards in the stratosphere the length of the 
darkness decreases, the intensity of the OLR decreases [68], 
and the intensity of the light from nightglows, stars and 
auroras increases. These factors more or less balance the 
supply of energy, so the stratospheric night-time 
temperature falls only 1 to 2 degrees between the altitudes 
of 20 to 48 km. 

3.9. Ozone Depletion above the Arctic and Antarctica 

The ozone depletion is more severe in the Antarctica 
than in the Arctic (see Figure 7).  
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Figure 7.  The Total Column of Ozone is Shown for the Arctic (NH, top) 
and the Antarctica (SH, bottom) [77] 

3.9.1. Effect of Coldness and the Self-decay of Ozone in 
Ozone Depletion 

The density of ozone is 2.11 g/cm3. Its specific gravity is 
1.660 when that of the air is 1.000 [78]. Ozone has no 
buoyancy anywhere in the atmosphere, so immediately 
after formation it starts to descend. 

It is known that heavy ozone 50O3 (16O18O16O) enriches 
in the troposphere and lower stratosphere [79]. The descent 
of ozone is a likely reason for that. Given that in the 
stratosphere, ozone descends 20 m per day, during the 4 to 
6 months of winter it would descend by 2.4 to 3.6 km. In 
the absence of ozone-producing mechanisms the ozone 
density then decreases in the lower stratosphere.  

The average winter temperature in the Arctic (at 30 hPA 
or 24.5 km) is –70 ºC [80] and in Antarctica (at 46 hPa or 
21km) it is –90 ºC [81]. According to Charles’s law [82], 
the volume of a fixed mass of dry gas decreases by 1⁄273 
times the volume at 0 °C for every 1 °C fall in temperature. 
At –90 ºC, the decrease in volume is 33% and at –70 ºC it is 
25%. The same amount of ozone in moles in a smaller 
volume means a greater density of ozone. The speed of 
descent of ozone molecules is greater in Antarctica than it 
is in the Arctic.  

In the Arctic at –70 ºC the HLT of ozone would be 
something like 62 months, the loss of ozone during the 
winter would be about 6/62×100% = 10%. In the 
Antarctica, at –90 ºC, the HLT of ozone would be about 
120 months, and the loss of ozone would be about 
6/120×100 = 5%. 

Ozone depletion occurs due to the combined effect of the 
descent of ozone due to gravity (the physical reason) and 
the self-decay of ozone (the chemical reason). Because 
ozone depletion is more severe in the Antarctica than it is in 
the Arctic, the descent of ozone is a more important factor 
than its self-decay. During the spring when sunshine 
reaches the polar areas, the ozone layer is recovered. 

3.9.2. Lagging of Air Molecules Relative to the Ground on 
the Rotating Earth 

The amount of torque needed to cause any given angular 
acceleration is proportional to the moment of inertia of a 
body. It can be thought of as a physical “property” of an 
object, similar to that of mass [83]. The moment of inertia 
of Earth’s atmosphere is lower than that of its solid body. 
Due to this lower angular velocity, the atmosphere does not 
follow the speed of the solid body while spinning. In other 
words, the air is lagging. The mass of the atmosphere 
decreases strongly when moving upwards in the 
atmosphere. The higher the altitude, the more the air lags. 
This creates a vertical factor in the lagging of the air 
relative to the surface.  

At the Equator, the rotational speed of Earth is 464 m/s, 
and at the poles it is 0 m/s. The rotational speed varies 
according to the cosine of the latitude [84]. At 89 ºN it is 
8.1 m/s, and at 80 ºN it is 80.5 m/s. The lower the latitude, 
the greater the lag of air. This creates a horizontal 
(latitudinal) factor in the lagging of the air relative to the 
ground.  

Due to the vertical lagging, noctilucent clouds seem to 
move anticlockwise. However, in fact they are moving 
clockwise but at a lower speed than the observer on the 
ground. Due to the combined horizontal and vertical 
lagging of air, fast moving meteorites seem to create 
twisted trails. These observations are generally interpreted 
as winds in the upper atmosphere, even though there are no 
known and experimentally proven physical factors to 
generate horizontal winds at those altitudes.  

Helium, generated below the ground, moves upwards 
regardless of the atmospheric pressure or temperature, 
while ozone descends. These movements (flows or tides) 
can be interpreted as vertical winds in the upper 
atmosphere. Due to the lagging of air, this movement 
creates the illusion of a polar vortex with seemingly faster 
moving edges and a slower moving center. 

3.10. Practical Examples of the Intensity of Ozone 
Turnover 

Above Germany during winter nights, the stratospheric 
temperature at an altitude of 30 km is even 25 degrees less 
than during the summer nights (see Figure 8). In the 
stratopause the difference is only about 10 degrees [39]. 

In Germany snow covered soil radiates during winter 
less OLR than during summer. Subsequently at 30 km the 
OLR absorption by O3 then decreases. The self-decay of O3, 
and the rate of ozone turnover decreases. This leads to 
colder winter temperature. Moving to the stratopause the 
absorption of IR, VIS and UV radiation from nightglows, 
stars, the moon and auroras by O3 gain more importance. 
Temperature difference between winter and summer is 
smaller. 
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Figure 8.  Seasonal temperature (average June 2002 to July 2007) variation at an altitude of 30 km. Black dots: nightly mean temperatures, blue line: 
filtered with ±30 day Hanning window, red line: harmonic fit [39] 

During the winter months, at altitudes of 74 km and 87 km, the maximum temperature is even 25 degrees higher than in 
the summer months (see Figure 8). In winter the lower boundary of the MLT ozone layer extends below 87 km and the 
MMM ozone layer is then formed at altitudes of 70 to 75 km between 45 to 75ºN [86]. (See Figure 9) The ozone turnover 
in these two ozone layers warms the altitudes of 74 km and 87 km in the winter but not in the summer.  

Figure 9.  Seasonal change of lower boundary of MLT ozone layer during the year, and the occurrence of MMM ozone layer in November to February 
in the midlatitudes of the Northern Hemisphere (Mesosphere: log10 O3 mixing ratio in 2003) [85] 
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4. Conclusions
Ozone absorbs OLR, so most of the atmospheric ozone 

may constantly be in vibrationally excited states, except 
above the poles. In addition to the thermal absorption, 
ozone gains energy via kinetic collisions. Due to these 
phenomena, ozone is a labile molecule with a distinct 
temperature-dependent half-life time, and which is 
ultimately predestined to self-decay. 

The existence of ozone in the atmosphere thus needs its 
constant reformation. The places of most intensive 
reformation are called ozone layers. There are two global 
ozone layers, the mesospheric-lower thermosphere (MLT) 
ozone layer at around 87 to 97 km and the stratospheric 
ozone layer at around 20 to 50 km. The middle 
mesospheric ozone maximum (MMM) is formed in the 
wintertime at an altitude of 70 to 75km. Its location is 
restricted between the northern mid-latitudes and 
somewhat north from the Arctic Circle, and symmetrically 
in the Southern hemisphere. 

Excited O2 (a1∆g) and O2 (b1Σg
+) are produced in the 

stratosphere via photoexcitation of red light and IR photons 
as well as via chemical reactions. At night, the intensity of 
their production is, of course, much lower. These singlet O2 
molecules produce O (3P) when reacting with ozone. They 
tend to maintain the prevailing ozone concentration and 
provide stability to the ozone layer.  

In the daytime at altitudes of 45 to 48 km, O (1D), O2
(a1∆g) and O2 (b1Σg

+) reach their maximum stratospheric 
concentrations. The ozone turnover as well as the released 
energy here are both high, which is manifested as the 
maximum stratospheric temperature between those 
altitudes. 

The density of ozone is 60% more than that of the 
ambient air. Ozone has no buoyancy in the air and that is 
why the O3 molecules start to descend immediately when 
formed. In the 1930s, Chapman calculated that ozone in the 
stratosphere would descend 20 m per day. At the poles, 
therefore, ozone descends between 2.4 and 3.6 km during 
the winter.  

Coldness increases the density of O3 relative to the 
ambient air. Antarctica is clearly colder than the Arctic, so 
the down drifting of O3 is greater in Antarctica than it is in 
the Arctic. The descent is the main cause for the depletion 
of stratospheric ozone above the poles during winter. 
During the spring when sunshine reaches the polar areas, 
the ozone layer is recovered. 
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