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A B S T R A C T

In this study we have formulated the multi-channel method for retrieval of the O(3P), O3 and CO2 volume mixing
ratios, Cv,O(3P), Cv,O3 and Cv,CO2, altitude profiles in the daytime mesosphere and lower thermosphere from the
simultaneous measurements of intensities of three emissions formed by transitions from three electronically-
vibrationally excited states, O2(b1Σg

+, v= 2), O2(b1Σg
+, v= 1) and O2(b1Σg

+, v= 0). Only using the YM2011
model of kinetics of O3 and O2 photolysis (Yankovsky et al., 2016. J. Molec. Spectr., 327, 209–232) allowed us to
consider in detail the complex groups of the processes of excitation and quenching of the states O2(b1Σg

+, v= 0,
1, 2), the transitions from which form the system of the O2 Atmospheric bands observed in the dayglow of the
Earth. For the altitude range 50–85 km we developed in details the two-channel method of simultaneously
retrieval of the volume mixing ratios of O3 and CO2. For this method, we succeeded in obtaining formulas that
can be used for remote sensing of the Earth atmosphere from satellites.

1. Introduction

The small components of the Earth daytime mesosphere and lower
thermosphere (MLT), carbon dioxide, ozone and atomic oxygen are
responsible for the thermal regime in the MLT region, so the knowledge
about the altitude dependences of the concentrations of these compo-
nents is very important. (e.g. López-Puertas and Taylor, 2001; Brasseur
and Solomon, 2005; Mlynczak et al., 2007; Feofilov and Kutepov, 2012;
Timofeyev, 2016). The altitude profile of carbon dioxide concentration
can be measured by a direct method of absorbing radiation from the
Sun (Beagley et al., 2010). However, this solar occultation method
could be realized only in the conditions of sunset and sunrise, so it
cannot give a comprehensive presentation of the altitude profile of the
[CO2] throughout the daytime hours.

The history of the [CO2] measurements in MLT is well described in
(Jurado-Navarro et al., 2016). We will review the recent experiments
that made available the satellite [CO2] datasets. The Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instru-
ment on board the Thermosphere- Ionosphere-Mesosphere-Energetics
and Dynamics (TIMED) satellite has been providing global, simulta-
neous measurements of limb radiance in 10 spectral channels since
January 2002 and, in particular, has been measuring the atmospheric
limb radiance in the 15 μm and 4.3 μm channels. In (Rezac et al., 2015)

the authors present a methodology for a self-consistent simultaneous
retrieval of kinetic temperature/pressure, T(p) (in the 15 μm channel)
and [CO2] (in 4.3 μm channel) from the broad band infrared limb
measurements. The method used for the CO2 volume mixing ratio
(VMR), Cv,CO2, retrieval considered the complicated non-LTE problem,
that is solving the coupled system of kinetic equilibrium and the ra-
diative transfer equations. Using the methodology developed for in-
terpretation SABER measurements by Rezac et al. (2015), Yue et al.
(2015) produced a database of the daytime [CO2] in the MLT region for
13 years. Jurado-Navarro et al. (2016) describe the retrieval of CO2

VMR from MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) high resolution limb emission spectra in the 4.3 μm region in
the interval 70–142 km for 7 years (2005–2012). The Cv,CO2 have been
retrieved using MIPAS daytime limb emission spectra in the 4.3 μm
band from January 2005 until March 2012. The Fourier Transform
Spectrometer on the Canadian Atmospheric Chemistry Experiment
ACE-FTS (Beagley et al., 2010) has measured the Cv,CO2 in the meso-
sphere and lower thermosphere (70–120 km) by using the solar occul-
tation technique. The latter method has an advantage because it is free
from non-LTE effects and necessity to solve the complicated problem of
radiative transfer at non-LTE conditions for the [CO2] retrieval, but, as
it was mentioned above, provides a limited time coverage (Beagley
et al., 2010).
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The former observations of CO2 in the middle atmosphere showed a
rapid falloff above about 80 km (e.g. (Kauffmann et al., 2002; Feofilov
and Kutepov, 2012)) and the recent measurements made by the SABER,
ACE and MIPAS instruments mentioned above has confirmed this fact
(Rezac et al., 2015; Yue et al., 2015; Jurado-Navarro et al., 2016). It
should be noted that, as it shown in (Emmert et al., 2012; Garcia et al.,
2014; Rezac et al., 2015; Yue et al., 2015; Qian et al., 2017) the SABER
and ACE-FTS [CO2] altitude profiles demonstrate a faster increase of
the [CO2] above 80 km for 10 years, compared to SD-WACCM model.
The SABER CO2 trend shows a peak at ∼110 km of about 12% per
decade.

A comprehensive review of the [O3] measurement methods (Smith
et al., 2013) serves to analyze the discrepancies between several ex-
periments, such as HALOE, HRDI, MIPAS, GOMOS, ACE-FTS, SOFIE,
OSIRIS, SMILES and TIMED-SABER. In (Yankovsky and Manuilova,
2017) we have compared the [O3] retrieval from SABER measurements
of the 1.27 μm emission intensity in the framework of two models of O3

and O2 photolysis: YM2011 model of electronic – vibrational kinetics
(Yankovsky et al., 2016) and the model of pure electronic kinetics de-
veloped by Mlynczak, Solomon and Zaras in (Mlynczak et al., 1993)
with the [O3] measured by the following instruments: High Resolution
Doppler Imager (HRDI) on the UARS satellite; MIPAS on the Envisat
satellite; the SMILES superconducting submillimeter radiometer at the
International Space Station. The comparison of the [O3] profiles ob-
tained in (HRDI), SMILES and MIPAS experiments shows that retrieval
of the [O3] in the framework of YM2011 model is close to these data. In
(Yankovsky and Manuilova, 2017) we have shown that in order to re-
trieve the [O3] altitude profile from the measurements of the intensity
of the O2 band in the region of 1.27 μm correctly, it is necessary to use
the photochemical model of the electronic-vibrational kinetics of ex-
cited products of ozone and oxygen photolysis in the mesosphere and
lower thermosphere YM2011. In (Martyshenko and Yankovsky, 2017)
in the framework of YM2011 model we have derived the formulas for
the [O3] retrieval from the measurements of volume emission rate
(VER) in the 1.27 μm O2 Atmospheric band (0, 0) for the range
50–85 km.

In (Yankovsky et al., 2016) we developed the methods of simulta-
neous retrieval of ozone and atomic oxygen altitude profiles above the
mesopause using as proxies electronically - vibrationally excited levels
of oxygen molecule, namely O2(b1Σg

+, v= 0, 1, 2), O2(a1Δg, v= 0, 1)
and excited atom O(1D).

In (Yankovsky, 2017) in the framework YM2011 model, we have
investigated the possibilities of retrieval the [O3] and [CO2] altitude
profiles. Note, that for all these excited states the rate coefficients of
quenching in collisions with CO2 molecules have been measured.

In this study we suggest method of the [CO2] retrievals in the range
50–85 km and discuss the possibility of the [O3] and [CO2] simulta-
neous retrieval in the altitude range 85–100 km. The method developed
here can be used during the whole daytime and does not require the
solution of complex problems of radiation transfer in the case of LTE
breaking. We have got the applied formulas for the simultaneous re-
trieval of the volume mixing ratios of CO2 and O3 that can be used for
remote sensing of the Earth atmosphere from satellites.

In Section 2 we considered briefly the extended YM2011 model of
kinetics of the products of O2 and O3 photodissociation in the MLT and
discussed the model which we use for the present study, and also pre-
sented the survey of the rate coefficients. In the present study we took
into account 6 levels from 45 levels of whole YM2011. In Section 3 we
investigated the quenching factors for all excited specious under con-
sideration. In Section 4 we gave the solution of the forward problem:
the calculations of the altitude profiles of [O2(b1Σg

+, v=0)],
[O2(b1Σg

+, v=1], [O2(b1Σg
+, v=2)] and [O(1D)]. In Section 5 we

presented an analytical solution of the inverse kinetic problem for the
[CO2] retrieval in the mesosphere. In Section 6 we carried out analysis
of the complete formulas for retrieving the altitude dependences of the
CO2 and O3 volume mixing ratios in the mesosphere. In Section 7 we

made analysis of the new method of simultaneous retrieval of the CO2

and O3 volume mixing ratios in the mesosphere which enabled us to get
the simple analytical formulas for the [CO2] and [O3] retrievals from
the intensities of the emissions in the corresponding O2 Atmospheric
bands. In Section 8 we discussed the proposal on the three-channel
method of simultaneous retrieval of the volume mixing ratios profiles of
three components, O(3P), O3, CO2, in the altitude range of 85–100 km.
In Section 9 we presented the main conclusions.

2. Model of photochemical kinetics YM2011

In the extended YM2011 model of kinetics of the products of O2 and
O3 photodissociation in the MLT, we consider the kinetic balance
equations for 45 levels: three electronically-vibrationally excited levels
О2(b1Σ⁺

g, v≤ 2), six levels O2(a1Δg, v≤ 5), 35 levels O2(X3Σˉg, v≤ 35)
and level O(1D) (Yankovsky et al., 2016). As the sources of O (1D) in
MLT, besides the O3 photolysis in the spectral Hartley and Huggins
bands (λ=200–370 nm), we also considered the photolysis of O2 in the
Schumann-Runge continuum (λ=120–174 nm) and H Lyman-α line.
The quantum yields of O(1D) formation were taken from (Sander et al.,
2011). Note, that the quantum yield of O(1D) in the Huggins band is
very small in comparison with the quantum yield in the Hartley band
and is equal to 0.08 ± 0.04 in the interval λ=329–340 nm in-
dependent of temperature, and for λ > 340 nm there are no re-
commendations for it (Sander et al., 2011).

All electronically-vibrationally excited levels are depopulated by
V–V (vibrational – vibrational) and V–T (vibrational – translational)
energy exchange processes in collisions with O2, N2, O(3P), O3 and CO2

molecules. The system of kinetic balance equations considers the po-
pulations of all 45 states taking into account.

For our purpose we use the part of YM2011 model and take into
account 10 levels: three levels О2(b1Σ⁺

g, v= 0,1, 2), six levels O2(a1Δg,
v= 0–5) and level O(1D) (Fig. 1). It is enough for description of me-
chanisms of emissions in the molecular oxygen Atmospheric and IR
Atmospheric bands. We consider more than 60 radiative quenching and
photoexcitation processes and processes of deexcitation by V–V and
V–T energy exchange in collisions. For comparison, in the entire
YM2011 model one should take into consideration more than 150
processes (Yankovsky et al., 2011).

In this study all possible processes of energy transfer between the
excited levels have been taken into account, and Appendix 1 of
(Yankovsky et al., 2016) contains an overview of currently available
kinetic data concerning all 60 above mentioned reactions. We present
the compilation of kinetic data for 10 excited oxygen species, namely,
for the energy transfer processes, which take place at collisions of the
electronically-vibrationally excited molecules О2(b1Σ⁺

g, v= 0, 1, 2) and
O2(a1Δg, v= 0–5) and oxygen atom О(1D) with the main atmospheric
components O (3P), O2, N2, O3 and CO2. We used the measured values
of the reaction rate coefficients and quantum yields of the excited
products that were obtained mainly for the last 15 years (Table A1.1. in
(Yankovsky et al., 2016)).

In Table 1 we present an updated version of this database on the
rate coefficients of quenching of the following six levels: О2(b1Σ⁺

g,
v= 0, 1, 2), O2(a1Δg, v= 0, 1) and level O(1D). Table 1 takes into
account the measurements of the values of the rate coefficients and of
the radiative lifetimes of the excited levels that appeared over the past
three years. In the Table 1 the room temperature, RT, corresponds to
the interval 290–300 K.

3. Investigations of the quenching factor for six proxies

In general, the kinetic equation for the concentration of excited
component, xm, looks like:

∂
∂

= −x
t

P x x Q x[ ] ( ) [ ] ( )m
m m m (1)
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where P(xm) – the production rate of xm. In this study xm are О(1D),
О2(b1Σ⁺

g, v= 0, 1, 2) and O2(a1Δg, v= 0–5), Q(xm) – the quenching
factor of xm:

Q(xm) = (τm)−1 + [O2]k(xm;O2) + [O(3P)]k(xm;O(3P)) + [O3]k
(xm;O3) + [N2]k(xm;N2) + [CO2]k(xm;CO2) (2)

where τm – the radiative lifetime of xm component, k(xm; yj)− the rate
coefficient of the quenching reaction of component xm in collision with
the main atmospheric components yj. In this study yj are O2, O(3P), N2,
O3 and CO2.

We examine the quenching factors of six components O(1D),
О2(b1Σ⁺

g, v= 0, 1, 2) and O2(a1Δg, v= 0, 1). As it was shown in
(Yankovsky et al., 2016) the levels O2 (a1Δg, v= 2–5) do not contribute
significantly in populating the level O2(a1Δg, v= 0). Fig. 2 (a–f) de-
monstrates the relative contributions of the deexcitation processes to

the quenching factor (2) depending on altitude for all proxies for typical
SABER event.

The important conclusion from Fig. 2d is as follows: О2(b1Σ⁺
g, v= 0)

‒ is the single proxy, that is sensitive to variations of the carbon dioxide
density in the MLT range. In the altitude range of 60–85 km, quenching
of О2(b1Σ⁺

g, v= 0) occurs mainly in collisions with N2 (the concentra-
tion and the rate coefficient of collisions are well known) and partly
with CO2. Below 80 km quenching in collisions with CO2 contributes
near 10% to the quenching factor of О2(b1Σ⁺

g, v= 0). Below 60 km, in
addition to N2 and CO2 it is necessary to take into account quenching in
collisions with O3.

It is worth emphasizing, that collisions with CO2 don't take part in
the population of the excited levels under consideration. Thus, we are
interested in the population of the level O2(b1Σg

+, v=0), which, as
seen from Fig. 1, is populated by the transfer of energy from the O(1D)

Table 1
The rate coefficients for reactions involving O(1D), О2(b1Σ⁺

g, v= 0–2), О2(a1Δg, v= 0, 1) in the processes of radiative quenching and deexcitation at collisions with O
(3P), O2, O3, N2, CO2. The updated version of data base which have been presented in (Yankovsky et al., 2016).

Reaction or radiative quenching processes Notation of the rate
coefficient, k, and
radiative lifetime, τ

The values of k,
cm3s−1, and τ, s

Temperature range, K; et
RT – room temperature

Relative
uncertainty, ξ, at
RT

Notes: the references are
presented only for the
new data

O(1D) → O(3P) + hν τO(1D) 110.0
O(1D) + O(3P) → O(3P) + O(3P) k(O(1D);O) 2.2·10−11 RT 0.27
O(1D) + O2 → O(3P) + О2(b1Σ⁺

g, v≤ 1) k(O(1D);O2) 3.10·10−11exp (87/T) 195–673 0.10
O(1D) + O3 → O2 + O2

# k(O(1D);O3) 2.4·10−10 210–370 0.20
O(1D) + N2 → O (3P) + N2(X1Σ⁺

g, v≤ 7) k(O(1D);N2) 2.20·10−11exp (118/T) 195–673 0.09
O(1D) + CO2 → CO + O2 k(O(1D);CO2) 7.5·10−11exp (115/T) 200–350 0.15
О2(b1Σ⁺

g, v= 2) → О2(X3Σ
̄
g, v”) + hν τO2(b,2) 11.8 (Yu et al., 2014)a

О2(b1Σ⁺
g, v = 2) + O(3P)

→ О2(b1Σ⁺
g, v’<2) + O(3P)

k(O2(b, v=2);O) 1.07·10−11 340–445 0.6

О2(b1Σ⁺
g, v = 2) + O2

→ О2(X3Σ
̄
g, v = 2) + О2(b1Σ⁺

g, v= 0)
k(O2(b, v=2);O2) 2.3·10−11exp (-691/T) 110–295 0.25

О2(b1Σ⁺
g, v = 2) + O3 → 2O2 + O k(O2(b, v=2);O3) 2.9·10−10 340–445 0.4

О2(b1Σ⁺
g, v = 2) + N2

→ О2(b1Σ⁺
g, v = 0) + N2(X1Σ⁺

g, v= 1)
k(O2(b, v=2);N2) 8.0·10−15 110 0.4

О2(b1Σ⁺
g, v = 2) + CO2

→ О2(b1Σ⁺
g, v = 1) + CO2(100)

k(O2(b, v=2);CO2) 3.0·10−12exp (-158/T) 220–295 0.9

О2(b1Σ⁺
g, v= 1) → О2(X3Σ

̄
g, v”) + hν τO2(b,1) 11.4 (Yu et al., 2014)a

О2(b1Σ⁺
g, v = 1) + O(3P) → O2 + O k(O2(b, v=1);O) 4.5·10−12 RT 0.18/-0.29

О2(b1Σ⁺
g, v = 1) + O2

→ О2(X3Σ
̄
g, v = 1) + О2(b1Σ⁺

g, v= 0)
k(O2(b, v=1);O2) 4.2·10−11exp (-312/T) 125–295 0.026 (at 295 K) (Hwang et al., 1999)

2.2·10−11 (T/292)exp
(-115/T)

292–1000 0.038 (at 292 K) see Fig. 5 and text

О2(b1Σ⁺
g, v = 1) + CO2

→ О2(b1Σ⁺
g, v = 0) + CO2(100)

k(O2(b, v=1);CO2) 9·10−13 220 0.6

О2(b1Σ⁺
g, v= 0) → О2(X3Σ

̄
g, v”) + hν τO2(b,0) 11.0 (Yu et al., 2014)a

О2(b1Σ⁺
g, v = 0) + O(3P) → O2 + O k(O2(b, v=0);O) 8·10−14 RT 0.25

О2(b1Σ⁺
g, v = 0) + O2

→ О2(a1Δg, v” = 3-v’) + О2(a1Δg, v’)
k(O2(b, v=0);O2) 4.10·10−17 RT 0.5

1.3·10−15 (T/292)0.5

exp (-1105/T)
297–800 0.21 b (Zagidullin et al., 2017)

О2(b1Σ⁺
g, v = 0) + O3 → 2O2 + O k(O2(b, v=0);O3) 3.5·10−11exp (-135/T) 210–370 0.15

О2(b1Σ⁺
g, v = 0) + N2

→ О2(a1Δg, v = 2) + N2(X1Σ⁺
g, v=1)

→ О2(X3Σ
̄
g, v = 9) + N2(X1Σ⁺

g, v= 0)

k(O2(b, v=0);N2) 2.20·10−15 203–373 0.11 see Fig. 4 and text
4.0·10−16 (T/292)1.5

exp (503/T)
297–800 0.08 b (Zagidullin et al., 2017)

О2(b1Σ⁺
g, v = 0) + CO2 → О2(a1Δg,

v = 0) + CО2

k(O2(b, v=0);CO2) 4.40·10−13 245–362 0.10 see Fig. 3 and text
5.9·10−14 (T/292)1.5

exp (595/T)
297–800 0.10 b (Zagidullin et al., 2017)

О2(a1Δg, v= 1) → О2(X3Σ
̄
g, v”) + hν τO2(a,1) 4.52·103 (Yu et al., 2014) a

О2(a1Δg, v = 1) + O2

→ О2(X3Σ
̄
g, v = 1) + О2(a1Δg, v= 0)

k(O2(a, v=1);O2) 5.6·10−11 RT 0.20

О2(a1Δg, v = 1) + O3 → 2O2 + O k(O2(a, v=1);O3) 4.7·10−12 RT 0.43
О2 (a1Δg, v = 1) + CO2 → products k(O2(a, v=1);CO2) 1.9·10−14 RT 0.11 (Torbin et al., 2017)
О2(a1Δg, v= 0) → О2(X3Σ

̄
g, v”) + hν τO2(a,0) 4.40·103 (Yu et al., 2014) a

О2(a1Δg, v = 0) + O(3P) → products k(O2(a, v=0);O) 1·10−16 RT 2.0/-0.7
О2(a1Δg, v = 0) + O2

→ О2(X3Σ
̄
g, v” = 5-v’) + О2(X3Σ

̄
g, v’)

k(O2(a, v=0);O2) 3.6·10−18exp (-220/T) 100–450 0.20

О2(a1Δg, v = 0) + O3 → 2O2 + O k(O2(a, v=0);O3) 5.2·10−11exp (-2840/T) 280–360 0.25
О2(a1Δg, v = 0) + CO2 → products k(O2(a, v=1);CO2) ≤2·10−20 RT

a The values of τ were estimated using the Franck-Condon factors (Yu et al., 2014) and were normalized on the Einstein coefficients AO2(b,v=0 →X, v=0)= 0.085 s−1

and AO2(b,v=0 →a, v=0)= 1.5·10−3s−1 (Krupenie, 1972), AO2(a,v=0 →X, v=0)= 2.26·10−4 s−1 (Newman et al., 2000).
b We use the method described in Appendix 1 to calculate the value of the relative uncertainty ξ of the rate coefficient if the authors give the values of the rate

coefficients in the Arrhenius form with individual error values for each parameter = ± ±±k T A ΔA T exp b Δb T( ) ( )( /292) (( )/ )n Δn .
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atom to the levels О2(b1Σ⁺
g, v= 0, 1), as well as due to the resonance

absorption of solar radiance.

4. Solution of the forward kinetic problem

A full system of kinetic equations for the forward problem of
determining the populations of the excited levels of the oxygen
molecule is presented in (Yankovsky et al., 2016). Note that, in ac-
cordance with the conclusions of this work, in calculations of the
population of the level O2(b1Σ⁺g, v = 0), it is necessary to take into
account transitions from all higher levels, namely, O2(b1Σ⁺g, v = 2),
O2(b1Σ⁺g, v = 1) and O(1D). The contribution of collisional energy
transition О2(b1Σg

+, v = 2) + O2 → О2(X3Σ
̄
g, v = 2) + О2(b1Σg,

v = 0) to the population of the level О2(b1Σg
+, v= 0) is less than

0.1% in comparison with the total contribution of transitions O
(1D) + O2 → O(3P) + О2(b1Σg

+, v≤ 1), О2(b1Σg
+, v = 2) + O →

О2(b1Σg
+, v = 0) + O and of the process of resonant photoexcitation

of О2(b1Σ⁺
g, v = 0) (Yankovsky et al., 2016), so the contribution of

this transition can be neglected.
We have considered the system of balance equations in the sta-

tionary approximation for the populations of four levels, O(1D),
O2(b1Σg

+, v= 0, 1, 2) and obtained the expressions for calculations of
the proxy concentrations:

⎡

⎣
⎢

⎤

⎦
⎥ =

→ + + →
O D

O J F O O D HHb O J J F O O D Lyα
Q O D

( )
[ ] ( ( ); ) [ ]( ( ( ); ))

( ( ))
HHb SRC Lyα1 3 3

1
2 2

1

1

(3)

= =
=

+
+O b Σ v O

g

Q O b Σ v
[ ( , 2)] [ ]

( ( , 2))g
γ

g
2

1
2

2
1 (4)

= =
+

=
+

+O b Σ v O
g O D k O D O Ψ

Q O b Σ v
[ ( , 1)] [ ]

[ ( )] ( ( ); )

( ( , 1))g
β

g
2

1
2

1 1
2 1

2
1 (5)

In formulas (3-6) JHHb – the rate of O3 photolysis in the Hartley and
Huggins bands, F(O3 → O(1D); HHb) – quantum yield of production of O
(1D) in this process; JSRC and JLyα – the rate of O2 photolysis in the
Schumann-Runge continuum and H Lyman-α line, and F(O2 → O(1D);
Lyα) – quantum yield of O(1D) in the last process;Ψ1 is the quantum yield
of О2(b1Σ⁺

g, v=1) production and Ψ0 is the quantum yield of О2(b1Σ⁺
g,

v=0) production in reaction O(1D) + O2→ O(3P) + О2(b1Σ⁺
g, v), with

Ψ1=0.80 ± 0.10 and Ψ0=0.20 ± 0.10 [1]. Parameters gα, gβ, gγ are
the rates of resonant photoexcitation of О2(b1Σ⁺

g, v=0), О2(b1Σ⁺
g, v=1)

and О2(b1Σ⁺
g, v=2) due to absorption of solar radiation, correspondingly.

The denominators, Q(xm), present the quenching factors of corre-
sponding levels (2). In the atmospheric layer of 50–85 km, the system
(3-6) can be simplified, because, as shown by the sensitivity analysis
presented in Section 5.1 in (Yankovsky et al., 2016) reactions involving
atomic oxygen and O2 photoabsorption in the Schumann-Runge con-
tinuum can be neglected.

5. Analytical solution of the inverse kinetic problem for the [CO2]
retrieval in the mesosphere and the rate coefficients survey

In the altitude range 50–85 km under the conditions of the homo-
sphere, the volume mixing ratios Сv,N2 and Cv,O2 for the main atmospheric
constituents N2 and O2 are practically constant, therefore in formulas (3-
6) we take them into account as invariants, and possible uncertainties of
the solution of the forward problem we associate with the errors of the

values of the reaction rate coefficients of the energy transfer processes
between the excited levels O (1D) and O2(b1Σg

+, v=0, 1, 2). Taking this
into account, and also expressing the quenching coefficients for O2(b1Σ⁺g,
v=0) and O2(b1Σ⁺g, v=1) in explicit form with the help of (2), from the
balance equations (3, 5, 6), we obtain an expression for the CO2 volume
mixing ratio in the altitude range of 50–85 km:
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where Nt is the total atmospheric density at a given altitude, connected by
the gas law with pressure and kinetic temperature. The reaction rate
coefficients entering into the system of equations (3-6) are presented in
Table 1.

Formula (7) reveals the relationship between the CO2 concentration
and the populations of О2(b1Σ⁺

g, v= 1) and О2(b1Σ⁺
g, v= 0). The de-

nominators of all five terms in expression (7) include the rate coeffi-
cient k(О2(b, v=0);CO2) of reaction О2(b1Σ⁺

g, v = 0) + CO2 → O2(a1Δg,
v = 0) + CO2, which was measured repeatedly from 1970 (see below).

Let us consider the experimental data on the rate coefficients of all
reactions included in (7).

i) The rate coefficient k(O2(b, v=0);CO2) has been measured since
1970 mainly at room temperature (Fig. 3a). Atkinson et al. (2004)
described in details the initial period of measurements (up to 1990).
Further studies were carried out in 1994 (Hohmann et al., 1994), in
2005 (Dunlea et al., 2005) and in 2017 (Zagidullin et al., 2017). All
measurements, except for the data of (Wildt et al., 1988), give ra-
ther close values (Fig. 3a). There are only two attempts to measure
the temperature dependence of k(O2(b, v=0);CO2) (Fig. 3b). In the

interval 245–362 K, no temperature dependence was observed in
(Choo and Leu, 1985). A weak temperature dependence with a local
minimum at 400 K is observed in (Zagidullin et al., 2017), but up to
room temperature, the values k(O2(b, v=0);CO2) are very close to
the mean value for the data obtained for the period 1970–2017
within the experimental errors. Thus, there is no reason to doubt
that k(O2(b, v=0);CO2) is practically independent on temperature
and equals to (4.40 ± 0.44)·10−13 cm3s−1 in the interval
245–362 K, where the error is estimated by the root-mean-square
deviations for the entire data set.

ii) Currently value of the rate coefficient k(O2(b, v=0);O2) have been
measured at room temperature and equal to (4.1 ± 2.0)·10–17 cm3s−1

(Atkinson et al., 2004) and/or (3.0 ± 0.6)·10–17 cm3s−1 (Zagidullin
et al., 2017).

iii) The temperature dependence of k(O2(b, v=0);N2) has been in-
vestigated several times, starting from 1980 (Fig. 4). On the basis of
careful analysis of the data of three experiments in which the tem-
perature dependence was studied in the wide range of temperatures
(Kohse-Hoinghaus and Stuhl, 1980; Choo and Leu, 1985; Zagidullin
et al., 2017), we can conclude that k(O2(b, v=0);N2) does not de-
pend on temperature in the range 210–370K: k(O2(b,v=0);N2) =
(2.20 ± 0.24)·10–15 cm3s−1 (thick grey line in Fig. 4).

iv) k(O2(b, v = 0);O3) was measured in (Atkinson et al., 2004; Sander
et al., 2011) in the range of temperatures of 210–370 K with quite
high accuracy (Table 1).

v) Measurements of the rate coefficient, k(O2(b, v=1);O2), of the

= =
+ + = =

=
+
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reaction O2(b1Σg
+, v = 1) + O2 → O2(X3Σg ,̄ v = 1) + O2(b1Σg

+,
v=0) were carried out in the wide temperature range with high
accuracy in (Hwang et al., 1999) for 125–295 K and in (Pejakovic
et al., 2005) for 292–1000 K (Fig. 5). The measured values of k
(O2(b, v=1); O2) agree well with each other at room temperature
(Fig. 5). However, the interpolation of these values - k(O2(b,
v=1);O2) = (2.2 ± 0.8)·10−11·(T/292)1.0± 0.3exp (-(115 ± 105)/
T) cm3s−1, suggested in (Pejakovic et al., 2005) for the entire
temperature range, 125–1000 K, has the average relative un-
certainty ξ≈ 0.53. The uncertainty of interpolation (marked with
black dashed lines in Fig. 5) are almost three times more than the
experimentally measured errors of this coefficient.

Note, that in accordance with formulas (A3, A5 and A6) from the
Appendix 1, using only the same experimental data we can obtain the
alternative interpolation, k(O2(b, v=1);O2) = (2.37 ± 0.31)·10−11

(T/292)1.09±0.09exp (-(120 ± 16)/T) cm3s−1. For this interpolation
the mean value of relative uncertainty ξ≈ 0.15 for the entire tem-
perature zone agrees with the limits of the experimental error bars
(grey solid and dotted lines in Fig. 5). Finally, in order to avoid the
further discussion about the interpolations of the values in the tem-
perature interval 125–1000 K, for this work we used only the values of k
(O2(b, v=1);O2)=4.2·10−11exp(-312/T) cm3s−1, measured by Hwang
et al. (1999) for the temperatures that are typical for the MLT condi-
tions, T= 125–295 K (Table 1 and unfilled squares in Fig. 5).

6. Analysis of the complete formulas for retrieving the altitude
dependences of the CO2 and O3 volume mixing ratios in the
mesosphere

In formula (7), the volume mixing ratios of O2, Cv,O2, and N2, Cv,N2,
do not depend on altitude therefore we regard them as invariants. In
addition, some parameters of the model, which do not depend on the

gas temperature, are invariants, namely: k(O2(b, v=0);CO2), k(O2(b,
v=0);N2), k(O2(b, v=0);O2), Ψ1 and τO2(b, v), as was shown above. The
values of Cv,CO2, Cv,O3, [О2(b1Σ⁺

g, v=0)], [О2(b1Σ⁺
g, v=1)], gα, gβ, T

depend on the altitude.
In this case we rewrite (7), revealing the invariants explicitly:
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where T – kinetic temperature in Kelvin and p – atmospheric pressure
(mb) at a given altitude.

In Table 2 we present the values of invariants which can be easily
estimated using Table 1.

The second term in (8), Ω2Cv,O2, can be neglected, since this term is
equal to 1.9·10−5, which is two orders of magnitude smaller than the first
term in (8). The third term is the invariant Ω3Cv,N2, which is equal to
3.92·10−3 and includes the rate coefficient of reaction of the main
quenching process, О2(b1Σ⁺

g, v = 0) + N2 → products that provides up to
60–88% of the О2 (b1Σ⁺

g, v=0) total quenching factor in the mesosphere
(Fig. 2d). The fourth term (inversely proportional to pressure) increases
with the altitude and exceeds the value 1.3·10−4 nearly 70 km. This term
must be taken into account in determining Cv,CO2. The last term of (8)
depends on the ozone concentration and, as shown in Sec. 3, becomes
important below 60 km, where its value reaches 6·10−5 and more.

The core of the proposed method for determining Cv,CO2 from
measurements of the concentrations of the excited molecules О2(b1Σ⁺

g,
v= 1) and О2(b1Σ⁺

g, v= 0) depending on altitude expresses the first
term of expression (8): at the excitation of the both levels the O3 and O2

photodissociation processes play a key role, but the population of
О2(b1Σ⁺

g, v= 1) does not depend on CO2, in contrast to О2(b1Σ⁺
g, v= 0).

Fig. 1. The scheme of electronic-vibrational kinetics of the products of O2 and O3 photolysis in the MLT region (YM2011 model), taking into account 9 excited levels
of the oxygen molecule (three levels О2(b1Σ⁺

g, v= 0,1, 2), six levels O2(a1Δg, v= 0–5)) and, also, the excited level of the oxygen atom, O(1D). Solid inclined lines with
downwards arrows designate the processes of O2 and O3 photolysis. Double vertical lines with the arrows pointed upwards designate the processes of solar radiation
resonance absorption in the 762 nm (gα), 688 nm (gβ), 629 nm (gγ) and in the 1.27 μm (gIRa) bands. Short dashed black inclined lines with arrows present energy
transfer from O(1D) to the O2(b1Σ⁺

g, v= 0, 1) and from O2(b1Σ⁺
g, v= 0) to O2(a1Δg, v= 0–3) at collisional quenching. Long dashed vertical lines with downward

arrows indicate collision transitions V-V transitions. Solid grey vertical lines with arrows pointed down designate the processes of radiative emissions from elec-
tronical-vibrational levels of O2 molecule and from excited atom O(1D).
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To determine these concentrations, it is necessary to measure the
absolute values of the volume emission rate (VER) in the O2

Atmospheric bands produced by transitions from the levels О2(b1Σ⁺
g,

v= 0 and 1).

VER(О2(b1Σ⁺
g, v’) → O2(X3Σ

̄
g, v”))=[О2(b1Σ⁺

g, v’)]·A(O2 Atm band
(v’, v”)) (9)

In (9) A(O2 Atm band (v’, v”)) is the Einstein coefficient of the cor-
responding transition from the level О2(b1Σ⁺

g, v’) to O2(X3Σˉg, v”) in the

system of the O2 Atmospheric bands (v’, v”) (Table 3).
The Einstein coefficients for these transitions and characteristic VER

for radiance formed by transitions from О2(b1Σ⁺
g, v= 0) and О2(b1Σ⁺

g,
v= 1) are presented in Table 7.1 and Fig. 15 of (Yankovsky et al.,
2016).

Yee et al. (2012) give an overview of the episodic rocket measure-
ments of the vertical profiles of VERs from О2(b1Σ⁺

g, v= 0) and
О2(b1Σ⁺

g, v= 1). We have calculated VERs for 150 SABER events (22nd
September 2010) for the latitude interval −44° to 75° (Yankovsky

Fig. 2. The relative contributions of the radiative quenching and deexcitation processes in collisions with O(3P), O2, N2, CO2 and O3 to the quenching factors of
О(1D), О2(b1Σ⁺

g, v= 2− 0), O2(a1Δg, v= 0–1) for the typical SABER event, SABER L2, 2010, day 172, latitude 43.0, SZA=70.5, F10.7= 74. Different types of
quenching are denoted by follows: dotted line – radiative processes; quenching in collisions with various atmospheric components: solid thin line – with O(3P), long
dashed line – with O2, dashed-dotted line – with N2, double line – with CO2, short dashed line – with O3.
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et al., 2016). In the altitude range 50–100 km the calculated VERs from
О2(b1Σ⁺

g, v= 0) lie in the range 2·104 to 2·105 cm−3s-1 and the ex-
perimental data (Yee et al., 2012) are in the range 4·104 to
1.5·105 cm−3s-1. The calculated VERs for the emission from О2(b1Σ⁺

g,
v= 1) are in the interval 2·101 to 8·102 cm−3s-1 and the experimental
data are in the range of 1·101 to 1·103 cm−3s-1. For the VERs from
О2(b1Σ⁺

g, v= 2) the data calculated by us are in the range from 0.1 to
3.0 cm−3s-1. Thus, in the altitude range 50–100 km the experimental
values of VERs (Yee et al., 2012) lie in the range of the calculated VERs
given in (Yankovsky et al., 2016).

Below 60 km, the role of quenching the О2(b1Σ⁺
g, v= 0) by ozone

begins to increase (see section 3 and Fig. 2d) and one should take into
account the last term of (8) (namely, Ω5Cv,O3k(O2(b, v=0);O3)). In the
framework of the YM2011 model we can estimate simultaneously the

ozone volume mixing ratio by measuring the VER of the radiance
formed by transition from the level О2(b1Σ⁺

g, v= 1). The sensitivity
study performed in (Yankovsky et al., 2016) shows that О2(b1Σ⁺

g, v= 1)
is the best proxy for the [O3] retrieval in the MLT region. From equa-
tions (3) and (5) we obtain an expression for the relative ozone content
in this altitude interval from 50 to 85 km:
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depends on the ratio of the rate coefficients of reactions O(1D) + N2 →
O + N2

# and O(1D) + O2 → O + О2(b1Σ⁺
g, v). The rate coefficients of

both reactions were measured with high accuracy (values of errors are
nearly 9% (Yankovsky et al., 2016)), and their ratio is weakly tem-
perature dependent (proportional to exp(31/T). In the temperature
range typical for the mesosphere, parameter Ω5 is equal to 4.10 ± 0.08
and is included in the table of invariants (see Table 2).

Thus, in accordance with (10), the uncertainty of the ozone mixing
ratio Cv,O3 retrieval mainly depends not on the errors of the rate coef-
ficients of these reactions, but on the following parameters: on the ac-
curacy of measurements of VER (О2(b1Σ⁺

g, v= 1)), and also on the rate
coefficient of reaction ∑ = + → ∑ =+ −O (b , v 1) O O (X , v 1)2

1
g 2 2

3
g

+ ∑ = =+ k O b v OO (O (b , v 0), ( ( , 1), )2 2
1

g 2 2 . Another simplification of
formula (10) for the ozone concentration retrieval is also possible:
below 70 km, the photolysis of O2 in the line H Lyman α can be ne-
glected.

7. Analysis of the new method of the CO2 volume mixing ratio
retrieval in the mesosphere

7.1. The formula for the CO2 volume mixing ratio retrieval in the
mesosphere: application for remote sensing

Taking into account the analysis of formula for Cv,CO2 retrieval (8)
performed in Section 6, we succeeded in obtaining the simple formula
(12) for determining the volume mixing ratio CO2 in the mesosphere
which can be used for remote sensing from satellites:

Fig. 3. (a) Unfilled diamonds – the measured at room tem-
perature values of the rate coefficient of reaction O2(b1Σg

+,
v=0) + CO2 → products, k(O2(b, v=0);CO2), with error bars
(during 1970–2017, see Section 5). Thick grey line with thin
dashed bars – trend of k(O2(b, v=0);CO2) values for these
years. (b) The measured dependences of k(O2(b, v=0);CO2)
on temperature: thick line (Choo and Leu, 1985) at
245–362 K, thick dashed line (Zagidullin et al., 2017) at
300–800 K. Thin solid and dashed lines denote the standard
deviation. Filled circle with error bars denotes the mean
value of k(O2(b, v=0);CO2) from Fig. 3(a) at room tem-
perature.

Fig. 4. The rate coefficient of reaction O2(b1Σg
+, v = 0) + N2 → products.

Unfilled diamonds – from (Dunlea et al., 2005) at 210–373 K; filled triangles –
(Kohse-Hoinghaus and Stuhl, 1980) at 203–349 K; long dashed line – (Choo and
Leu, 1985) at 245–362 K; short dashed line – (Zagidullin et al., 2017) at
300–800 K. Thick grey line is the value of the reaction rate coefficient averaged
over the experimental data (Dunlea et al., 2005; Kohse-Hoinghaus and Stuhl,
1980; Zagidullin et al., 2017) and the thin grey lines denote the standard de-
viation.
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The following parameters of (12) depend on the altitude: [О2(b1Σ⁺
g,

v= 1)], [О2(b1Σ⁺
g, v= 0)], Cv,O3, gα, k(O2(b, v=1)O2), k(O2(b, v=0);O3)

and gas temperature, T. In comparison with (8) the total contribution of

the discarded terms (ω1gβ and Ω2Cv,O2) in (12) is less than (1.0–1.5) %.
The expression (12) is valid in the altitude interval from 50 to 85 km.

7.2. Sensitivity study of the Cv,CO2 retrieval problem

The estimation of the error of the Cv,CO2 retrieval, depending on the
uncertainties of the parameters included in (12), was carried out on the
basis of the sensitivity analysis method developed in (Yankovsky et al.,
2016). The basic definitions used in sensitivity analysis are presented in
Appendix 1.

From expression (12) we can get the sensitivity coefficients of Cv,CO2

to the parameters depending on altitude in the analytical form:
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Where in (16): b3=−312 K for rate coefficient k(O2(b,
v=1);O2)= 4.2·10−11exp(b3/T) cm3s−1 and b4=−135 K for rate
coefficient k(O2(b, v=0);O3) = 3.5·10−11exp(b4/T) cm3s−1 (Table 1).

The sensitivity coefficients of the Cv,CO2 to parameters of (12) are
shown in Fig. 6 as functions depending on altitude. There is a very low
sensitivity of the Cv,CO2 to Cv,O3 and, accordingly, to the rate coefficient
of the reaction О2(b1Σ⁺

g, v = 0) + O3 → 2O2 + О(3P), k(O2(b, v =
0);O3) (see (18) and Fig. 6).

7.3. Uncertainty analysis of the Cv,CO2 retrieval problem

The relative uncertainty of the retrieved values of Cv,CO2 were es-
timated using the formula (A2) in the Appendix 1 and the sensitivity
coefficients (13-19):
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We divided all parameters affecting the retrieval of Cv,CO2 in (12) in
three groups: parameters included in the first term in the radicand - the
populations of the levels О2(b1Σ⁺

g, v= 1) and О2(b1Σ⁺
g, v= 0) from

which the Cv,CO2 is determined; in the second term – T, temperature of
the gas, as an independently obtained parameter; in the third term – the
predefined parameters zi, Cv,O3, gα and the rate coefficients of two re-
actions, k(O2(b, v=1);O2) и k(O2(b, v=0);O3).

Fig. 5. The rate coefficient, k(O2(b, v=1);O2), with the experimental error bars
for the reaction O2(b1Σg

+, v = 1) + O2 → products: filled diamond – (Pejakovic
et al., 2005), unfilled squares – (Hwang et al., 1999). Solid line – interpolation
of (Pejakovic et al., 2005), dashed lines – the error limits. Solid grey line and
grey dotted lines show the interpolation and corresponding error limits ob-
tained in this study that we discuss in the text (Section 5).

Table 2
The values of the invariants for the inverse problems in the mesosphere and
lower thermosphere, ξ - relative uncertainty of the invariant.

Invariant Value ξ Dimension

ω1 −1
Ψ
1
1

−0.25 0.625 1

ω2
Ψ
1
1

1.25 0.125 1

Ω1
=k O b v CO
1

( 2 ( , 0); 2)
2.27·1012 0.10 cm−3s

Ω2 =
=

k O b v O
k O b v CO

( 2 ( , 0); 2)
( 2 ( , 0); 2)

9.3·10−5 0.32 1

Ω3 =
=

k O b v N
k O b v CO

( 2 ( , 0); 2)
( 2 ( , 0); 2)

5.0·10−3 0.15 1

Ω4
⋅
1

7.24 1018
1.38·10−19 0.00 mb·cm3·K−1

Ω5
+1

Cv N k O D N

Cv O k O D O
, 2 ( (1 ); 2)

, 2 ( (1 ); 2)

4.10 0.02 1

Ω6 =
=

k O b v O P
k O b v CO
( 2 ( , 0); (3 ))
( 2 ( , 0); 2)

1.82·10−1 0.27 1

Table 3
The wavenumber centers of the O2 Atmospheric bands, О2(b1Σg

+, v’ → X3Σg,̄
v”).

O2 Atm band (v’, v”) O2(X3Σˉg, v”=0) O2(X3Σˉg, v”=1) O2(X3Σˉg, v”=2)

О2(b1Σ⁺
g, v’=0) 762.1 864.7 996.8

О2(b1Σ⁺
g, v’=1) 688.4 771.0 874.4

О2(b1Σ⁺
g, v’=2) 628.8 697.0 780.4
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To demonstrate the influence of the key parameters we carried out
the numerical experiment. The relative error in measuring the con-
centrations of О2(b1Σ⁺

g, v= 1) and О2(b1Σ⁺
g, v= 0) (or, equivalently,

VER of the corresponding O2 Atmospheric bands) was assumed to be
either 0.2%, or 1.0%. For estimation of the total uncertainty of the
Cv,CO2 retrieval we used the constant values of the relative un-
certainties: ξCv,O3 ≈ 10% (estimation on base (Smith et al., 2013)),
ξT≈ 1% (Rezac et al., 2015), ξgα≈ 1%, ξk(O2(b,v=0);O3)=15%,
ξk(O2(b,v=1);O2)=2.6% (Hwang et al., 1999) and see Table 1.

The total relative uncertainty of the Cv,CO2 retrieval and also the in-
dividual contributions from different parameters of (20) are shown in Fig. 7.

As can be seen from (Fig. 7), the predefined parameters – the rate
constant k(O2(b, v=1);O2 and the gas temperature, T, give the essen-
tial, but fixed contribution to the uncertainty of the Cv,CO2 retrieval,
because the contributions of these parameters do not depend on accu-
racy of measured in experiment the [О2(b1Σ⁺

g, v= 0)] and [О2(b1Σ⁺
g,

v= 1)]. We carried out the numerical experiment to determine of the
role of accuracy of the measurements of the O2 Atmospheric bands
intensities on the uncertainty of the Cv,CO2 retrieval. The expected un-
certainty of the retrieved CO2 mixing ratio altitude profile in the me-
sosphere can be within 15–30%, depending on the altitude, but the real
accuracy of the Cv,CO2 retrieval may be better because the uncertainty
analysis gives only estimation of the influence of different parameters
on the total uncertainty. The numerical experiment demonstrated the
essential role of the measurement's accuracy of the emission intensities
in the O2 Atmospheric bands (see the solid and dashed curves in Fig. 7).

8. Discussion

In this study we developed the two-channel method of simulta-
neously retrieving the concentration profiles of the two components O3

and CO2 in the altitude range of 50–85 km.
The method is realized using formulas (10) and (12), assuming si-

multaneous measurements of the VER of emissions from the levels O2(b1Σg⁺,
v=1) and O2(b1Σg⁺, v=0) with relative accuracy of these measurements

which is not worse than 0.2–1.0%. We cannot discuss the proposed new
method for retrieving the [CO2] altitude profile in details up to its practical
implementation. However, we can make some additional remarks.

8.1. Comparison of the new method of the [CO2] profile retrieval with
experimental data in the mesosphere

In the practical implementation of the proposed method for re-
trieving the [CO2] altitude profile one cannot exclude the incomplete-
ness of modern data on the rate constants of certain reactions (the
absence of data or systematic errors in determining the temperature
dependence of the rate coefficients). Therefore, it is necessary to foresee
the possibility of independent validation of the basic formula (12) for
the Cv,CO2 retrieval. The two possible options for calibrating the applied
formula (12) for Cv,CO2 retrieval are:

a) comparison of the altitude profile of Cv,CO2 retrieved from (12) with it
measured in an experiment of the type ACE-FTP at sunset or sunrise;

b) integration of the Cv,CO2 values from (12) over the altitude and
comparing the value of the integral with the measured total carbon
dioxide content in the same altitude interval.

8.2. Proposal on the three-channel method of simultaneous retrieval of the
concentration profiles of three components O(3P), O3 and CO2 in the altitude
range of 85–100 km

Let's discuss a possible approach to the problem of simultaneous
retrieval of the concentration profiles of three components O(3P), O3

and CO2 in the altitude range of 85–100 km (characteristic altitudes
here and thereafter are given approximately, with a deviation of 2–3 km

Fig. 6. The coefficients of sensitivity Cv, CO2 to the measured parameters
[О2(b1Σ⁺

g, v= 1)] (dashed line), [О2(b1Σ⁺
g, v= 0)] (dashed-dotted line), and to

other parameters of YM2011 model (T (solid double line), gα (dashed-two
dotted line), Cv,O3 (dotted line)). For calculations of S(Cv, CO2; parameter) we
used the altitude profiles [O2], [N2], [O3], [CO2], T for the typical SABER event:
SABER L2, 2010, day 172, latitude 43.0, SZA=70.5, F10.7= 74.

Fig. 7. The total relative uncertainty of the Cv,CO2 retrieval (thick grey line) and
the contributions to it due to errors of the ‘measured’ [О2(b1Σ⁺

g, v= 1)] (thick
long dashed line), and [О2(b1Σ⁺

g, v= 0)] (thick dashed-dotted line) with re-
lative accuracy of measurements 0.002 (thick lines). The total relative un-
certainty of the Cv,CO2 retrieval (thin grey line) and the contributions to it due to
errors of the ‘measured’ [О2(b1Σ⁺

g, v= 1)] (thin long dashed line), and
[О2(b1Σ⁺

g, v= 0)] (thin dashed-dotted line) with relative accuracy of mea-
surements 0.01 (thin lines). The contributions of other parameters to the total
uncertainty: short dashed line - uncertainty of k(O2(b, v=1):O2) with value
ξ=0.026 (Hwang et al., 1999), double solid line – of gas temperature, T with
uncertainty ξ=0.01 (Rezac et al., 2015).
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in both sides, since the specific situation in the atmosphere depends on
the latitude, season, etc.). The task is becoming more urgent due to the
effect of increasing CO2 at altitudes above 80 km for 10 years that
discovered in recent years (Emmert et al., 2012; Garcia et al., 2014;
Rezac et al., 2015; Yue et al., 2015; Qian et al., 2017). According to
(Yue et al., 2015) the SABER and ACE-FTS [CO2] altitude profiles de-
monstrate a faster increase the [CO2] above 80 km for 10 years, com-
pared to SD-WACCM model (Smith et al., 2011). The SABER CO2 trend
shows a peak at ∼110 km of about 12% per decade.

The problem can be theoretically solved by using the individual
proxy for each of the target component (Yankovsky et al., 2016). In this
study and also in (Yankovsky et al., 2016), using a sensitivity study and
uncertainty analysis of the model of kinetics of O3 and O2 photolysis in
the MLT, YM2011, we have tested six excited components, namely, the
electronically-vibrationally excited molecules О2(b1Σ⁺

g, v= 0, 1, 2) and
O2(a1Δg, v= 0, 1), and also excited atom O(1D) as O(3P), CO2 and O3

proxies. In (Yankovsky, 2017) we have shown that, in principle, at
using the emissions from three excited levels O2(b1Σg⁺, v= 0, 1, 2), the
simultaneously retrievals of the [O(3P)], [O3] and [CO2] are possible in
the altitude range of 85–100 km.

The key parameter in this altitude range is the atomic oxygen. As it
shown in Fig. 2, the O (3P) proxy can be any of the levels O2(b1Σg⁺,
v= 0, 1 or 2), and there cannot be O2(a1Δg, v), and also O(1D) levels, at
least, below 120 km. The optimal proxy of O(3P) is O2(b1Σg⁺, v= 2) (see
Fig. 2b and Sec. 5.4 in (Yankovsky et al., 2016)). According to the
expression for the quenching factor of О2(b1Σg⁺, v= 2) (2), we esti-
mated the total contribution of the three quenching channels of
О2(b1Σg⁺, v= 2) (in collisions with O3, N2, CO2), which turned out to be
less than 0.5%, as can be seen from Fig. 2b. Among the processes of
deactivation of О2(b1Σ⁺

g, v= 2), collisions with atomic and molecular
oxygen as well as radiation quenching prevail.

Therefore, from the balance equation (4) and the quenching factor
(2), we obtain a simple formula for retrieving the altitude profile of the
VMR of atomic oxygen from [О2(b1Σ⁺

g, v= 2)] at altitudes above 85 km:

⎜
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The radiative quenching of О2(b1Σg⁺, v= 2) (the last term in (21))
begins to affect approximately at 100 km and above (see Fig. 2b).

Taking into account Cv,O(3P), from (21) and also expressions (2, 3, 6)
we obtain the formula for retrieving the altitude profile of the volume
mixing ratio, Cv,CO2, in the interval 85–100 km:
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The expression for retrieving the altitude profile Cv,O3 in the altitude
range 85–100 km, derived from (5) and (2), also depends on the Cv,O(3P)

(21):
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In (21-23) we used the invariants from Table 2. The estimation of
accuracy of simultaneous retrieval of the concentration profiles of three
components O(3P), O3 and CO2 (equations 21-23) in the altitude range
of 85–100 km could be considered after the method of Cv,CO2 retrieval is
practically realized for altitudes of 50–85 km.

9. Conclusions

9.1 We have formulated the multi-channel method for retrieval of the
[O(3P)], [O3] and [CO2] altitude profiles in the daytime meso-
sphere and lower thermosphere from the simultaneous measure-
ments of intensities (VER) of three emissions formed by transitions
from the three electronically-vibrationally excited states, О2(b1Σ⁺

g,
v= 2), О2(b1Σ⁺

g, v= 1) and О2(b1Σ⁺
g, v= 0). All these states of O2

are excited in result of photodissociation of O2 and O3 and also at
resonance absorption of solar radiation. Besides of that, the popu-
lations of these states depend on the O3, O (3P), O2, N2 and CO2,
concentration distributions in the MLT region. Only using the
YM2011 model allowed us to consider in detail the complex groups
of the processes of excitation and quenching of the states О2(b1Σ⁺

g,
v= 0, 1, 2), the transitions from which form the system of the O2

Atmospheric bands observed in the dayglow of the Earth. An im-
portant feature of the multi-channel method is that it can be used
throughout the day and does not require the solution of complex
problems of radiation transfer in the case of LTE breaking.

9.2 In the framework of the photochemical model YM2011, for the first
time, we developed in details the two-channel method of simulta-
neously retrieval of the volume mixing ratios of O3 and CO2 in the
altitude range 50–85 km (sections 6 and 7, see also Table 4). The
method of the Cv,O3 retrieval in the altitude range 50–85 km is
based on measurements of emission from the level О2(b1Σ⁺

g, v= 1)
in 771.0, 874.4 or 688.4 nm bands and of the Cv,CO2 retrieval on
measurements of emission from the level О2(b1Σ⁺

g, v= 0) in 762.1
or 864.7 nm bands. The core of the proposed method for de-
termining Cv,CO2 from measurements of the concentrations of ex-
cited specious О2(b1Σ⁺

g, v= 1) and О2(b1Σ⁺
g, v= 0) depending on

the altitude is based on the following: at excitation of both levels,
the processes of O3 and O2 photodissociation play a key role, but
the population of О2(b1Σ⁺

g, v= 1) does not depend on the [CO2], in
contrast to О2(b1Σ⁺

g, v= 0). The obtained formulas (10, 12) can be
used for remote sensing of the Cv,O3 and Cv,CO2 in the Earth atmo-
sphere from satellites. Using the sensitivity study we have analyzed
the expected uncertainties of the retrieved Cv,CO2 values.

9.3 In principle, multi-channel method allows us to retrieve simulta-
neously the three components [O(3P)], [O3] and [CO2] in the interval
85–100 kmat using the measurements of intensities of the three
emissions formed by transitions from three different levels О2(b1Σ⁺

g,
v=0, 1 and 2). For the first time we present the formulas (20, 21 and
22) for the Cv,O3, Cv,CO2 and Cv,O(3P) altitude profiles retrieval.

9.4 The two-channel and three-channel methods allows us to retrieve
simultaneously altitude distributions of the volume mixing ratios of
O3 and CO2 in the range 50–100 km and volume mixing ratio of O
(3P) above 85 km in the daytime MLT. Thus, the developed
methods create the basis for calculating the altitude-latitude-long-
itude distributions of the volume mixing ratios of O3, O(3P) and
CO2 in the calm daytime mesosphere and lower thermosphere.

9.5 It can be noted, that above 100 km–140 km, the [O(3P)] profile can
be obtained using the measured VER in the O2 Atmospheric bands

Table 4
Proxies, altitude ranges and O2 emission bands for [O(3P)], [O3] and [CO2]
retrieval.

Proxy Altitude range for retrieval, km Center of emission bands
of proxies, nm

[O(3P)] [O3] [CO2]

О2(b1Σ⁺
g,

v=2)
85–140 no no 628.8 or 697.0

О2(b1Σ⁺
g,

v=1)
115–140 50–100 no 771.0 or 688.4

О2(b1Σ⁺
g,

v=0)
105–130 80–100 50–100 762.1 or 864.7
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formed by transitions from any excited levels О2(b1Σ⁺
g, v= 0, 1 or

2). We examined this problem in detail on the basis of the sensi-
tivity study and uncertainty analysis earlier in (Yankovsky et al.,
2016).

9.6 As a summary, we present in the Table 4 the proxies for the [O(3P)],
[O3] and [CO2] retrieval, the altitude ranges in which the devel-
oped methods of retrieval can be used, as well as the centers of the
O2 Atmospheric bands that form the emissions corresponding to
each proxy.
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Appendix 1

About on analytical approach in sensitivity and uncertainty studies

If the target function xm depend on the nz parameters zi then the sensitivity coefficient of the target function to variation of parameter zi, S(xm; zi),
is:

= ⋅ ∂
∂

S x z z
x

x
z

( ; )m i
i

m

m

i (A1)

The relative uncertainty of xm is connected with the sensitivity coefficients, and also with the relative errors of all parameters included, ξi
(formula (12) in Yankovsky et al. (2016)):
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We use the experimentally determined values of the relative errors of the parameters =ξ Δz z/i i i. The values of rate coefficients and quantum
yields, as well as the values of their absolute uncertainties, have been obtained from available experimental data (see Table 1).

It is possible to carry out a sensitivity study to all parameters included in the balance equation system (1), namely: the concentration of excited
molecules of O2(b1Σ⁺

g, v= 0–2), O2(a1Δg, v= 0–5) and the atom O(1D) (in cm−3); the parameters of the model YM2011, zi, (e.g., the main at-
mospheric component concentrations, the rates of photoexcitation processes, the quantum yields of the reaction products, the rate coefficients of
quenching reaction of the component xm in the radiative and collisional processes and so forth).

Example of analytical description of rate coefficient uncertainty using formulas (A1) and (A2)

The interpolation of the values of the reaction rate coefficient in the generalized Arrhenius form depends on three parameters A, b, n, each of
which can have an individual uncertainty:
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The total uncertainty of the values of k(T) can be calculated in the framework of the sensitivity study (see formula (A2)):
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where the sensitivity coefficients of target function k(T) for the corresponding parameters from (A1):
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Thus, the expression for the relative uncertainty of the values of k(T) from (A4) for the generalized Arrhenius form also depends on the
temperature:
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It is also possible to solve the “inverse problem” using (A3 and A6). If in the experiment a number of measurements of the values of reaction rate
coefficients (with a certain statistical errors) are obtained at different temperatures, then Arrhenius parameters, A, b, n, can be determined together
with their uncertainties.
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