
229

ISSN 0016-7932, Geomagnetism and Aeronomy, 2017, Vol. 57, No. 2, pp. 229–241. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © K.V. Martyshenko, V.A. Yankovsky, 2017, published in Geomagnetizm i Aeronomiya, 2017, Vol. 57, No. 2, pp. 249–261.

This work is dedicated to the memory
of the Russian scientist Nikolai Nikolaevich Shefov

IR Band of O2 at 1.27 μm as the Tracer of O3 in the Mesosphere
and Lower Thermosphere: Correction of the Method

K. V. Martyshenko and V. A. Yankovsky*
St. Petersburg State University, St. Petersburg, 199034 Russia

*е-mail: valentine.yankovsky@spbu.ru
Received June 5, 2016

Abstract⎯The problem of systematic overestimation (20–50%) of the retrieved ozone concentrations in the
altitude range of 60–80 km in the TIMED–SABER satellite experiment in the daytime has been solved. The
reason for overestimation is the neglect of the electronic vibrational kinetics of photolysis products of ozone
and molecular oxygen O2(b1  ν) and O2(a1Δg, ν). The IR emission band of O2(a1Δg, ν = 0) at 1.27 μm can
be correctly used in remote sensing in order to obtain the ozone altitude profile in the altitude range of 50–
88 km only with the use of a complete model of electronic vibrational kinetics of О2 and О3 photolysis prod-
ucts (YM2011) in the Earth’s mesosphere and lower thermosphere. Alternative ozone tracers have been con-
sidered, and an optimum tracer in the altitude range of 50–100 km such as O2(b1  ν = 1) molecule emis-
sions has been proposed.
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1. INTRODUCTION: THE PROBLEM
OF SYSTEMATIC OVERESTIMATION 
OF THE OZONE CONCENTRATIONS 

IN THE DAYTIME MESOSPHERE
IN THE TIMED–SABER EXPERIMENT

The goal of the study was to determine the ozone
altitude profile in the Earth’s mesosphere and lower
thermosphere (MLT). This area is important, because
it is responsible for radiative cooling. Accordingly,
changes in the MLT composition affect the atmo-
sphere energy balance. Ozone plays a fundamental
role in the formation of both the thermal conditions
and the MLT chemical composition (Feofilov and
Kutepov, 2012; Feofilov et al., 2009). The network to
measure the total ozone content has existed since the
1960s. However, satellite measurements are needed to
determine the ozone altitude profile at the altitudes of
50–100 km.

There are two basic methods for remote sensing of
the ozone altitude profile:

(1) a method involving atmosphere intrinsic radia-
tion;

(2) the occultation method, which is based on
measurement of the atmosphere absorption of solar
(lunar or stellar) radiation on the tangent paths upon
the rising and setting of the source beyond the planet
horizon.

The TIMED–SABER satellite experiment is one
of the most successful and “long-playing” experi-
ments to determine the daily ozone profile by the
method based on atmosphere intrinsic radiation. The
TIMED satellite is designed to study the energy and
dynamics of the Earth’s thermosphere, mesosphere,
and ionosphere. The measurements are carried out in
ten broadband IR channels covering the spectral range
from 1.27 to 17 μm. The tenth channel of the SABER
satellite is centered to the 1.27 μm band, which corre-
sponds to the transition in the O2(a1∆g, ν = 0 → X3

ν = 0) band. The tenth channel was initially meant for
retrieval of the [O3] altitude profile. Since 2007, the О3
band at 9.6. μm was involved in the retrieval of the
ozone altitude profile in the SABER experiment. The
remote sensing of [О3] from the 1.27 μm band inten-
sity was based on the model of O3 and O2 photolysis in
the mesosphere and thermosphere developed in 1993
by M.G. Mlynczak, S. Solomon, and D.S. Zaras (for
the sake of brevity, this model is called MSZ)
(Mlynczak et al., 1993). In general, this model consid-
ered two lower metastable singlet levels of the oxygen
molecule excitation, as well as the first excited level of
the oxygen atom O(1D).

The satellite was launched in 2001 and has operated
continuously to date. This means that the satellite has
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managed to accumulate a voluminous array of data on
the [O3] altitude–latitude distribution for daytime
conditions (during the daylight hours). In 2013, having
summed up the work for twelve years, the SABER
team conducted a systematic comparison of the ozone
altitude profiles in MLT (60–100 km), which were
retrieved from measurements of the IR emission
intensity in two channels under the SABER experi-
ment (1.27 μm O2(a1Δg, ν = 0) and 9.6 μm О3 bands),
with data from eight other satellite experiments for the
agreed days and time (Smith et al., 2013).

Some of these experiments apply the retrieval of
the ozone altitude profile from the atmosphere intrin-
sic radiation:

(1) the HRDI equipment at the UARS satellite:
observation of the absorption and emission lines of
molecular oxygen on the Earth’s limb.

(2) the MIPAS equipment at the ENVISAT satel-
lite: a Michelson interferometer for passive atmo-
spheric sensing.

(3) the optical spectrograph and the OSIRIS IR
imaging system at the ODIN satellite.

(4) the SMILES superconducting submillimeter
radiometer at the International Space Station.

Other experiments are based on the atmospheric
transmittance method:

(1) the HALOE spectrometer at the UARS satel-
lite: use of the Sun occultation by the Earth’s limb to
construct the ozone vertical profiles.

(2) the GOMOS equipment at the ENVISAT sat-
ellite: global ozone monitoring by occultation of stars.

(3) the ACE–FTS Fourier spectrometer at the
SCISAT-1 satellite.

(4) the SOFIE equipment at the AIM satellite:
occultation of the sunlight to investigate the meso-
sphere cloud parameters.

The analysis involved the comparison of two aver-
age weighted ozone profiles (SABER and another
experiment) for the agreed days and time. The relative
deviation of retrieved values of the ozone altitude pro-
file was calculated by the following formula:

(1)

where  is ozone profiles from the SABER experi-
ment;  is ozone profiles from other experiments.

Based on the aforementioned voluminous array of
data, Smith et al. (2013) made the following conclu-
sion: “The measured ozone concentrations in the
SABER experiment at the altitude range of 60–80 km
are higher by 20–50% than the values obtained in all
other experiments.” The reason for such considerable
deviations is not clear.

We identified the fact of systematic overestimation
of ozone concentrations in the SABER experiment as
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early as in 2006 (Yankovsky and Manuilova, 2006;
Yankovsky et al., 2007). In our view, the reason for this
discrepancy lies in the use of an outdated photolysis
model of ozone and molecular oxygen in MLT, lead-
ing to misinterpretation of the ozone values retrieved
from the measured O2 IR band at 1.27 μm. An MSZ
model neglecting the electronic vibrational kinetics of
the oxygen molecules has been used to date.

The study objective is to find the reason for overes-
timation of the ozone concentration in the SABER
experiment. The structure of the work is as follows.

The fundamental differences between two photo-
chemical models—the YM2011 model of electronic
vibrational kinetics and the MSZ model of purely
electronic kinetics—are shown in the second section.
The third section contains the following data: solution
of the inverse problem to retrieve the ozone altitude
profile from the O2 IR atmospheric band under the
recent YM2011 model; establishment of the reason for
systematic overestimation of the ozone concentration
when the MSZ model in MLT is used. The fourth sec-
tion is the discussion of alternative ozone tracers in
MLT. The additional capabilities of the YM2011
model are considered. We described new methods of
retrieval of the ozone altitude profile from observa-
tions of the IR bands, which can be considered only in
the YM2011 model. In other words, this model makes
it possible to consider new types of [O3] tracers in the
Earth’s mesosphere and lower thermosphere.

2. POTENTIAL DIFFERENCES OF TWO 
MODELS OF OZONE AND MOLECULAR 

OXYGEN PHOTOLYSIS IN THE MLT REGION

This section concerns the system of electronic vibra-
tional levels of the oxygen molecule in the YM2011
model and energy exchange reactions between these
levels.

2.1. Basic Features of the YM2011 Electronic
Vibrational Kinetics Model

A complete version of the YM2011 ozone and
molecular oxygen photolysis model includes the
kinetic equations for forty-five electronic vibrational
states of O2(X3  ν = 1–35), O2(a1Δg, ν = 0–5),

O2(b1  ν = 0, 1 and 2) and the excited state of the
oxygen atom О(1D). The YM2011 model is described
in (Yankovsky and Manuilova, 2006; Yankovsky et al.,
2007; Yankovsky et al., 2011; Yankovsky and Babaev,
2011; Yankovsky et al., 2016). This investigation consid-
ers part of the YM2011 model, describing the population
of O2(b1  ν = 0–2) and O2(a1Δg, ν = 0–5) only (a
flow chart is shown in Fig. 1, while the list of reactions
is given in Table 1).
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The metastable atoms O(1D) are formed in the
Hartley band (λ = 200–320 nm) in the course of
ozone photolysis (Fig. 1; Table 1, reactions 7 and 8).
The aeronomic reactions result in energy transfer from

this level to the singlet excited levels of O2(b1  ν = 1)

and O2(b1  ν = 0) (reactions 16 and 17). This
g,+Σ

g,+Σ

scheme is complicated by the fact that, above the
mesopause and in the lower thermosphere, most
O(1D) atoms are generated not from ozone but from
the photolysis of О2 molecules in the Schumann–
Runge continuum (λ = 120–175 nm) with a quantum
yield of 1.0 (reaction 5) and in the H Lyman-α line
(reaction 6). The resonant absorption of solar radia-

Fig. 1. Formation and deexcitation of metastable levels of O2(b1  ν = 0–2) and O2(a1Δg, ν = 0–5) oxygen molecules and O(1D)
atom in the YM2011 model. The types of photochemical processes are indicated with the following lines: ozone photolysis in the
Hartley band, arrows with a ball-shaped top (Table 1, reaction 7); О2 photolysis, dashed line with two dots (reactions 5 and 6);
energy transfer between the levels, dashed lines (reactions 33 and 34); resonant photopopulation of the levels, arrows with a dia-
mond-shaped top (reactions 1–4); radiative quenching of the levels, wavy arrow; quenching reactions with ozone, triple arrows;
and quenching of the levels in collisions of excited molecules and atoms with О2, N2, CO2, and O(3P), solid line arrows.

O2(a1Δg, ν = 4)

O2(a1Δg, ν = 3)

O2(a1Δg, ν = 2)

O2(a1Δg, ν = 1)

O2(a1Δg, ν = 0)

O2(a1Δg, ν = 5)

O2

O(1D)

O3

3 –
2 gO (X ,  = 0)Σ ν

1 –
2 gO (b ,  = 0)Σ ν

1 –
2 gO (b ,  = 1)Σ ν

1 –
2 gO (b ,  = 2)Σ ν

g ,+Σ



232

GEOMAGNETISM AND AERONOMY  Vol. 57  No. 2  2017

MARTYSHENKO, YANKOVSKY

Table 1. Reactions of the formation and deexcitation of the oxygen-excited molecules and atom in the YM2011 model
Reactions YM2011 MSZ

1 O2(X3 ) + hν (λ = 762 nm) → O2(b1  ν = 0) ✓ ✓

2 O2(X3 ) + hν (λ = 688 nm) → O2(b1  ν = 1) ✓

3 O2(X3 ) + hν (λ = 629 nm) → O2(b1  ν = 2) ✓

4 O2(X3 ) + hν (λ = 1.27 μm) → O2(a1∆g, ν = 0) ✓ ✓

5 O2 + hν (λ = 120 – 175 nm) → O(1D) + O(3P) ✓ ✓

6 O2 + hν (λ = 121.6 nm) → O(1D) + O(3P) ✓ ✓

7 O3 + hν (λ = 200–320 nm) → O(1D) + O2(a1∆g, ν = 0) ✓ ✓

8 O3 + hν (λ = 200–320 nm) → O(1D) + O2(a1∆g, ν = 1–5) ✓
9 O(1D) → O(3P) + hν (630 nm) ✓ ✓

10 O2(b1  ν = 2) → O2(X3  ν = 0) + hν (629 nm) ✓

11 O2(b1  ν = 1) → O2(X3  ν= 0) + hν (688 nm) ✓

12 O2(b1  ν = 0) → O2(X3  ν = 0) + hν (762 nm) ✓ ✓

13 O2(a1Δg, ν= 0) → O2(X3  ν = 0) + hν (1.27 μm) ✓ ✓

14 O2(a1Δg, ν = 1) → O2(X3  ν = 0) + hν (1.06 μm) ✓

15 O(1D) + O(3P) → O(3P) + O(3P) ✓

16 O(1D) + O2 → O(3P) + O2(b1  ν = 1) ✓

17 O(1D) + O2 → O(3P) + O2(b1  ν = 0) or О2(X3  ν) ✓ ✓

18 O(1D) + O3 → O2 + 2O(3P) ✓

19 O(1D) + N2 → O(3P) + N2(X1  ν) ✓ ✓

20 O(1D) + CO2 → CO(X, ν) + O2 ✓

21 O₂(b1  ν = 2) + O(3P) → O2 + O(3P) ✓

22 O2(b1  ν = 2) + O2 → O2(X3  ν = 2) + O2(b1  ν = 0) ✓

23 O2(b1  ν = 2) + O3 → 2O2 + O(3P) ✓

24 O2(b1  ν = 2) + N2 → O2(b1  ν = 0) + N2(X1  ν = 1) ✓

25 O2(b1  ν = 2) + CO2 → O2(b1  ν = 1) + CO2(100) ✓

26 O2(b1  ν = 1) + O(3P) → O2 + O(3P) ✓

27 O2(b1  ν = 1) + O2 → O2(X3  ν = 1) + O2(b1  ν = 0) ✓

28 O2(b1  ν = 1) + O3 → 2O2 + O(3P) ✓

29 O2(b1  ν = 1) + N2 → O2(b1  ν = 0) + N2(X1  ν = 1) ✓

30 O2(b1  ν = 1) + CO2 → O2(b1  ν = 0) + CO2(100) ✓

31 O2(b1  ν = 0) + O(3P) → O2 + O(3P) ✓

32 O2(b1  ν = 0) + O(3P) → O2(a1Δg, ν = 0) + O(3P) ✓ ✓

33 O2(b1  ν = 0) + O2 → O2(a1Δg, ν = 0) + O2(X3 ) ✓ ✓
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tion in the bands 762, 688, 629 nm and 1.27 μm results
in an additional population of electronic vibrational
levels of oxygen molecules О2(b1  ν = 0, 1, 2) and
О2(а1∆g, ν = 0) in reactions 1–4, respectively. As a

result of binary collisions, the О2(b1  ν > 0) mole-
cules lose the vibrational excitation and pass to the
basic vibrational state of the О2(b1  ν = 0) molecule
(reactions 22, 24, 25, 27, 29, and 30), and only from
this level is the energy transferred to the О2(а1∆g, ν =
0–3) molecules in reactions 32–35 and 37. The
О2(а1Δg, ν) molecular levels can be populated not only

due to the energy transfer from the О2(b1  ν = 0)
molecules but also as a result of the ozone photolysis
in the Hartley band (reactions 7 and 8, and Fig. 2) with
subsequent energy relaxation in the vibrational levels
in the reaction 38. The model has been described by
means of consideration of about 50 aeronomic photol-
ysis reactions and the quenching of these states,
including the energy transfer and quenching processes
in collisions with all basic atmosphere components
such as O(3P), O2, N2, O3, and CO2. The role of the
collision reactions of excited oxygen molecules with
other small components of the atmosphere can be dis-
regarded. An annotated database of all reaction rate
constants, depending on the gas temperature, is given
in Appendix A in (Yankovsky et al., 2016).

It should be noted that YM2011, a complete model
of kinetics of electronic vibrational excited products of
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ozone and molecular oxygen photolysis, includes the
MSZ model as a special case (the subset of eighteen
reactions is indicated in the last column of Table 1).

In addition to the direct excitation of the О2(а1Δg,
ν = 0) molecules upon ozone photolysis in the Hartley
band, this model also takes into account the collision
processes of energy transfer from О(1D) atoms to
О2(b1  ν = 0) molecules and then to О2(а1Δg, ν = 0)
molecules with the quantum yield reaching 1 in reac-
tions 32, 33, and 35–37 (Table 1).

Hence, the energy is transferred in accordance with
the simplified scheme of О(1D) → O2(b1  ν = 0) →
O2(a1Δg, ν = 0) in the MSZ model. In fact, the contri-

bution of O2(b1  ν ≥ 1) and O2(a1Δg, ν ≥ 1) vibra-
tional levels to the population of O2(a1Δg, ν = 0) is
totally disregarded. In this connection, the ozone con-
centration values should be increased to provide the
observed intensity of the 1.27 μm band.

2.2. Consideration of the Initial Distribution of the Ozone 
Photolysis Products in the Hartley Band

The initial stage of energy transformation upon
solar radiation absorption by the О2 and О3 molecules
implies the formation of O(1D) metastable atoms
upon the photolysis of ozone in the Hartley band and
oxygen molecules in the Schumann–Runge contin-
uum and in the Lyman-α line. The concentrations of
O(1D) atoms published on the SABER website and
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34 O2(b1  ν = 0) + O2 → O2(a1Δg, ν' = 3 – ν") + O2(X3  ν") ✓

35 O2(b1  ν = 0) + O3 → O2(a1Δg, ν = 0) + O3
✓ ✓

36 O2(b1  ν = 0) + N2 → O2 + N2
✓ ✓

37 O2(b1  ν = 0) + CO2 → O2(a1Δg, ν = 0) + CO2
✓ ✓

38 O2(a1Δg, ν = 1–5) + O2 → O2(X3  ν) + O2(a1Δg, ν = 0) ✓

39 O2(a1Δg, ν = 1–5) + N2 → O2 + N2 ✓

40 O2(a1Δg, ν = 1) + O(3P) → O2 + O(3P) ✓

41 O2(a1Δg, ν = 1) + O3 → 2O2 + O(3P) ✓

42 O2(a1Δg, ν = 1) + CO2 → products ✓

43 O2(a1Δg, ν = 0) + O(3P) → O2 + O(3P) ✓ ✓

44 O2(a1Δg, ν = 0) + O2 → O2 + O2 ✓ ✓

45 O2(a1Δg, ν = 0) + O3 → 2O2 + O(3P) ✓

46 O2(a1Δg, ν = 0) + N2 → O2 + N2 ✓ ✓

47 O2(a1Δg, ν = 0) + CO2 → products ✓

Reactions YM2011 MSZ
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Table 1.   (Contd.)
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those we calculated using the YM2011 model are con-
sistent in the altitude range of 50–100 km. The dis-
crepancy is characteristic of the following energy
transfer stages: О(1D) → O2(b1  ν) → O2(a1Δg, ν),
when the electronic vibrational levels of the O2 mole-
cule should be taken into account.

The key formation stages of O2(a1Δg, ν = 0) are as
follows:

(1) It is necessary to take into consideration all
stages of the energy transfer process: О(1D) →
O2(b1  ν = 1) → O2(b1  ν = 0) → O2(a1Δg, ν ≥ 1) →
O2(a1Δg, ν = 0).

(2) The ozone photolysis in the Hartley band is
accompanied not only by the formation of O2(a1Δg,
ν = 0), but also by excitation of other vibrational levels
of this molecule O2(a1Δg, ν ≥ 1), which, in their turn,
as a result of collision relaxation, are able to populate
additionally the O2(a1Δg, ν = 0) level. It should be
noted one more time that the electronic vibrational
excited molecules O2(b1  ν ≥ 1) and O2(a1Δg, ν ≥ 1)
are not considered in the MSZ model.

When the first version of the YM2011 model was
proposed (Yankovsky and Manuilova, 2006), the
authors of the MSZ model had to admit the existence
of the O2(b1  ν = 1 and 2) levels. For instance,
according to (Mlynczak et al., 2007), the quenching of
O2(b1  ν = 1 and 2) up to O2(b1  ν = 0) is “quite
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fast,” and there is no need to supplement the MSZ
model with new reactions. Meanwhile, the YM2011
model describes these processes as a set of photo-
chemical reactions, and they are estimated by the
numbers. The following disputable moment in the
MSZ model is the statement that the O2(b1  ν = 0)
levels are suppressed to the state of O2(a1Δg, ν = 0)
upon collision with any atmospheric components.
This suggestion is not in agreement with the recent
data on the quantum yields of the products of the cor-
responding reactions (Table 1, reactions 31 and 36).
The third key moment concerns the population of
O2(a1Δg, ν = 0) upon ozone photolysis in the Hartley
band, resulting in the formation of the metastable oxy-
gen molecules with a high degree of vibrational exci-
tation of О2(a1Δg, ν ≥ 0). According to MSZ, this reac-
tion yields O2(a1Δg, ν = 0) only (Table 1, reaction 7).
In fact, the photolysis pattern is much more compli-
cated: it has been experimentally proven, starting from
the 1980s, that ~40–60% of the О2(a1Δg, ν) molecules
are formed with a vibrational number of v ≥ 1. The
authors of the MSZ model did not take into account
the vibrational relaxations of these levels.

The photolysis process is characterized by the exis-
tence of threshold wavelengths; beginning with them
(with decreasing a wavelength of the photolytic radia-
tion), oxygen molecules are formed at the next higher
vibrational level O2(a1Δg, ν) (Table 2).

g,+Σ

Fig. 2. Quantum yields of the formation of the electronic vibrational excited molecules of O2(a1Δg, ν = 0–5) upon the ozone pho-
tolysis in the Hartley band with respect to the wavelength. Legend (experimental data): triangles (ν = 0); circles (ν = 1); diamonds
(ν = 2); squares (ν = 3); small rectangles (ν = 4); and big rectangles (ν = 5). Curves with the corresponding symbols, the inter-
polation formula (3). The experimental data are taken from (Thelen et al., 1995; Dylewski et al., 2001). 
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The energy defect for the reactions 7 and 8 (Table 1)
is expressed by the following formula:

(2)

where E is a photoquantum energy;  is an ozone
molecule dissociation energy (1.05 eV); E1D is an exci-
tation energy of the O(1D) atom from the initial state
of the oxygen atom (1.97 eV); Ea0 is an excitation
energy of the O2(a1Δg, ν = 0) level relative to the basic
state of the oxygen molecule (0.977 eV).

The quantum yield of the O2(a1Δg, ν) molecule is
dependent on the energy transferred to excite the given
level and corresponds to the interpolation equation (Yan-
kovsky and Kuleshova, 2006; Yankovsky et al., 2007):

 at ν = 0,

(3)

where the energy parameter

depends on the wavelength of the photolytic radiations
(2) and is related to the share of the O2(a1Δg, ν) mole-
cules having a higher energy than the excitation
threshold of the O2(a1Δg, ν = 0) level. Cν is a normal-
ization factor calculated from the condition that the
total quantum yield of all electronic vibrational excited
molecules of O2(a1Δg, ν) is equal to one. Each normal-
ization factor has been calculated at the energy thresh-
old value, starting from which the oxygen molecules
are formed at the following vibrational level in the
course of the ozone photolysis (Table 2). Table 2
shows the used xv values and normalization factors Cν
for the corresponding O2(a1Δg, ν) vibrational levels.

Figure 2 shows the experimental data and interpo-
lations (3) for Fa,v(x) depending on the wavelength of
the photolytic radiation. For example, in the Hartley
band cross-section peak (254 nm), 39% of molecules
are formed in the state of O2(a1Δg, ν = 0), 30% is
O2(a1Δg, ν = 1), and 31% form with ν ≥ 2. It should be
noted that the formulas in (3) for quantum yields are
good for a description of the experimental data for dif-
ferent vibrational numbers: for ν = 0, the quantum
yield value is monotonously consistent with a decrease
in a wavelength of the photolytic radiation λ; for ν = 1,
the quantum yield maximum is in the region of
265 nm. These data are also in agreement with the
known experimental data (Thelen et al., 1995; Dylewski
et al., 2001).

The collisions in reactions 38–42 (Table 1) result in
a stepwise relaxation of O2(a1Δg, ν) to the O2(a1Δg, ν = 0)
level. It means that O2(a1Δg, ν = 0) population involves
processes of energy transfer from the upper vibrational
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levels, which are not taken into account in the MSZ
model. Hence, these two models of О2 and О3 photol-
ysis are drastically different and result in different
retrieved ozone altitude profiles at similar initial val-
ues of [O2(a1Δg, ν = 0)]. The numerical experiment
has been conducted to confirm this statement.

3. COMPARATIVE ANALYSIS OF SOLUTIONS
OF THE INVERSE PROBLEM RELATED

TO THE RETRIEVAL OF THE OZONE 
ALTITUDE PROFILE UNDER 

THE YM2011 AND MSZ MODELS
A recent model of electronic vibrational kinetics

(YM2011) makes it possible to solve both the forward
problem (calculation of the altitude population profiles
of the excited components) and the inverse problem
(retrieval of the ozone altitude profiles from the mea-
sured emission intensities at excited O2 molecular levels).

3.1. Results of the Numerical Experiment of [О3] 
Retrieval under the YM2011 Model

The calculations were carried out with the use of
data on the atmospheric composition. The data are
available in open access on the official website of
SABER (vertical profiles of kinetic temperature, gas
pressure, ozone and atomic oxygen concentrations,
and volume emission rate at 1.27 μm) (SABER cite
V2.0, http://saber.gats-inc.com/data.php, 2015). We
used the TIMED–SABER data for 2010 for the day-
time conditions on the vernal equinox day (March 19)
and the summer solstice day (June 20), with 50 events per
day. The events in the latitude range of 74° S–45° N and
at the Sun zenith angles (SZA) of 38°–80° were selected
for the first day. For the second day, 35°–75° N and
SZA 68°–84° were chosen.

In the course of the numerical experiment, we have
taken the measured altitude profiles of [O2(a1Δg, ν = 0)]
and retrieved the altitude profile of [O3] by fitting the
parameter under the YM2011 model. The relative
deviation of ozone concentrations ( ) retrieved from
[O₂(a¹Δg, ν = 0)] under the YM2011 model relative to the
ozone profiles published on the SABER website ( )
was calculated by a formula analogous to (1),

YX

SX

Table 2. Wavelength thresholds λ used to calculate xν and
normalization factors Cν

O3 photolysis 
products

in the Hartley band

O2(a1Δg, ν)

ν = 0 ν = 1 ν = 2 ν = 3 ν = 4 ν = 5

Threshold
values λ, nm

310 296 284 273 263 254

xν 0.937 0.689 0.576 0.483 0.407 0.339
Cν 1.068 1.233 0.564 0.375 0.377 0.473
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(4)

According to the calculation results, all ozone alti-
tude profiles retrieved from the O2 IR band at 1.27 μm
under the YM2011 model are much lower (by 40–
60%, on average, in the altitude range of 50–85 km)
than the profiles retrieved under the MSZ model.

We used the averaged [O3] values for one day to
demonstrate the considerable differences in the ozone
altitude profiles under the two models (Table 3). This
result solves the problem considered in (Smith et al.,
2013) (see above, Section 2). According to the calcula-
tion data, there is no fundamental difference in the

−= +⎛ ⎞
⎜ ⎟
⎝ ⎠

δ  .

2

Y S
Y

Y S

X X
X X

ozone concentration values retrieved in the SABER
experiment from the data of other experiments (Sec-
tion 1) if the full О2 and О3 photolysis model
(YM2011) is used. Figure 3 shows the detailed pattern
of the conducted calculations for 100 events during
two days of 2010 (the vernal equinox and summer sol-
stice days).

3.2. Cause of Overestimation of the Ozone 
Concentrations in the SABER Experiment

As is stated above, the retrieval of the ozone alti-
tude profile from the altitude profiles of volume emis-
sion rates in the 1.27 μm band under the MSZ model
results in overestimation of the О3 concentration,
which is explained by an inaccurate photochemical
model.

In the previous work, we presented the balance
equation to calculate the concentrations of O2(b1

ν = 0–1) and O2(a1Δg, ν = 0–5) in a clear form for
MLT conditions (equations 3–10 in Table В1 (Yan-
kovsky et al., 2016)), as well as a database for the rate
constants of all of the reactions (Appendix А in (Yan-
kovsky et al., 2016)) included in these equations. The
list of these reactions is given in Table 1 in this paper.
The balance equation for [O2(a1Δg, ν = 0)] in the
mesosphere altitude range can be simplified, because
the molecular oxygen photolysis rates in the
Schumann–Runge continuum and in the hydrogen
Lyman-α line, and also the quenching reactions of the
O2 excited levels by atomic oxygen, are not important
at altitudes below 80 km:

g,+Σ

(5)

where the population of the second singlet level of the oxygen molecule is as follows:
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JHB is a photolysis rate of O3 in the Hartley band;
F(HB → O(1D)) is a quantum yield of O(1D) forma-
tion in the reactions 7 and 8 (Table 1);  is a final
quantum yield of the O2(a1∆g, ν = 0) molecules at the
ozone photolysis in the Hartley band; gIRa, gβ, and gα
are rates of the resonance population of O2(a1Δg, ν = 0),

O2(b1  ν = 1), and O2(b1  ν = 0), respectively

F�

g,+Σ g,+Σ

(reactions 4, 2, and 1); k(O2(b, ν = 0); N2) and
k(O(1D); O2) are rate constants in the reactions 36 and
17, respectively; 
 is a quantum yield of O2(a1Δg, ν) in
the reaction 36 (Table 1); Q(O2(a, ν = 0)), Q(O2(b, ν = 0)),
and Q(O(1D)) are quenching factors of O2(a1Δg, ν = 0),

O2(b1  ν = 0) molecules and O(1D) atom, respec-
tively.

g,+Σ

Table 3. Average relative deviation of the [О3] values
retrieved under the YM2011 model relative to the SABER
data for two days in 2010

Altitude, km  % summer  % spring

100 –38 –21
95 –18 –19
90 –56 –41
85 –44 –42
80 –41 –79
75 –64 –75
70 –69 –48
65 –54 –48
60 –48 –50
55 –43 –47
50 –39 –39

,δ ,δ
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Hence, based on the relationship of (5), the ozone concentration can be retrieved from [O2(a1Δg, ν = 0)] by
the following formula:

(6)[ ]
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Fig. 3. O3 altitude profiles according to the TIMED–SABER 2010 data. Legend: light gray curves, SABER website data; dark
gray curves, the [O3] values retrieved under YM2011; black dashed line, average [O3] for the SABER data array; black solid line,
average [O3] under YM2011: (а) the spring equinox day (50 events in the latitude range of 74° S–45° N and at the Sun zenith
angles (SZA) 38°–80°); (b) the summer solstice day (50 events in the latitude range of 35°–75° N and at SZA 68°–84°).
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In formula (6), all parameters are either measured
or known table data. Only one parameter, needs
clarification. The YM2011 model makes it possible to
consider the kinetics of electronic vibrational states of
the oxygen molecule O2(a1Δg, ν = 0–5). It should be
recalled that all of these levels are excited in the Hart-
ley band cross-section peak (near 254 nm) (Fig. 2).
The collision relaxation of O2(a1Δg, ν ≥ 1) in reaction
38 (Table 1) dominates in the mesosphere. In other
words, energy is transferred from all overlying O2(a1Δg,
ν ≥ 1) levels to the lower O2(a1Δg, ν = 0) level. The final
value of  = 0.95 ± 0.05 calculated in the YM201
model depends on the altitude, latitude, and the Sun
zenith angle (within the indicated value range),
because it is related to the О2, N2, and СО2 altitude
profiles in the real atmospheric conditions.

The formula for the retrieval of the ozone altitude
profile (6) can be also used in the MSZ model,
because the complete YM2011 model includes the
MSZ model as a special case (Section 2). No publica-
tion on MSZ contains detailed data on the procedure for
retrieval of the ozone altitude profile from the 1.27 μm
channel. Therefore, based on the complete YM2011
photolysis model, we carried out a numerical experi-
ment with a series of 100 events to reveal the values of
quantum yields  and 
 used in the MSZ model. We
have varied the values of these parameters so that the
calculated ozone concentrations obtained under
YM2011 were as similar as possible to the O3 concen-
tration published on the SABER website for the alti-
tudes of 60–80 km. In other words, we selected  and


 values in such a way that  first, was close

to 1 and, second, was characterized by the minimum
dispersion.

We conducted the numerical experiment using 100
events and established that the MSZ model uses the
following parameter points:  0.60 ± 0.02 and 
 =
0.55 ± 0.07. Most likely, the  value was taken from
the earlier work of (Valentini et al., 1987), which con-
tains a laboratory estimation of the quantum yield of
the O2(a1Δg, ν = 0) molecules in reaction 7 (Table 1)
upon ozone photolysis in the Hartley band. Since that
time, many data on the quantum yields of O2(a1Δg, ν =
0–5) formation depending on the wavelength of the
photolytic radiation have been obtained (Thelen et al.,
1995; Dylewski et al., 2001), and, thus, this suggestion
can be considered obsolete (see above, Section 2).
Another question is why 
 ≈ 0.55, since the MSZ
authors (Mlynczak et al., 1993) initially assumed that
the quantum yield of O2(a1Δg, ν = 0) was 1 in reaction 36

(Table 1). In 2006, the different means of O2(b1  ν = 0)
quenching by N2 molecules were considered in the
first version of YM2011 (Yankovsky and Manuilova,
2006), and it was suggested that the two possible quasi-

resonance quenching channels of O2(b1  ν = 0) in this
reaction had similar quantum yields (
  0.5):

(7)

(8)

The SABER data analyzed above indicate that the
MSZ authors used this very conclusion, because no
estimates of this quantum yield have been obtained in
the last decade. Meanwhile, the YM2011 model addi-
tionally takes into account the following molecular
relaxation of O2(a1Δg, ν = 2) from (7) to the O2(a1Δg,
ν = 0) level due to collisions with O(3P), О2, О3, N2,
and СО2 in reactions 38–42 (Table 1).

Hence, the set of fixed parameters of  = 0.6 and

  0.55 yields the 1.5-fold overestimated values of the
ozone altitude profile when MSZ is used. When
YM2011 is used, the ozone profile retrieved in the
SABER experiment is almost similar to the data of
other experiments (Section 2 hereof).

4. DISCUSSION. PROPOSALS 
OF ALTERNATIVE OZONE TRACERS IN MLT

The data from the SABER official website do not
correspond to the ozone altitude profile in the meso-
sphere, according to the analysis in (Smith et al.,
2013). The SABER team fails to solve this problem.
According to this paper and (Yankovsky et al., 2016),
the 1.27 μm O2(a1Δg, ν = 0) emission band still can be
used to retrieve [O3] with the YM2011 advanced pho-
tochemical model. This self-consistent model makes it
possible to calculate the altitude profiles of all excited
components, including those that were previously
used to retrieve the ozone altitude profile (for exam-
ple, O2(a1Δg, ν = 0) and O2(b1  ν = 0)) and those that

have not yet been used (for example, O2(b1  ν ≥ 1)).
Figure 4 shows the typical solutions of the forward
problem to calculate the altitude profiles of [O2(b1

ν = 0–2)] and [O(1D)]. The population of all these
levels depends on the ozone concentration. Hence, it
is possible both to propose new methods for retrieval
of the ozone altitude profile and to clarify the “old”
methods. This study was carried out in our previous
paper (Yankovsky et al., 2016).

The results of sensitivity analysis were used to esti-
mate the error of the inverse problem solution in the
altitude range of 50–105 km. Based on the initial stage
of the sensitivity analysis, the factor of [O3] sensitivity

to variations in O2(b1  ν = 2) is less than 0.001.
Accordingly, this excited level of the oxygen molecule
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cannot be an ozone tracer. Figure 5 shows typical errors
of the retrieved O3 values for the proposed tracers.

At altitudes lower than 90 km, O2(b1  ν = 1),
O2(a1Δg, ν = 0), and O(1D) can be used as [O3] tracers

with an error of less than 20%. O2(b1  ν = 0) is the
“worst” ozone tracer in the mesosphere, because the
uncertainty of retrieved [O3] exceeds 35% in the alti-
tude range of 65–75 km. Over 90 km, O2(a1Δg, ν = 0)

g,+Σ

g,+Σ

becomes an inacceptable tracer of [O3] (the uncer-
tainty exceeds 100%). It should be emphasized that the
altitude profile of atomic oxygen, having a local con-
centration peak in this region, should be known to
retrieve [O3] at the altitude of over 90 km.

When the ozone altitude profile is retrieved from
O2(b1  ν = 1) and O2(b1  ν = 0), the uncertainty
reaches 20–30% in the altitude range of 90–100 km.
As follows from Fig. 5, O(1D) is characterized by a

g,+Σ g,+Σ

Fig. 4. Altitude profiles of [O2(b1 ν = 0–2)] and [O(1D)] concentrations calculated under the YM2011 model. Legend: solid
lines, average concentrations for 50 events in 2010 for one day; dashed lines, standard deviations: (а) the spring equinox day
(50 events in the latitude range of 74° S–45° N and at the Sun zenith angles (SZA) 38–80°); (b) the summer solstice day
(50 events in the latitude range of 35°–75° N and at SZA 68°–84°).
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minimum ozone retrieval error, but it still fails to be an
optimum tracer due to the very low concentrations of
these atoms (Fig. 4). Hence, O2(b1  ν = 1) is a pref-
erable tracer of [O3] throughout the altitude range
of 50–100 km. This electronic vibrational molecule
has three emission bands such as 688 nm Atm(1, 0),
771 nm Atm(1, 1), and 874 nm Atm(1, 2) correspond-
ing to the O2(b1  ν = 1→ X3  ν = 0–2) transitions
(Yankovsky et al., 2016).

CONCLUSIONS
(1) The ozone altitude data from the SABER offi-

cial website are not consistent with the generally
accepted measured ozone altitude profiles. The ozone
concentrations retrieved in the SABER 9.6 μm and
1.27 μm channels in the altitude range of 60–80 km
are subject to systematic overestimation (by 20–50%).
This fact is admitted by the authors of the SABER
experiment.

(2) The models of electronic vibrational kinetics of
ozone and molecular oxygen photolysis products in
MLT (YM2011) and the models of purely electronic
kinetics (MSZ) are drastically different, thus resulting
in different retrieved ozone altitude profiles at similar
initial values of [O2(a1Δg, ν = 0)].

(3) The 1.27 μm emission can be correctly used to
retrieve the ozone profile in the altitude range of 50–
88 km only under the YM2011 model. If the complete
О2 and О3 photolysis model (YM2011) is used, the
ozone concentrations retrieved in the SABER experi-
ment are not fundamentally different from the data of
other experiments.

g,+Σ

g,+Σ g,−Σ

(4) It is possible to use other methods to retrieve
the ozone altitude profile from observation of the IR
emission bands considered in YM2011 only. The
observation of the emission volume rate of the
O2(b1  ν = 1) molecule is an optimal method to
retrieve the ozone altitude profile in the mesosphere and
lower thermosphere (the altitude range of 50–100 km).
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