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The main goal of this study is to propose and then to justify a set of methods for retrieving the [O] and
[O3] altitude distributions from the observation of emissions of the excited oxygen molecules and O(1D)
atom at daytime in the mesosphere and lower thermosphere (MLT) region. In other words, we propose
retrieving the [O] and [O3] using the proxies. One of the main requirements for the proxy is that the mea-
sured value should be directly related to a variable of our interest while, at the same time, the influence of
the proxies on [O3] and [O(3P)] should be minimal. For a comprehensive analysis of different O3 and O(3P)
proxies, we use a full model of electronic vibrational kinetics of excited products of O3 and O2 photolysis
in the MLT of the Earth. Based on this model, we have tested five excited components; namely, O2(b

1Rþ
g ,

v = 0,1,2), O2(a1Dg, v = 0) and O(1D) as the [O3] and [O(3P)] proxies in the MLT region. Using an analytical
approach to sensitivity studies and uncertainty analysis, we have therefore developed the following
methods of [O(3P)] and [O3] retrieval, which utilise electronic-vibrational transitions from the oxygen
molecule second singlet level (O2(b

1Rþ
g , v = 0,1,2). We conclude that O2(b

1Rþ
g , v = 2) and O2(b

1Rþ
g , v = 0)

are preferable proxies for [O(3P)] retrieval in the altitude range of 90–140 km, while O2(b
1Rþ

g , v = 1) is
the best proxy for [O3] retrieval in the altitude range of 50–98 km.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The Earth’s mesosphere and lower thermosphere (MLT) is
important for its physical and chemical processes. Compared to
the troposphere, this region is less accessible to observations, while
its study is important for the following reasons: (1) the MLT area
acts as a gateway between Earth and space, absorbing solar radi-
ance in a number of bands in the region of 200–600 nm [1] and
cooling the atmosphere in CO2, O3 and H2O infrared bands (e.g.
[2]); (2) the MLT area is considered to be an indicator of green-
house gas changes and dynamics in the lower atmosphere; (3)
most of the infrared satellite observations of the lower atmosphere,
both in limb and even in nadir mode, are sensitive to the contribu-
tion of the MLT.

Ozone and atomic oxygen are the key components of the middle
atmosphere influencing the composition and energy budget of this
region in a large number of ways. In particular, atomic O concen-
tration defines the infrared cooling of the MLT [3,4], affecting both
the temperature and height of the mesopause; that is, the stronger
the cooling, the colder and higher the mesopause [5].

A comprehensive review of the [O3] measurement methods is
presented in [6]. Currently, the accepted methods for remote sens-
ing of altitude profile of the [O(3P)] in the MLT are the measure-
ments of excited O(1S) green line emission intensity above
approximately 90 km and the OH(v0, v00) bands intensity measure-
ments below 95 km height, only for the nighttime [7]. For daytime,
there are no reliable methods for the remote sensing of the [O(3P)]
altitude profile in the MLT [7].

In this study, we set out and justify the methods we set out for
retrieving the [O] and [O3] vertical distributions from the observa-
tion of emissions of the electronically–vibrationally excited oxygen
molecules and O(1D) atom. In other words, we propose using the
proxies to retrieve the [O] and [O3]. One of the main requirements
for the proxy is that the measured value should be directly related
to a variable of our interest while, at the same time, the influence
of the proxies on [O3] and [O(3P)] should be minimal.

We have to stress that we are looking for the indirect methods
of the [O(3P)] retrieval independently from [O3] retrieval and vice
versa. For this, we introduce a concept of proxies based on our
extended photochemical model. The proxies we suggest are
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supposed to allow tracking fast variations of ozone and atomic
oxygen concentrations (with characteristic periods from one to
tens of minutes) associated with atmospheric dynamics, solar
spectrum changes, and so on. Knowing the proxies, one can
retrieve [O(3P)] and [O3] from the emissions of electronically–
vibrationally excited O2 molecules in the visible and near infra-red
spectral region.

The main goal of this study is to identify the optimal proxies for
[O3] and [O(3P)] retrieval at daytime in the MLT region. For a com-
prehensive analysis of these proxies, we use a full model of elec-
tronic vibrational kinetics of excited products of O3 and O2

photolysis in the MLT of the Earth (hereafter, YM2011) [8,9]. Here,
the traditional kinetics of electronically excited products of O3 and
O2 photolysis is supplemented with the processes of energy trans-
fer among electronically–vibrationally excited levels O2(a1Dg;v)
and O2(b

1Rþ
g ; v), excited atomic oxygen O(1D), and the O2 mole-

cules in the ground electronic state O2(X3R�
g ;v).

Based on the YM2011 model, we tested 5 excited components:

O2(b
1Rþ

g , v = 0,1,2), O2(a1Dg, v = 0) and O(1D) as the proxies of [O3]

and [O(3P)] in the MLT region. Generally speaking, each considered
excited level could be a proxy of [O3] and/or [O(3P)], being that
each of these 5 excited components depends on O3 and/or O(3P)
both in production and in quenching.

The structure of the work is as follows. In Section 2 we present a
system of electronic and vibrational levels used in the YM2011
model, which will prove necessary to our discussion. We consider
all the significant aeronomical reactions of photoexcitation, radia-
tive quenching and energy transfer processes at collisions with O
(3P), O2, N2, O3 and CO2. For collisional reactions, all the possible
processes of energy transfer between excited levels have been
taken into account, while Appendix A contains an overview of cur-
rently available kinetic data. Section 3 is an overview of the meth-
ods of [O(3P)] and [O3] retrieval in the MLT.

In Section 4, in the framework of YM2011 model we present the
solution of forward problem for every proxy at each altitude, pro-
viding the differential kinetic equations for the afore-mentioned
excited components in Appendix B. In Section 5, we show the sen-
sitivity of five potential proxies to [O3] and [O(3P)] and to the other
parameters of the model. We also provide the results of the sensi-
tivity study for the inverse problem – the [O3] and [O(3P)] retrieval
– to proxy concentrations and other parameters of the model. In
association with this section, Appendix C contains the analytical
formulae for sensitivity coefficients of solutions of forward and
inverse problems ([O(3P)] and [O3] retrieval) – using, for example,

[O2(b
1Rþ

g , v = 1)] as a proxy – to all parameters included in the

kinetic equation for [O2(b
1Rþ

g , v = 1)].
In Sections 6 and 7 respectively, we present the estimates of

photochemical lifetimes and volume emission rates (VER) for each
proxy in the MLT. In Section 8, we consider the whole complex of
aeronomical reactions influenced on [O(3P)] and [O3] altitude pro-
files retrieval (Section 8.1). Moreover, in Section 8.2 we discuss the
choice of the optimal methods of [O(3P)] and [O3] retrieval for dif-
ferent altitude ranges. Here, we provide recommendations to the
community on choosing/using the proxies and explain the optimal
altitude intervals for [O3] and [O(3P)] retrieval from these proxies.
In Section 8.3 we present the analytical formulae for [O3] and [O
(3P)] retrieval using one of the suggested proxies; namely,

O2(b
1Rþ

g , v = 1). In Section 9, we give the main conclusions of the
study and, in summarising our research, provide recommendations
for the practical realisation of [O3] and [O(3P)] altitude distribution
remote sensing in MLT.

We would like to summarise briefly the new investigations and
results of this study:
1. We have used the comprehensive model of electronic-
vibrationally kinetics of the electronically–vibrationally excited
oxygen molecules and atom O(1D), (YM2011) for the first time,
in order to find possible O3 and O(3P) proxies amongst these
excited components.

2. We have compiled the experimental data on the rate coeffi-
cients of energy transfer processes among electronically–
vibrationally excited levels of O2 molecule, as well as quantum
yields of the products of these processes, with the measured
errors of these factors. In so doing, we have created the data-
base for more than 60 reactions.

3. The model of kinetics YM2011 and the database of experimen-
tal data both enable us to work out the analytical methods of
sensitivity study and uncertainty analysis for all proposed
proxies.

4. These methods, in turn, enable us to work out a new approach

to [O3] and [O(3P)] retrieval. In short, O2(b
1Rþ

g , v = 1) is the
preferable proxy for the whole altitude range 50–100 km for

O3; for [O(3P)] retrieval O2(b
1Rþ

g , v = 2) is the best proxy in the
90–140 km and the possible proxies above 95 km are

O2(b
1Rþ

g , v = 0) and O2(b
1Rþ

g , v = 1).
5. In the altitude range of 90–105 km, we have worked out a

method of [O3] and [O(3P)] altitude profiles simultaneous
retrieval, which requires using both of the two proxies.

6. We have determined the restrictions inherent to traditional
methods of [O3] retrieval from emissions at 1.27 lm and
762 nm. These could not be made without inclusion in the
model of vibrational kinetics.

7. The sensitivity study has enabled us to obtain the approximate
analytical formulae for [O3] and [O(3P)] retrieval using proxies

O2(b
1Rþ

g , v = 1).

2. Model of electronic-vibrational kinetics of the excited
products of the O2 and O3 photodissociation in the MLT
2.1. Levels and transitions

Usually, the development of any complex kinetic model passes
through a number of iterations and updates. The model of
electronic-vibrational kinetics of the O2 and O3 photodissociation
products in the MLT is not an exception. Initially, the exploratory
variant was presented in [10], while the detailed description of
the operative model was given in [1] (YM2006 model), which con-
sidered the populations of 35 electronic-vibrational excited states
of the O2 molecule and of atomic oxygen O(1D). In this model,
we also took into account the photolysis of O2 in the Schumann–
Runge continuum and Lyman-a H atom and of O3 in the Hartley
band.

In the new extended YM2011 model of O2 and O3 photodissoci-
ation in the MLT, the kinetic balance equations were considered for
45 levels: three electronic-vibrationally excited levels

O2(b
1Rþ

g ;v 6 2), six levels O2(a1Dg;v 6 5), 35 levels

O2(X3R�
g ;v 6 35) and level O(1D) [8,9]. Besides the O3 photolysis

in spectral Hartley band, we also considered the photolysis in the
Chappuis, Huggins and Wulf spectral bands in the interval of
200–900 nm. These channels give rise to the O2(X3R�

g , v = 1–35)
vibrational levels of ground electronic state, which are then depop-
ulated by V–V and V–T (vibrational–translational) energy
exchange processes in collisions with O2, N2, O(3P), O3 and CO2

molecules. The populations of all 45 states are described by the
system of kinetic balance equations. Hence, in YM 2011, we have
developed the method to solve it.
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In this study, we focus on the part of YM2011 kinetic model that
describes the kinetics of 10 excited levels: O(1D), 3 levels

O2(b
1Rþ

g ;v 6 2) and 6 levels O2(a1Dg;v 6 5) (Fig. 1). We will

exclude the O2(X3R�
g , v = 0–35) levels from the consideration

because their populations do not influence those of O2(a1Dg,

v = 0–5) and O2(b
1Rþ

g , v = 0,1,2). The O2 photolysis in the Schu-
mann–Runge continuum leads to the formation of two oxygen
atoms: one in the ground electronic state O(3P) and the other
one in the excited electronic state O(1D). Ozone photolysis in the
Hartley band also leads to the formation of the O(1D) atom and
of the O2 molecule in the first electronic excited state O2(a1Dg,
v = 0–5) in a singlet channel.

Since the beginning of the 1980s, laboratory data has shown
that quantum yields of the O2(a1Dg, v = 0–5) production by O3 pho-
tolysis in the Hartley band F(HB ! O2ða1Dg;vÞ) strongly depend on
the wavelength of photolytic radiation. For this study, we have
used analytical expressions for quantum yields of electronically–
vibrationally excited O2(a1Dg, v = 0–5) molecules depending on
the wavelength and vibrational number for the entire Hartley
band, described in detail in [11,12].

Collisional quenching of O(1D) atomic state by O2 produces the

O2(b
1Rþ

g , v = 0, 1) excited electronic states. Themain channel (quan-

tum yield of approximately 0.8) corresponds to the O2(b
1Rþ

g , v = 1)
excitation. Besides collisional processes, the solar radiance absorp-
tion in the 762 nm (ga), 688 nm (gb) and 629 nm (gc) bands popu-

lates the O2(b
1Rþ

g , v = 0), O2(b
1Rþ

g , v = 1), and O2(b
1Rþ

g , v = 2)
states, respectively. In the collisional processes, the energy is then

transferred from O2(b
1Rþ

g ;v = 0) to O2(a1Dg, v = 0–3). An additional
Fig. 1. Scheme of kinetics of 10 excited levels, based on the YM2011 model: O(1D), thr
designate the processes of O2 and O3 photolysis. Double vertical lines with the arrows po
(gaÞ, 688 nm (gbÞ, 629 nm (gcÞ and in the 1.27 lm (gIRaÞ bands. Dotted lines with arrows p
to O2(a1Dg, v = 0–3) at collisional quenching. Dashed vertical lines with arrows pointed
down designate the processes of radiative emissions from electronic-vibrational levels o
source of O2(a1Dg, v = 0) population is the absorption of solar radia-
tion by O2 molecules in the 1.27 lm band (gIRa).

Themethodology developed in YM2011 permits one to solve the
system of 10 kinetic equations for populations of electronically–vi
brationally excited levels of oxygen molecule O2(a1Dg, v = 0–5),

O2(b
1Rþ

g , v = 0,1,2) and excited oxygen atom O(1D). Overall, the
model includesmore than 60 aeronomical reactions of photoexcita-
tion and de-excitation, of energy transfers between these excited
levels, and describes the quenching of the levels in collisions with
O(3P), O2, N2, O3 and CO2 molecules. The corresponding rate coeffi-
cients and quantum yields are presented in Appendix A, in which
we perform a comprehensive survey of currently available experi-
mental data. In Appendix B, we provide differential kinetic equa-

tions for the O(1D), O2(b
1Rþ

g , v = 0,1,2) and O2(a1Dg, v = 0–5) levels.
2.2. Reactions rate coefficients

In accordance with the scheme in Fig. 1, we consider more than
60 aeronomical reactions of photoexcitation, radiative and colli-
sional processes (see Appendices A and B). For the latter, the reviews
available of the chemical kinetics data [13,14] do not contain kinetic
data on energy transfer reactions of the oxygen molecule
electronically–vibrationally excited states with vibrational quan-
tumnumber vP 1. In fact, themost important rate coefficients have
been measured or estimated by different laboratory methods for

several reactionsofquenching:O2(b
1Rþ

g , v = 1) +M(O2,O(3P))? products

[15–18], O2(b
1Rþ

g , v = 1 and 2) + O2 ? products [19], O2(a1Dg, v = 1) +

M(O2 or O3)? products [20–23], O2(A
3Rþ

u , v = 0�4) + M (O2, N2,
O2(a1Dg, v = 0), CO2, O(3P), Ar)? products and O2(c1R

þ
g , v = 0) +
ee O2(b
1Rþ

g , v = 0–2) levels, and six O2(a1Dg, v = 0–5) levels. Solid lines with arrows
inted upwards designate the processes of solar radiation absorption in the 762 nm
resent energy transfer from O(1D) to the O2(b

1Rþ
g , v = 0, 1) and from O2(b

1Rþ
g , v = 0)

down stand for collisional V–V transitions. Solid vertical lines with arrows pointed
f O2 molecule and from excited atom O(1D).
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M (O2, N2, O2(a1Dg, v = 0), CO2, O(3P), Ar) ? products [24,25],

O2(b
1Rþ

g , v = 2) + O2 ? products [26].
A large discrepancy between the rate coefficients values

obtained by different methods had led to a natural scepticism
about the accuracy of these measurements [27]. The breakthrough
in this field is associated with the works of Hwang et al. [28] and
Slanger and Copeland [29], who managed to measure the rate coef-

ficients of the O2(b
1Rþ

g , v = 1,2,3) and O2(a1Dg, v = 1) quenching in
collisions with different partners. A peculiarity of the electronic–
electronic (E–E) energy transfer is that the vibrational excitation
quantum number is conserved:

O2ðb1Rþ
g ; vÞ þ O2ðX3R�

g ;v
0 ¼ 0Þ ! O2ðX3R�

g ;vÞ þ O2ðb1Rþ
g ; v

0 ¼ 0Þ
ð1Þ

while this reaction is 2–3 order of magnitude faster than the reac-
tions of vibrational quanta exchange (V–V) within the same elec-
tronic state:

O2ðb1Rþ
g ;vÞþO2ðX3R�

g ;v
0 ¼0Þ!O2ðb1Rþ

g ;v ¼0ÞþO2ðX3R�
g ;v

0 ¼vÞ
ð2Þ

The same is true for the similar reaction with O2(a1Dg;v). The
first generalised review of the afore-mentioned studies
[28,29,21,26] and also [30,31] was presented in [1] within the
framework of the YM2006 model development. Therefore, we pre-
sent in this study the first systematic review of contemporary
available kinetic data up to 2015 (see Appendix A).

3. Atomic O and O3 remote sensing in the MLT: current status

The remote sensing of atomic O(3P) concentrations in the MLT
has been in development since the early 1970s. We list below
the observation approaches that are currently known:

(a) Rocket-borne experiments using the resonance fluorescence
method measuring the intensity of the O(3S–3P) transition at
130 nm ([32] and references therein). When using this
method, it should be noted that the absolute densities
retrieved in the same area are not always consistent. This
may be a sign of large experimental uncertainties [32].

(b) Atomic O(3P) retrieval from the fine structure of 63 lm spec-
tral line corresponding to the O(3P1–3P2) transition sug-
gested in [33] was realised in the CRISTA-1 (November
1994) and CRISTA-2 (August 1997) experiments [34] in the
130–175 km altitude range using the MSIS thermospheric
temperatures in the retrievals. The values obtained for the
altitudes of CRISTA measurements were about 40% lower
than those predicted by the MSIS model for the low solar
activity conditions of the experiment [35].

(c) The measurements of excited O(1S) green line emission
intensity above approximately 90 km (nighttime).

(d) The OH(v0, v00) bands intensity measurements below 95 km
(nighttime).

(e) The results obtained by methods (c) and (d) demonstrate
quite a large spread [32,36,37].

Besides these methods, some new [O(3P)] retrieval approaches
have been suggested but have not yet been realised:

(a) In 1991, based on the O2 glow discharge experiment [30],
Yankovsky suggested using the 771 nm Atmospheric band

(1,1) emission corresponding to the O2(b
1Rþ

g , v = 1)?

O2(X3R�
g , v = 1) transition as an O(3P) proxy for the daytime

MLT. In 2012, Yee et al. [38] also suggested to retrieve
[O(3P)] from the emissions of O2(b
1Rþ

g , v = 1) molecules.
The list of reactions considered in [38] is the same as in [1],
excluding the processes of excitation and quenching of the

O2(b
1Rþ

g , v = 2) level and its interaction with the lower levels.
It is worth noting that the attempts of Yee et al. [38] to con-

sider the O2(b
1Rþ

g , v = 1) kinetics above 140 kmup to 250 km,
have forced them to use the reaction coefficientsmeasured at
room temperatures for a temperature up to 1000 K.

(b) In 2006, Slanger [39] suggested the O(1D) as a daytime proxy
of [O(3P)] in the thermosphere above 150 km.

(c) In 2009, Hedin et al. [32] suggested a method of using

O2(b
1Rþ

g , v = 0) nighttime emission in an O2 Atmospheric

band (0,0) for the [O(3P)] retrieval.
(d) In 2011, Yankovsky et al. [40] considered the possibilities of

[O(3P)] and [O3] retrieval from daytime emissions formed by

the transitions from O2(b
1Rþ

g , v = 0,1,2) levels, populated as
a result of O3 and O2 photolysis.

For the altitude region of 65–105 km, Mlynczak et al. [7] have
obtained day and night atomic oxygen altitude profiles based on
SABER-TIMED data. The nighttime atomic oxygen profiles have
been retrieved from an observed OH emission. The daytime atomic
oxygen concentration profiles were derived from [O3] altitude pro-
files retrieved from the measured radiation in 9.6 lm O3 band
using the steady state equation for the three-body O3 recombina-
tion and O3 photolysis in the Hartley band.

A comprehensive review of [O3] measurement methods [6]
serves to analyse the discrepancies between several experiments,
such as HALOE, HRDI, MIPAS, GOMOS, ACE-FTS, SOFIE, OSIRIS,
SMILES and TIMED-SABER. In their analysis, Smith et al. [6] noticed
that daytime ozone concentrations retrieved from the 9.6 lm
channel of SABER is 20–50% higher in the interval of 60–80 km
than that derived from the other measurements. The difficulties
of ozone concentrations retrieval from the observation of emission
in 9.6 lm band is explained by the complexity of the vibrational
kinetics of O3 molecule [41,2]. The methods under discussion –
namely, the measurements of airglow emission in 762 nm Atmo-
spheric band (0,0) and in 1.27 lm IR Atmospheric band (0,0) –
are so utilised by HRDI, OSIRIS, SABER. For the interpretation of
these experiments, they used a model of pure electronic kinetics
developed by Mlynczak et al. [42].

4. Forward problem: proxy level populations

The generalised form of differential kinetic nonlinear equations
for population of i-th excited level ni from Appendix B (see formu-
lae (1–10) in Table B1) is:

@ni

@t
¼

X10
k¼1;k–i

nk � pk
i þ

X
l

Fl
i � ni �

X
r

Ar
i þ
X
m

qm
i

 !
ð3Þ

where pk
i is the production rate for the i-th excited component

related to the energy transfer at collisions with the k-th component

(if such transfer is impossible, then pk
i ¼ 0); Fl

i is the production rate
for the i-th component at l-th process of O2, O3 photodissociation or
chemical reaction. The terms in the parenthesis in (3) represent a
quenching factor for level ni, where Ar

i are Einstein coefficients of
radiative deactivation to all lower levels and qm

i is the quenching rate
of the i-th component due to collisional deactivation in them-th pro-
cess. The values of the rate coefficients, the quantumyields of excited
products and the Einstein coefficients are in Tables 7.1, A1 and B2.

The system of Eq. (3) can be written in the form of the matrix
equation for the vector of the state populations n



V.A. Yankovsky et al. / Journal of Molecular Spectroscopy 327 (2016) 209–231 213
@n=@t ¼ Anþ F ð4Þ
where A matrix describes the energy transfer processes among the
excited levels under consideration. This matrix is quasi-diagonal
and strongly sparse; only about 30% of its elements are greater than
zero [1].

For the problems considered in this study, we use a stationary
case of Eq. (4):
n ¼ �A�1F ð5Þ
For all the components considered, we have obtained analytical

solutions for the stationary equations system. This allows us to cal-
culate simultaneously the altitude profiles of concentrations of

molecules O2(a1Dg, v = 0–5), O2(b
1Rþ

g , v = 0,1,2) and of excited oxy-

gen atom O(1D). However, for the comprehensive analysis of
potential proxies, we have used the YM2011 model to test the 5

excited components – namely, O2(b
1Rþ

g , v = 0,1,2), O2(a1Dg, v = 0)

and O(1D) – while the remaining five of ten components,
O2(a1Dg, v = 1–5) are not to be taken as proxies because their pop-
ulation are three orders of magnitude smaller than the other ones
[1].

To illustrate the method involved here, we present the altitude

profiles of the O2(b
1Rþ

g , v = 0,1,2) daytime concentrations for 150
TIMED-SABER events of the autumn equinox of 2010 (Fig. 2). For
the calculation of the photodissociation and photoexcitation rates,
we have used the corresponding SORCE solar irradiance data [43].
The atmospheric composition and the altitude profiles of kinetic
temperature were taken from the SABER retrievals (V2.0, http://
saber.gats-Inc.com/data.php) [44].

As can be seen in Fig. 2, the altitude distributions of the

[O2(b
1Rþ

g , v = 1)] and [O2(b
1Rþ

g , v = 2)] are different. The former
has a minimum at �80 km while the latter has a maximum around

this height. Above 90 km, the [O2(b
1Rþ

g , v = 1)] is relatively stable

while the [O2(b
1Rþ

g , v = 2)] decreases; both profiles do not strongly
depend on latitude or solar zenith angle (SZA). We would explain
this observed behaviour by a combination of pumping/quenching
processes (Appendix A) and their altitude changes.
Fig. 2. Altitude profiles of [O2(b
1Rþ

g , v = 0–2)] calculated for 150 TIMED-SABER events in
46.0� to 82.0�): (a) [O2(b

1Rþ
g , v = 0)], (b)[O2(b

1Rþ
g , v = 1)], (c) [O2(b

1Rþ
g , v = 2)]. To show t

dashed curves mark the profiles of two strongly different events.
5. Sensitivity study

To compare the characteristics of the assumed proxies, we have
performed a sensitivity analysis of the forward calculations of con-
centrations of all the proxies to all the parameters of the YM2011
model (more than 60). We have tested the supposed proxies in the
altitude range of 50–140 km for different solar zenith angles (SZA)
and latitudes using a set of atmospheric profiles retrieved from
SABER measurements.

We then carried out the comparative analysis of sensitivity of
all proxies to [O3] and [O(3P)].

5.1. Sensitivity analysis of the forward problem

Let’s write the kinetic Eq. (3) in the following simplified form:

@xm
@t

¼ PmðziÞ � xm � QmðziÞ; ð6Þ

where xm is the concentration of excited molecules of

O2(b
1Rþ

g ; v = 0–2), O2(a1Dg;v = 0–5) and the atom O(1D) (in cm�3);
zi are parameters of the model (e.g., the main atmospheric compo-
nent concentrations, the rates of photoprocesses, the reaction rate
coefficients, the quantum yields of the reaction products and so
forth.); PmðziÞ is the production rate of the component xm
(in cm�3 s�1), QmðziÞ is a factor of quenching of the component xm
in the radiative and collisional processes (see formula (B.1)).

The total differential of the calculated values xm depends on the
partial derivatives with respect to all the parameters of the model.
The dimensionless value of dxm

xm
, where dxm is the total differential of

xm, depends on the relative variations of all the model parameters,
dzi
zi
:

dxm
xm

¼
Xnz
i¼1

S xm; zið Þ � dzi
zi

ð7Þ

where nz is the total number of variable parameters in Eq. (6) and
Sðxm; ziÞ is called the sensitivity coefficient of the target function
xm to variation of parameter zi:

S xm; zið Þ ¼ zi
xm

� @xm
@zi

ð8Þ
autumn equinox 2010 (Day = 265, 2010; latitudes from �43.8� to 75.0�; SZA from
he dependence of [O2(b

1Rþ
g , v = 0–2)] on latitude and solar zenith angle, solid and

http://saber.gats-Inc.com/data.php
http://saber.gats-Inc.com/data.php


Fig. 3. Sensitivity coefficients, S(O(1D); parameter), for the forward problem where
parameters are: [O(3P)] (thin solid line); [O3] (solid line with unfilled squares);
atmospheric temperature (solid line with unfilled triangles); rate coefficients of
quenching processes at collisions with N2 (dashed-dotted line), O3 (solid line with
filled circles), O2 (bold solid line).

Fig. 4. Sensitivity coefficients, SðO2ðb1Rþ
g ; v ¼ 2Þ; parameterÞ, for the forward

problem where parameters are: rate of solar radiation absorption in 629 nm band,
gc (dotted line with crosses). Sensitivity coefficients of O2(b

1Rþ
g , v = 2) to param-

eters [O3], [O(3P)], atmospheric temperature and rate coefficients of quenching
processes at collisions with N2, O2 are marked the same way as in Fig. 3.
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The numerical estimates of the sensitivity coefficients, Sðxm; ziÞ,
are often used instead of analytical expressions. They can be calcu-
lated numerically by perturbing the parameter around the base
value. These estimates are usually made only for the fixed discrete
values of variations ðDziÞ=zi ¼ 0:05 (occasionally, 0.01 or 0.1).

Meanwhile, from the kinetic Eq. (6) in the stationary case, one
can obtain the sensitivity coefficients in an analytical form simply
by taking the partial derivatives with respect to all the parameters
of the model. Obviously, the analytical expression enables one to
calculate the sensitivity coefficients for every possible values of
the parameter.

In Appendix C, in respect to the forward problem of calculation

of the altitude profile of the metastable molecules O2(b
1Rþ

g , v = 1)
concentration (Table C1), we present an example of analytical for-
mulae for the coefficients of sensitivity to parameters of the model.
The coefficients of sensitivity were obtained from the kinetic equa-

tion for the O2(b
1Rþ

g , v = 1) (formula 3 from Table B1), which
becomes a balance equation in the case of quasi-stationary condi-
tions in the 50–140 km altitude range:

O2½ � � gb þ ½Oð1DÞ� � O2½ � � kðOð1DÞ;O2Þ � FðOð1DÞ ! O2ðb;v ¼ 1Þ;O2Þ
þ O2 b1Rþ

g ;v ¼ 2
� �h i

� O½ � � k O2 b;v ¼ 2ð Þ; Oð Þ

� FðO2ðb;v ¼ 2Þ ! O2ðb;v ¼ 1Þ; OÞÞ � O2 b1Rþ
g ;v ¼ 1

� �h i
� Q O2 b1Rþ

g ; v ¼ 1
� �� �

¼ 0: ð9Þ

Similarly, we obtained the sets of sensitivity coefficients in analyt-
ical form to all the parameters of the YM2011 model, S(proxy; zi)
and for all types of proxy proposed in this paper (using equations
from Appendix B), excluding O2(a1Dg, v = 0). For the latter, we only
calculated the sensitivity coefficients numerically. For the sake of
space, we will not present the same analytical formulae for the
other proxies.

To improve the clarity of further analysis, we suggest the fol-
lowing gradation of sensitivity coefficients values in Table 5.1.

In Figs. 3–10 and 12 we present altitude profiles of sensitivity
coefficients with normal or strong gradation values in correspon-
dence with Table 5.1.

The results of sensitivity study of the forward problem for prox-

ies O(1D), O2(b
1Rþ

g , v = 2), O2(b
1Rþ

g , v = 1), O2(b
1Rþ

g , v = 0) and

O2(a1Dg, v = 0) are presented in Figs. 3–7, respectively.
It should be emphasised that, in Figs. 3–14, we present calcula-

tions for the typical atmospheric conditions (SABER L2, 2010, day
172, latitude 43.0, SZA = 70.5, F10.7 = 74).

As one can see in Fig. 3, [O(1D)] is sensitive to [O3] only below
100 km, and to [O] above 105 km. An important particularity of
this dependence is the sensitivity coefficient of [O(1D)] to a rate
coefficient of reaction O(1D) + O3 ? 2O2; namely, to
SðOð1DÞ; kðOð1DÞ;O3ÞÞ is less than 10�4 in the whole altitude range.

As observed in Fig. 4, [O2(b
1Rþ

g , v = 2)] is not sensitive to [O3] in
the whole altitude range, but it is sensitive to [O] above 85 km,

while SðO2ðb1Rþ
g ; v ¼ 2ÞÞ; Oð3PÞÞ is close to �1, meaning that

[O2(b
1Rþ

g , v = 2)] is inversely proportional to [O(3P)]. It should be
Table 5.1
Schematic gradation of sensitivity coefficients values.

Sðxm; ziÞ The relationship between xm and zi

jSj > 1 Strong nonlinear relationship
S ffi 1 xm / zi
S ffi �1 xm / ðziÞ�1

1 > jSj > 0.1 Normal relationship
jSj < 0.1 Weak relationship
noted that above 95 km, [O2(b
1Rþ

g , v = 2)] almost does not depend

at all on atmospheric temperature because SðO2ðb1Rþ
g ; v ¼ 2Þ; TÞ

is close to zero.

Fig. 5 shows that [O2(b
1Rþ

g , v = 1)] is sensitive to [O3] below

100 km, and [O2(b
1Rþ

g , v = 1)] is directly proportional to [O3] below

90 km. In addition, [O2(b
1Rþ

g , v = 1)] is sensitive to [O(3P)] above

95 km. The sensitivity coefficient to quantum yield of O2(b
1Rþ

g ,

v = 1) in reaction O(1D) + O2 ? O2(b
1Rþ

g ;v) + O(3P) is close to 1 in
the whole altitude range considered. In Appendix C, the analytical

formulae for the sensitivity coefficients for O2(b
1Rþ

g , v = 1) include
dependence on all parameters of the model.

Fig. 6 shows that [O2(b
1Rþ

g , v = 0)] is sensitive to [O3] below

100 km where SðO2ðb1Rþ
g ; v ¼ 0ÞÞ; O3) is about 0.4. Besides that,



Fig. 5. Sensitivity coefficients, SðO2ðb1Rþ
g ; v ¼ 1Þ;parameterÞ, for the forward

problem where parameters are: rate of solar radiation absorption in 688 nm band,
gb (dotted line with asters); rate coefficients of quenching processes of O2(b

1Rþ
g ,

v = 1) at collisions with O(3P) (double dotted-dashed line). The sensitivity coeffi-
cient of O2(b

1Rþ
g , v = 1) to the rate coefficient of reaction O(1D) + O2 ? O2(b

1Rþ
g ;v)

+ O(3P) is marked by thin dashed line, and to quantum yield of O2(b
1Rþ

g , v = 1) in
this reaction, w, is marked by line with unfilled circles. Sensitivity coefficients of
O2(b

1Rþ
g , v = 1) to parameters [O3], [O(3P)], atmospheric temperature and rate

coefficient of quenching process at collisions with O2 are marked the same way as in
Fig. 3.

Fig. 6. Sensitivity coefficients, SðO2ðb1Rþ
g ;v ¼ 0Þ;parameterÞ, for the forward

problem where parameters are: [CO2] (solid line with filled triangles); rate of solar
radiation absorption in 762 nm band, ga (dotted line with crosses). The sensitivity
coefficient of O2(b

1Rþ
g , v = 0) to [O3], [O(3P)], atmospheric temperature, and to the

rate coefficients of quenching processes at collisions with O(3P) and N2 and of
reaction O(1D) + O2 ? O2(b

1Rþ
g ; v) + O(3P) and also to quantum yields, w, and are

marked the same way as in Fig. 5.

Fig. 7. Sensitivity coefficients, SðO2ða1Dg; v ¼ 0Þ; parameter), for the forward
problem where parameters are: rate of solar radiation absorption in 1.27 lm band,
gIRa (dotted line with crosses); rate coefficient of reaction O2(b

1Rþ
g , v = 0) + O(3P) ?

O2(a1Dg, v = 0) + O(3P) (long dashed line). The sensitivity coefficient of O2(a1Dg,
v = 0) to [O3], [O(3P)], atmospheric temperature, and to the rate coefficients of
quenching processes at collisions with O2 and of reaction O(1D) + O2 ? O2(b

1Rþ
g ; v)

+ O(3P) and also to quantum yields, w, and are marked the same way as in Fig. 5.
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in the altitude interval of 100–140 km, the value of sensitivity coef-

ficient of [O2(b
1Rþ

g , v = 0)] to [O(3P)] reaches � 0.5. The sensitivity

coefficient to quantum yield SðO2ðb1Rþ
g ; v ¼ 0Þ; FðOð1DÞ !

O2ðb1Rþ
g ; v ¼ 1ÞÞÞ is very low; not more than �0.1 in the whole

altitude range. We also observed a weak dependence of

[O2(b
1Rþ

g , v = 0)] on [CO2] in the altitude interval of 50–95 km.
A well-known ozone proxy, [O2(a1Dg, v = 0)] appears to be very
sensitive to [O3] below 100 km (see Fig. 7). It is interesting to note
that [O2(a1Dg, v = 0)] depends on [O(3P)] above 115 km, where
SðO2ða1Dg; v ¼ 0Þ; Oð3PÞÞ is about 0.6.

Having summarised the results of the sensitivity analysis for all
proxies (Figs. 3–7), in Fig. 8 we present the sensitivity coefficients

to ozone for five proxies, S(proxy; O3). Here we see that O2(b
1Rþ

g ,

v = 1), O2(a1Dg, v = 0) and O(1D) are potentially good O3 proxies
from 50 km and up to 100 km, with the values of S(proxy; O3) equal
to 0.8–1.0. On the other hand, we cannot recommend using

O2(b
1Rþ

g , v = 2) as the O3 proxy because its sensitivity coefficients
to [O3] are smaller than 0.05.

It may be seen from the sensitivity coefficients to atomic oxy-
gen for the five proxies, S(proxy; Oð3PÞ), presented in Fig. 9,

O2(b
1Rþ

g , v = 1) that O2(a1Dg, v = 0) and O(1D) should not be used

as O(3P) proxies below 110 km. The reason is that their sensitivity
coefficients to O(3P) vary within �0.25 limits at these heights.

The best proxy is O2(b
1Rþ

g , v = 2) with the values of sensitivity

coefficient SðO2ðb1Rþ
g ; v ¼ 2Þ; Oð3PÞÞ close to �1 above 90 km.

Meanwhile, O2(b
1Rþ

g , v = 0) are acceptable [O(3P)] proxies above
100 km.

5.2. Sensitivity analysis for the inverse problem

In most cases, an exact analytical solution of the inverse prob-
lem cannot be obtained due to the nonlinearity of the kinetic equa-
tions. In this study, the target functions of inverse problem are the
O(3P) and O3 concentrations. In comparison to the basic O2, N2, and
CO2 molecules, these atmospheric species can participate with
greater efficiency in a variety of the formation and quenching pro-
cesses of excited atmospheric components. In order to identify the
key mechanisms for solving the inverse problem, we will thus
carry out a complete analysis of the model’s sensitivity to all the
parameters.

There are two complementary analytical methods of calculating
the sensitivity coefficients for the inverse problem:



Fig. 9. Sensitivity coefficient for the forward problem, S(proxy; O(3P)). See the type
of proxy in the caption to Fig. 8.

Fig. 8. Sensitivity coefficient for the forward problem, S(proxy; O3). Type of proxy: O
(1D) – solid line; O2(b

1Rþ
g , v = 2) – solid line with filled circles; O2(b

1Rþ
g , v = 1) –

solid line with filled squares; O2(b
1Rþ

g , v = 0) – solid line with filled triangles;
O2(a1Dg, v = 0) – solid line with crosses.
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(a) The direct derivation of the balance Eq. (6) for a stationary

case; for example, (9) for O2(b
1Rþ

g , v = 1). This method is
straightforward but, in some cases, it may lead to cumber-
some formulae.

(b) Reduction method (using sensitivity coefficients of the for-
ward problem).
Taking as a basis the known properties of partial derivatives
for implicit function [45], we derive Eq. (10) from (6) in sta-
tionary conditions:
Sxk yi; zj
� � ¼ � S xk; zj

� �
S xk; yið Þ ; ð10Þ

where the left part of the expression (10) is the sensitivity
coefficient of parameter yi (e.g. O3 or O(3P)) to parameter zj
(rest parameters of the model) for the inverse problem, while
the right part describes the ratio of the sensitivity coefficients

for the forward problem; namely, term � S xk ;zjð Þ
S xk ;yið Þ , where xk is

the proxy concentration.
An obvious consequence of (10) is the relationship between the
sensitivity coefficients of the target functions and the parameters
(for reasons of clarity, the indices have been omitted):

S x; yð Þ � S y; xð Þ ¼ 1 ð11Þ
Formula (11) states that the variable x is a ‘good’ proxy for target
function y when the relationship between them is close to a direct
or an inverse proportionality (id est. when the jSðx; yÞj � 1, see
Table 5.1).

Thus, the sensitivity coefficients S(proxy; zi) of the inverse prob-
lem could be derived for any proxy in the analytical form. How-
ever, the solution of the inverse problem is usually obtained
numerically using kinetics equations from Appendix B.

In Appendix C, for the first time we present analytical formulae

for the sensitivity coefficients SðO2ðb1Rþ
g ; v ¼ 1Þ; parameter) for

the forward problem (see Table C1) and also for the inverse problem
SðO3; parameterÞ and SðOð3PÞ; parameter) of the [O3] and [O(3P)] alti-

tude profile retrieval, this time using [O2(b
1Rþ

g , v = 1)] as a proxy
(see Tables C2 and C3, correspondingly). The sensitivity coefficients
for all parameters of YM2011 model have been derived from (9) by
straight differentiation or with the help of Reduction method (10).

The formulae were obtained in the same way for other proxies;
we have therefore not presented them in order to save space. It
should be noted, however, that the analytical formulae for the sen-
sitivity coefficients include dependence on all parameters of the
model.

5.3. Estimating the uncertainties of the forward and inverse problem
solutions using sensitivity coefficients

Eq. (7) links the estimates of the forward (or inverse) problem
solution uncertainty Dxm=xm with known uncertainties of different
parameters zi of the YM2011 model. Instead of relative variations
dzi
zi

we use the experimentally determined values of the relative

errors of these parameters ni ¼ Dzi=zi. The values of rate coeffi-
cients and quantum yields, as well as the values of their absolute
uncertainties, have been obtained from available experimental
data (see Appendix A).

In general, all the parameters included in the model can be
divided into three groups.

The external parameters:

(a) The altitudeprofilesof themainatmospheric components con-
centrations and of the atmospheric temperature are usually
taken fromreference databases (either a standardatmospheric
model or, less commonly, direct experimental results).

(b) The altitude profiles of photoexcitation and photodissocia-
tion rates have been calculated taking into account the
atmospheric composition, cross sections of the correspond-
ing photoprocesses and the spectrum of solar radiance. The
uncertainties of the photoprocess rates are not usually spec-
ified at the photochemical modelling stage. However, the
uncertainties of the corresponding cross sections for O2

and O3 may range from a few to tens of percent depending
on wavenumber range [46].
The internal parameters:

(c) There is currently an unambiguous association between the
main source of uncertainty in the modelling of complex pho-
tochemical systems with errors in the rate coefficients and



V.A. Yankovsky et al. / Journal of Molecular Spectroscopy 327 (2016) 209–231 217
the quantum yields of the products of the aeronomical reac-
tions. The range of the relative errors of these parameters
varies from four percent up to several hundred percent
(see the experimentally determined values of ni in
Table A1 from Appendix A).

Each of these parameters (a, b, and c) has an independent effect
on the uncertainty of the forward and/or the inverse problem solu-
tions. Nonetheless, all these processes are coupled in the common
photochemical model. The relative uncertainty of dm ¼ Dxm=xm
from (7) is connected with the sensitivity coefficients, Sðxm; ziÞ,
while the relative errors of all parameters are included, ni:

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXnz

i¼1
ðSðxm; ziÞÞ2 � nið Þ2

q
; ð12Þ

Formula (12) is valid both for the forward and inverse problems.
The same formula for absolute values of uncertainty of target
Fig. 10. Sensitivity coefficient, SðO3; proxyÞ, for inverse problem of [O3] retrieval
from proxy concentration. See the type of proxy in the caption to Fig. 8.

Fig. 11. Uncertainties of [O3] retrieval (the limits �rÞ for different proxies: (a) absolute
presented by the dotted curve, and is taken from SABER L2, 2010, day 172, latitude 43.0,
line with filled circles; O2(b

1Rþ
g , v = 1) – dashed line with filled squares; O2(b

1Rþ
g , v = 0)
function xm, which depends on the relative uncertainties of param-
eters, zi, has been obtained by von Clarmann (formula (9) from
[47]). Previously, Chen et al. [48] used this formula to estimate
the uncertainty of the forward problem.

5.4. Ranking the proxies for [O(3P)] and [O3] retrieval

We rank the proxies based on two criteria. First, the altitude
dependence of sensitivity coefficients for the inverse problem;
and second, the altitude dependence of uncertainties of [O(3P)]
and/or [O3] retrieval in correspondence with (12). In Figs. 10–11
and 12–13 we discuss the [O3] retrieval and the [O(3P)] retrieval
respectively. Sensitivity coefficients of the inverse problem,
Sðxm; ziÞ, are then calculated numerically or analytically from (10)

(as in Example for O2(b
1Rþ

g , v = 1) in Appendix C).

5.4.1. [O3] retrieval
We show the sensitivity coefficients SðO3; proxyÞ for the inverse

problem in Fig. 10. In accordance with (11), the absolute values of
sensitivity coefficients for the ‘good’ proxy should be close to 1. As

one can see in Fig. 10, three proxies (O2(b
1Rþ

g , v = 1), O2(a1Dg, v = 0)

and O(1D)) fulfil this requirement.
The second criterion of a ‘good’ proxy is the value of [O3] retrie-

val uncertainty. In the interval of 50–98 km, (O2(b
1Rþ

g , v = 1) ) and

O(1D) represent the ‘good’ proxy with a value of uncertainty of less
than 20% below 90 km and less than 25% up to 98 km (Fig. 11). In
the range of 50–85 km, O2(a1Dg, v = 0) is also the available proxy,
with an uncertainty value of less than 15–20%. Above 90 km,
O2(a1Dg, v = 0) becomes the worst proxy, with uncertainty exceed-
ing 100%. In terms of the ‘worst’ proxy in the mesosphere (up to

90 km), O2(b
1Rþ

g , v = 0), the value of retrieval uncertainty exceeds
35% at 65–80 km (Fig. 11). However, above 90 km, the uncertain-

ties for the [O3] retrieved from O2(b
1Rþ

g , v = 0) proxy becomes

approximately 20–30% (Fig. 11). Therefore, O2(b
1Rþ

g , v = 1) is the

preferable proxy at altitudes of 50–98 km. Although O(1D) satisfies
both the criteria of a ‘good’ proxy, it cannot be recommended for
[O3] retrieval due to a small intensity of red line emission (O
(1D)? O(3P)) (Section 7). It is therefore important to note that,
values, (b) relative values. The predetermined reference altitude profile of [O3] is
SZA = 70.5, F10.7 = 74. Type of proxy: O(1D) – dashed line; O2(b

1Rþ
g , v = 2) – dashed

– dashed line with filled triangles; O2(a1Dg, v = 0) – dashed line with crosses.
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according to Figs. 10 and 11, at above 98 km neither of the proxies
under consideration can provide ozone retrieval of sufficient
accuracy.
5.4.2. [O(3P)] retrieval
In Fig. 12, we show the SðOð3PÞ; proxyÞ sensitivity coefficients for

the inverse problem. In correspondence with (11), the O2(b
1Rþ

g ,
v = 2) is the best proxy in the 90–140 km interval. Other possible

proxies of [O(3P)] retrieval are O2(b
1Rþ

g , v = 0) in the 95–140 km

altitude interval, O2(a1Dg, v = 0) above 120 km and O2(b
1Rþ

g , v = 1)
above 110 km up to 140 km.

The second criterion for the proxy choice is the value of the [O
(3P)] retrieval uncertainty (Fig. 13). As one can see, above 120 km
the uncertainties associated with all the proxies are approximately
of the same order of magnitude (25–40%). In the altitude region of
90–120 km, the minimal uncertainties for the [O(3P)] retrieved
Fig. 13. Uncertainties of [O(3P)] retrievals (the limits �rÞ for different proxies: (a) absolu
is presented by the dotted curve, and is taken from event SABER L2, 2010, day 172, lati

Fig. 12. Sensitivity coefficient, SðOð3PÞ;proxyÞ, for inverse problem of [Oð3PÞ]
retrieval from proxy concentration. See the type of proxy in the caption to Fig. 8.
from the proxies O2(b
1Rþ

g , v = 2) and O2(b
1Rþ

g , v = 0) are not more

than 25% (Fig. 13). We stress here that for kðO2ðb; v ¼ 0Þ; Oð3PÞÞ
we take the ‘optimistic’ value of uncertainty equal to 25% [13],
Table A1 from Appendix A. Only above 115 km does the uncer-

tainty of the [O(3P)] retrieved from the O2(b
1Rþ

g , v = 1) proxy
becomes about 25%. Thus, in correspondence with both criteria,

O2(b
1Rþ

g , v = 2) is the best [O(3P)] proxy in the interval of 90–
140 km. For all proxies below 90 km then, our estimations of
uncertainties give the values of uncertainties to be more than
100%.
6. Studying the lifetimes of the excited states

The photochemical lifetime of excited state is an inverse value
to the sum of the rates of radiative and collisional deactivation
processes:

sðxiÞ ¼ ðAi þ ½O2� � kðxi;O2Þ þ ½Oð3PÞ� � kðxi; Oð3PÞÞ þ ½O3�
�kðxi;O3Þ þ ½N2� � kðxi;N2Þ þ ½CO2� � kðxi;CO2ÞÞ�1

; ð13Þ

where xi is one of the O(1D), O2(b
1Rþ

g , v = 0,1,2), or O2(a1Dg, v = 0)
proxies, kðxi;O2Þ is the rate coefficient of collisional deactivation
from Appendix A, and sðxiÞ is the inverse value of the quenching fac-
tor Q(xiÞ (B1 from Appendix B). In the interval of 50–140 km, we
used a reference atmospheric model retrieved from the SABER mea-
surement for 2010, day 172, latitude 43.0, SZA = 70.5, F10.7 = 74.

As there was proposal to use O2(b
1Rþ

g , v = 1) as O(3P) proxy in
the 140–250 km altitude interval [38], we estimated the lifetimes
and the contribution of collisional process with the participation
of O(3P) in a quenching factor. It is unfeasible to carry out the sen-
sitivity study for the 140–250 km interval where the temperature
reaches values larger than 1000 K while the vast majority of reac-
tion rate coefficients are measured for the temperatures below
450 K. Nevertheless, estimating the lifetimes and input of O(3P)
in quenching factor leads one to suggest what excited species
could be [O(3P)] proxy up to 200 km. For the 140–200 km interval,
in order to track the altitude dependence of the proxy photochem-
ical lifetimes and the input of O(3P) in the quenching factor, we
used the MSISE reference atmospheric data for day and time.
te values, (b) relative values. The predetermined reference altitude profile of [O(3P)]
tude 43.0, SZA = 70.5, F10.7 = 74. See the type of proxy in the caption to Fig. 11.



Fig. 14. (a) Typical photochemical lifetimes of proxies O(1D), [O2(b
1Rþ

g , v = 0,1,2)] and O2(a1Dg, v = 0) in the MLT. (b) Relative input of collisional processes with the
participation of O(3P) in the quenching factor for different proxies. See the type of proxy in the caption to Fig. 8.
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This corresponded to the afore-mentioned SABER event and the
rate coefficients when measured for the upper limit of temperature
(see Appendix A).

Fig. 14a shows the typical lifetimes of all proxies in the interval
of 50–200 km. The 1.27 lmO2 IR Atmospheric band is formed from
the commonly used [O3] retrieval proxy, O2(a1Dg, v = 0), a transition
which has more than a one hour lifetime in the MLT. On the other

hand, the O(1D) and O2(b
1Rþ

g , v = 0,1,2) lifetime is less than 14 s

in the altitude region of 50–200 km. Thus, when the O2(a1Dg,

v = 0) proxy becomes useless, the proposed O(1D) and O2(b
1Rþ

g ,
v = 0,1,2) proxies can then be used for tracking fast variations of
the O(3P) and O3 atmospheric concentrations generated by wave
processes, electron precipitations, solar flux changes and so on.

In correspondence with the afore-mentioned suggestions for
estimating the possibility of [O(3P)] retrieval based on the role of

O(3P) as a quencher of O2(b
1Rþ

g , v = 1) in the 140–250 km interval
[38], we calculated the quenching factor q for all five proxies up
to 200 km. Fig. 14b shows the role of O(3P) as a quencher of

electronic-vibrational excitation of O2(b
1Rþ

g , v = 0,1,2), O2(a1Dg,

v = 0) and O(1D). Based on these qualitative estimations, one can

see that O(3P) dominates in the O2(b
1Rþ

g , v = 2) quenching in the

85–200 km altitude interval. From this perspective, O(1D) and

O2(b
1Rþ

g , v = 1) can also be considered for [O(3P)] retrieval in the
interval of 115–200 km and 100–175 km, respectively. The
Table 7.1
Wavenumbers of Atmospheric band centres and the Einstein coefficient of corresponding

Electronic-vibrational band Vibrational
levels

Center of band

v0 v00 m (cm�1)

O2(a1Dg; v 0 ! X3R�
g ; v 00) 0 0 7882.8

0 1 6326.4

O2(b
1Rþ

g ;v 0 ! X3R�
g ;v 00) 0 0 13121.1

0 1 11564.7
0 2 10031.9
1 0 14525.8
1 1 12969.4
1 2 11436.6
2 0 15902.6
2 1 14346.2
2 2 12813.4
quenching factor for the remaining two proxies, O2(b
1Rþ

g , v = 0)

and O2(a1Dg, v = 0), depends on [O(3P)] but only in the 90–
120 km interval. Therefore, above 140 km and up to 200 km, the

qualitative estimations of Fig. 14b show that O2(b
1Rþ

g , v = 2) and

O(1D) are more suitable proxies of O(3P) than O2(b
1Rþ

g , v = 1)
because the quenching factor q of the latter decreases sharply
above 140 km and reaches 10% at 200 km.

7. Volume emission rates (VER)

In this section, we provide the estimates of proxy radiances;
namely, volume emission rates (VER) for radiative transitions orig-

inated from excited levels O2(b
1Rþ

g , v = 0,1,2), O2(a1Dg, v = 0), and

O(1D). The transitions are represented in Fig. 1 by vertical lines
with the arrows pointed down. The wavelengths of band centres
and the Einstein coefficients of radiative transitions are provided
in Table 7.1 (see also Table B2).

In Table 7.1 the Atmospheric bands centres have been calcu-
lated using the data from the GEISA database [53]. The Einstein
coefficients in [30] have also been estimated using the approach
of [54] and the values of the Franck–Condon factors of [50].

The volume emission rate of the corresponding Atmospheric
bands is defined as follows:

VER ¼ ½O2ðb1Rþ
g ;v

0Þ� � Aðb1Rþ
g ;v

0 ! X;v 00Þ; ð14Þ
transitions.

A(⁄, v0 ? X, v00) Einstein coefficient (s�1) Reference

k (nm)

1268.6 2.26E�04 [49]
1580.4 2.81E�06 [50]

762.1 8.34E�02 [51]
864.7 4.67E�03 [52]
996.8 8.8E�05 [30]
688.4 7.2E�03 [51]
771.0 7.2E�02 [52]
874.4 6.9E�03 [30]
628.8 3.24E�04 [52]
697.0 1.4E�02 [30]
780.4 4.8E�02 [30]



Fig. 15. Volume emission rates (VER) for red line O(1D)? O(3P) transition, and four
Atmospheric bands O2(b

1Rþ
g , v = 2? X3R�

g , v = 2), O2(b
1Rþ

g , v = 1? X3R�
g , v = 1),

O2(b
1Rþ

g , v = 0? X3R�
g , v = 0), O2(a1Dg, v = 0 ? X3R�

g , v = 0). Solid and dashed curves
are the mean VER and their standard deviations for 150 SABER events during 22nd
September 2010 (Latitudes from �43.8� to 75.0�; SZA from 46.0� to 82.0�)
correspondingly. See the type of proxy in the caption to Fig. 8. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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where A(b1Rþ
g ;v 0 ? X, v00) is the Einstein coefficient (in s�1) of cor-

responding transition (Table 7.1), and the units of VER are
[cm�3 s�1]. A similar expression for the volume emission rate is
valid for IR Atmospheric band O2(a1Dg, v 0 ¼ 0 ! X3R�

g ;v 00 = 0) and

Red line O(1D ! 3P).
Fig. 15 shows the VERs of the most intensive emissions listed in

Table 7.1, the ones that we would suggest using. In terms of the
mean values and the dispersions of the intensities of the emissions
(14), we have used calculated altitude profiles of the proxy concen-
trations for 150 events of SABER taking place on 22nd September
2010 (Latitudes from �43.8� to 75.0�; SZA from 46.0� to 82.0�) as
presented in Fig. 2 for [O2(b

1Rþ
g , v = 0,1,2)].

Table 7.1 and the estimations made with the help of Fig. 15 thus
allow qualitative characterisation of all the proxies in terms of sig-
nal intensity; the latter can help in choosing the detection system
for the experiment. It is worth noting that the minimum of

O2(b
1Rþ

g , v = 2? X3R�
g , v = 2) emission is comparable with Red line

emission up to 90 km. It is essential that the most intensive transi-

tions from O2(b
1Rþ

g , v = 1 and v = 2) Atmospheric bands (1,1), (1,2),
(2,1) and (2,2) are optically thin above 50 km.
8. Discussion

The analysis of O2(a1Dg, v = 0–5), O2(b
1Rþ

g , v = 0,1,2) and O(1D)
altitude distributions allows one to consider these levels as the
[O3] and [O(3P)] proxies in the MLT region (their populations are
governed by concentrations of these atmospheric species). As a

result, we have selected five proxies: O2(a1Dg, v = 0), O2(b
1Rþ

g ,

v = 0,1,2), and O(1D).

8.1. Influence of the internal parameters of model YM2011 on the
altitude profiles of O(3P) and O3 concentrations retrieval using the
suggested proxies

The main source of uncertainty in the complex photochemical
system modelling is associated with the internal parameters of
the model; namely, the rate coefficient errors and quantum yields
of the products of the aeronomical reactions. The relative errors of
these parameters range from four percent and up to several hun-
dred percent (see experimentally determined values of ni in
Appendix A). We have also considered the temperature depen-
dence of the rate coefficients (Appendix A). In order to estimate
the individual influence of the model parameters (atmospheric
temperature, rate coefficients and quantum yields of the products
of aeronomical reactions) on the [O3] or [O(3P)] retrievals, we chan-
ged the corresponding parameter by the experimental value of its
uncertainty, ni, and solved the inverse problem for each proxy
under consideration. Table 8.1 demonstrates the corresponding
impact on [O3] or [O(3P)] retrieval. We have tested the influence
of the model parameters on the altitude profiles of O(3P) and O3

concentrations retrieved using five proxies: O2(b
1Rþ

g , v = 0,1,2),

O2(a1Dg, v = 0), and O(1D). The strength of influence present in
Table 8.1 is as follows. If the variation of the corresponding param-
eter by its experimental uncertainty, ni, leads to more than 30%
change in the retrieved [O(3P)] or [O3], then it is marked by
‘‘+++”. The ‘‘++” and ‘‘+” symbols stand for 3–30% and 1–3% change,
respectively, while ‘‘�” means no influence and ‘‘n/d” means the
absence of data (see Appendix A).

Based on the impact analysis, the results of which are presented
in Table 8.1, we conclude that:

(a) In consideration of the complexity of kinetics of the excited
components, choosing O(1D) as a proxy for [O3] and [O(3P)]
retrieval requires taking into account five aeronomical reac-
tions. For other proxies, the number of aeronomical reac-

tions is as follows: O2(b
1Rþ

g , v = 2) – five; O2(b
1Rþ

g , v = 1)–

13; O2(b
1Rþ

g , v = 0)–18; O2(a1Dg, v = 0)–25. Increasing the
number of reactions that must be considered when using a

proxy from O(1D), O2(b
1Rþ

g , v = 2), O2(b
1Rþ

g , v = 1), O2(b
1Rþ

g ,

v = 0) to O2(a1Dg, v = 0) depends on the requirement that,
when calculating the population of each of the underlying
electronic-vibrationally excited states, one takes account of
the mechanisms of the population of the upper levels
(Fig. 1).

(b) The choice of the O2(b
1Rþ

g , v = 0) and O2(a1Dg, v = 0), the
transitions from which form the most intensive bands, is
associated with the problem of there being poorly known
rate coefficients for some important processes: e.g.,

O2(b
1Rþ

g , v = 0) + O(3P)? products, O2(a1Dg;v P 1) + O3 ?

products and O2(a1Dg, v = 0) + O(3P)? products, etc.

(c) The temperature variation dependencies of [O2(b
1Rþ

g , v = 1)]

and [O(1D)] are much more significant than for the other
proxies because the rates of key reactions for these proxies
(usually collisional processes with N2 and O2) strongly
depend on gas temperatures.

One can use the results of this analysis (Table 8.1) for the opti-
mal choice of the O(3P) or O3 retrieval approach taking into account
the kinetic data available.
8.2. Optimal methods of [O(3P)] and [O3] retrieval

Using the uncertainty analysis presented in Section 5.4, we may

conclude that for the [O(3P)] retrieval, O2(b
1Rþ

g , v = 0–2) are prefer-

able proxies in view of the uncertainty of the [O(3P)] altitude pro-

file retrieval, which is about 25–30%. This is true for O2(b
1Rþ

g , v = 2)

in the altitude range of 90–140 km, for O2(b
1Rþ

g , v = 1) only in the

range of 110–140 km and for O2(b
1Rþ

g , v = 0) above 95 km
(Fig. 13). However, the intensities are relatively low of the (2,2),
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(2,1) and (2,0) Atmospheric bands formed by transitions from level

O2(b
1Rþ

g , v = 2) (Fig. 15). Other possible proxies of [O(3P)] retrieval

with the same uncertainties are O2(b
1Rþ

g , v = 0) in the 95–140 km

altitude interval and O2(b
1Rþ

g , v = 1) above 110 km and up to
140 km. It is worth noting that for all proxies retrieval of the [O
(3P)], the altitude profile does not depend on [O3] altitude distribu-
tion above 105 km because the corresponding sensitivity coeffi-
cient is close to zero (Fig. 8).

The least suitable proxy is O2(a1Dg, v = 0) for which the minimal
uncertainty is more than 40% only above 120 km (Fig. 13). Hedin
et al. [55] have suggested using the measured emissions O

(1D!3P) and O2(b
1Rþ

g , v = 1? X3R�
g , v = 1) as a comprehensive tool

for measuring temperature and atomic oxygen in the thermo-
sphere. As one can see from Fig. 13, this method could be used
above 125 km because, at the lower altitudes, the uncertainties
of retrieved [O(3P)] sharply increase and reach 50% near 115 km.
Table 8.1
Influence of the model parameters on the altitude profiles of [O(3PÞ] and [O3].

Parameters of the model: rate coefficients of
mentioned reactions, quantum yield (F), gas
temperature (Tn)

n Proxies for retrieval

O(1D)

[O(3P)] [O3]

Tn ++ ++

O(1D) + O(3P) ? �0.27 +++ +

O(1D) + O2 ? �0.08 ++ ++

F(O(1D)? O2(b
1Rþ

g , v = 1); O2) �0.125 � �
O(1D) + O3 ? �0.15 + +

O(1D) + N2 ? �0.10 +++ +++

O(1D) + CO2 ? �0.15 + +

O2(b
1Rþ

g , v = 2) + O(3P)? �0.60 � �
O2(b

1Rþ
g , v = 2) + O2 ? �0.07 � �

O2(b
1Rþ

g , v = 2) + O3 ? �0.40 � �
O2(b

1Rþ
g , v = 2) + N2 ? �0.40 � �

O2(b
1Rþ

g , v = 2) + CO2 ? �0.30 � �

O2(b
1Rþ

g , v = 1) + O(3P)? 0.18/�0.29 � �
O2(b

1Rþ
g , v = 1) + O2 ? �0.40 � �

O2(b
1Rþ

g , v = 1) + O3 ? n/d � �
O2(b

1Rþ
g , v = 1) + N2 ? n/d � �

O2(b
1Rþ

g , v = 1) + CO2 ? �0.60 � �

O2(b
1Rþ

g , v = 0) + O(3P)? 4.0/�0.8 � �
O2(b

1Rþ
g , v = 0) + O2 ? �0.50 � �

O2(b
1Rþ

g , v = 0) + O3 ? �0.15 � �
O2(b

1Rþ
g , v = 0) + N2 ? �0.10 � �

O2(b
1Rþ

g , v = 0) + CO2 ? �0.20 � �

O2(a1Dg; v P 2) + O(3P)? n/d � �
O2(a1Dg; v P 2) + O2 ? �0.11 � �
O2(a1Dg; v P 2) + O3 ? �0.43 � �
O2(a1Dg; v P 2) + N2 ? n/d � �
O2(a1Dg; v P 2) + CO2 ? n/d � �

O2(a1Dg, v = 1) + O(3P)? n/d � �
O2(a1Dg, v = 1) + O2 ? �0.20 � �
O2(a1Dg, v = 1) + O3 ? �0.43 � �
O2(a1Dg, v = 1) + N2 ? n/d � �
O2(a1Dg, v = 1) + CO2 ? �0.08 � �

O2(a1Dg, v = 0) + O(3P)? 2.0/�0.7 � �
O2(a1Dg, v = 0) + O2 ? �0.20 � �
O2(a1Dg, v = 0) + O3 ? �0.25 � �
O2(a1Dg, v = 0) + N2 ? n/d � �
O2(a1Dg, v = 0) + CO2 ? n/d � �
Concerning the [O3] retrieval in the range of 50–100 km, the
emissions at 1.27 lm formed by transition from O2(a1Dg, v = 0)

and at 762 nm formed by transition from O2(b
1Rþ

g , v = 0) are the
most intensive ones amongst all the emissions under consideration
(Fig. 15). However, these two proxies cannot be admitted as the
best ones for ozone retrieval because of the large values of the cor-
responding uncertainties. For the first of them, the uncertainty
reaches 100% above 90 km, while for the second it exceeds 35%

in the 65–75 km altitude range. This makes O2(b
1Rþ

g , v = 1) and O

(1D) the optimal proxies for O3 in the range 50–98 km, with uncer-
tainties of about 15–20%, shown by the sensitivity study in Sec-

tion 5 (Fig. 11). Nevertheless, in the range of 84–96 km O2(b
1Rþ

g ,

v = 0) and in the interval 50–85 km O2(a1Dg, v = 0) can be used as
O3 proxy (Fig. 11). Below 90 km, the retrieval of [O3] vertical pro-
files does not depend on [O(3P)] altitude distribution because the
corresponding sensitivity coefficient is close to zero (Fig. 9).
of [O(3P)] or [O3]

O2(b
1Rþ

g , v = 2) O2(b
1Rþ

g , v = 1) O2(b
1Rþ

g , v = 0) O2(a1Dg, v = 0)

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

+ � ++ ++ + + + +

� � ++ + ++ + ++ +
� � ++ ++ +++ ++ ++ +
� � +++ +++ ++ + ++ ++

� � + + + + + +
� � ++ ++ +++ ++ ++ +
� � + + + + + +

+++ � + + + + + +

+ � + + + + + +

+ � + + + + ++ +

+ � + + + + + +

+ � + + + + + +

� � ++ + ++ + + +

� � ++ ++ + + + +

� � + + + + + +

� � + + + + + +

� � + + + + + +

� � � � +++ + +++ +

� � � � + + + +

� � � � + + + +

� � � � + +++ + +

� � � � + + + +

� � � � � � + +
� � � � � � + +
� � � � � � + ++
� � � � � � + +
� � � � � � + +

� � � � � � + +
� � � � � � + +
� � � � � � + ++
� � � � � � + +
� � � � � � + +

� � � � � � ++ ++
� � � � � � + +++
� � � � � � + +
� � � � � � + +
� � � � � � + +
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There is a fundamental problem complicating the retrieval of
vertical profiles of [O3] and [O(3P)] in the region of 90–105 km.
In this range, the [O3] altitude profile retrieval requires knowing
the [O(3P)] altitude profile and vice versa (see Section 5, Figs. 3–
7). This problem can be solved by a simultaneous retrieval of the
[O3] and [O(3P)] altitude distributions that requires two proxies.

There are two variants: (a) if one chooses O2(b
1Rþ

g , v = 2) as a proxy

for [O(3P)] retrieval, then either O2(b
1Rþ

g , v = 1) or O2(b
1Rþ

g , v = 0)

can be used for [O3] retrieval; (b) if one chooses O2(b
1Rþ

g , v = 0)

as the proxy for [O(3P)] retrieval, then either O2(b
1Rþ

g , v = 1) or O

(1D) can be used for the [O3] retrieval.
8.3. Analytical formulae for [O3] and [O(3P)] retrieval

The sensitivity study enables one to obtain the approximate
analytical formulae for [O3] and [O(3P)] retrieval using proxies

O2(b
1Rþ

g , v = 0), O2(b
1Rþ

g , v = 1), O2(b
1Rþ

g , v = 2) and O(1D).

Here we discuss only O2(b
1Rþ

g , v = 1), since [55] have suggested

carrying out the rocket experiment to measure [O(3P)] in the lower
thermosphere using the observations of emission intensity from
this excited state at 771 nm, Atmospheric band (1,1). The emission

from O2(b
1Rþ

g , v = 1) can be measured in three spectral channels:
688, 771 and 874 nm (Table 7.1). The total volume emission rate
B ¼
O2½ � � gb � O2 b1Rþ

g ; v ¼ 1
� �h i

� AO2 b; v¼1ð Þ þ O2½ � � k O2 b; v ¼ 1ð Þ;O2ð Þ þ CO2½ � � k O2 b; v ¼ 1ð Þ;CO2ð Þ� �
O2 b1Rþ

g ; v ¼ 1
� �h i

� kðO2 b; v ¼ 1ð Þ; Oð3PÞÞ

C ¼ O2½ � � ðkðOð1DÞ;O2Þ � w � ð½O2� � ðJSRC þ JLya � FðLy aÞÞ þ ½O3� � JHB � FðHB ! Oð1DÞÞ
O2 b1Rþ

g ; v ¼ 1
� �h i

� kðO2 b; v ¼ 1ð Þ; Oð3PÞÞ � kðOð1DÞ; Oð3PÞÞ
of these bands is about 102–103 photon cm�3 s�1. We have shown

that O2(b
1Rþ

g , v = 1) could be used not only for [O(3P)] retrieval
from 90 to 140 km, but also for [O3] retrieval in the 50–98 km alti-
tude range (Sections 5.4 and 8.2).

The sensitivity study shows that the following processes can be
excluded from the kinetic equations built for the 50–140 km

region. First, all energy transfer processes from O2(b
1Rþ

g , v = 2) to

O2(b
1Rþ

g , v = 1), mainly at collisions with the molecules of atmo-

spheric gases, for which the sensitivity coefficient of [O2(b
1Rþ

g ,

v = 1)] to [O2(b
1Rþ

g , v = 2)], SðO2ðb1Rþ
g ; v ¼ 1Þ;O2ðb1Rþ

g ; v ¼ 2ÞÞ, is
less than 0.01%. Second, the Oð1DÞ þ O3 ! O2 þ 2Oð3PÞ reaction
can also be excluded because of the small value of the sensitivity
coefficient, SðOð1DÞ; kðOð1DÞ;O3ÞÞ (see Fig. 3–5 and Table C1 in
Appendix C).

In regard to these simplifications, we obtain the stationary bal-

ance equation for [O2(b
1Rþ

g , v = 1)] with less than 0.1% uncertainty
compared to exact Eq. (9):

O2 b1Rþ
g ; v ¼ 1

� �h i

¼
O2½ � � kðOð1DÞ;O2Þ�w�ð½O2 ��ðJSRCþJLy a �FðLy aÞÞþ½O3 ��JHB �FðHB!Oð1DÞÞ

QðOð1DÞÞ þ gb

� �
Q O2 b1Rþ

g ; v ¼ 1
� �� � ð15Þ
where w ¼ FðOð1DÞ ! O2ðb; v ¼ 1Þ;O2Þ – quantum yield of

O2(b
1Rþ

g , v = 1) in the reaction O(1D) + O2 ? O(3P) + O2(b
1Rþ

g ;v).
From (15) we have derived analytical formula for [O3] retrieval

from proxy O2(b
1Rþ

g , v = 1):

O3½ � ¼
O2 b1Rþ

g ; v ¼1
� �h i

�Q O2 b1Rþ
g ; v ¼1

� �� �
� O2½ � �gb

� �
�QðOð1DÞÞ

JHB �FðHB!Oð1DÞÞ � O2½ � �kðOð1DÞ;O2Þ �w

�½O2� � JSRCþ JLya �F Ly að Þ� �
JH �FðHB!Oð1DÞÞ

ð16Þ
Formula (16) enables one to retrieve [O3] in the interval of
50–98 km. Below 90 km, the O(3P) concentration does not affect

the [O3] retrieval because the sensitivity coefficient of O2(b
1Rþ

g ,

v = 1) to O(3P) is less than 0.05 (see Fig. 5).
From (15), we derive analytical formula for [O(3P)] retrieval

from proxy O2(b
1Rþ

g , v = 1):

½Oð3PÞ� ¼ B� A
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aþ Bð Þ2

4
þ C

s
ð17Þ

where

A ¼ O2½ � � ðkðOð1DÞ;O2Þ þ N2½ � � kðOð1DÞ;N2Þ þ CO2½ � � ðkðOð1DÞ;CO2Þ
kðOð1DÞ; Oð3PÞÞ
The information source of the concentration of atomic oxygen

in (17) is the concentration of the proxy O2(b
1Rþ

g , v = 1), included
in the terms B and C.

Formula (17) enables one to retrieve [O(3P)] in the interval of
100–140 km with an error smaller than 0.1%, compared to exact
Eq. (9). In this altitude interval, the influence of O3 concentration
is negligibly small. From 100 to 90 km, the error increases and
reaches as much as 5% at 90 km due to the growing influence of

ozone on a population of O2(b
1Rþ

g , v = 1). Below 90 km, formula
(17) cannot be used.

9. Conclusions

1. In the framework of model YM2011, we have described the
kinetics of 10 excited levels: O(1D), three levels

O2(b
1Rþ

g ;v 6 2), six levels O2(a1Dg;v 6 5). The methodology
developed in YM2011 allows us to solve the system of 10
kinetic equations for populations of electronically–vibrationally

excited levels of oxygen molecule O2(a1Dg, v = 0–5), O2(b
1Rþ

g ,

v = 0,1,2) and excited oxygen atom O(1D). The system of kinetic
equations for modelling the electronic-vibrational kinetics of
excited oxygen molecules in the MLT region is presented in
explicit form in Appendix B.
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2. For the first timewe present an overview of the reaction rates for

the collisions between O2(b
1Rþ

g ;v 6 2), O2(a1Dg;v 6 5), O(1D)

and molecules of five main atmospheric components (O(3P),
O2, N2, O3, and CO2) as well as quantum yields of the products
of these processes with the measured errors of these factors tak-
ing into account the experimental temperature dependence and
temperature range of measurements (Appendix A).

3. Basing on the forward problem solution, we have picked up five

excited components; namely, O2(b
1Rþ

g , v = 0,1,2), O2(a1Dg,

v = 0) and O(1D). To compare the characteristics of the assumed
proxies, we have performed a sensitivity analysis of the forward
calculations to [O3] and [O(3P)], and of the inverse problem of
[O3] and [O(3P)] altitude profile retrieval to all parameters of
the YM2011 model (more than 60). After that, we carried out
the comparative analysis of sensitivity of all the proxies to
[O3] and [O(3P)] and vice versa for the inverse problem of [O3]
and [O(3P)] retrieval to proxy concentration. We have presented
analytical expressions of sensitivity coefficients for forward and
inverse problems in framework YM2011 model in Appendix C.

4. The sensitivity study of forward and reverse problems enables
one to obtain the approximate analytical formulae for [O3]

and [O(3P)] retrieval using proxies O2(b
1Rþ

g , v = 1) (Section 8.3).
5. The [O3] retrieval can be split into two altitude ranges:

50–90 km and 90–105 km. Below 90 km, the sensitivity study

(Section 5) shows that proxies O2(b
1Rþ

g , v = 1), O2(a1Dg, v = 0)

and O(1D) are suitable with the uncertainties of retrieved values

of less than 20%. O2(b
1Rþ

g , v = 0) is the ‘worst’ proxy in the
mesosphere because, at 65–75 km, the value of uncertainty of
retrieved [O3] exceeds 35%. For all these proxies, the O(3P) con-
centration is not important because the sensitivity coefficients,

S(proxy; O(3P)) are less than 0.01. As for O2(b
1Rþ

g , v = 2), it is not
sensitive to ozone with the corresponding sensitivity coefficient

SðO3;O2ðb1Rþ
g ; v ¼ 2ÞÞ smaller than 0.001. Above 90 km,

O2(a1Dg, v = 0) becomes unacceptable as the [O3] proxy with
uncertainty exceeding 100%. In the altitude region of 90–
98 km, the minimal uncertainties for the [O3] retrieved from

O2(b
1Rþ

g , v = 1) and O2(b
1Rþ

g , v = 0) proxies are approximate-

ly20–30%. Therefore, O2(b
1Rþ

g , v = 1) is preferable for the whole
altitude range 50–98 km. It should also be emphasised that,
above 90 km for [O3] retrieval, one has to know the [O(3P)]
altitude profile (Section 5.1).

6. For [O(3P)] retrieval, O2(b
1Rþ

g , v = 2) is the best proxy in the
90–140 km interval, with uncertainty of about 25%. Above

90 km, [O2(b
1Rþ

g , v = 2)] altitude profiles do not depend on

[O3], while the sensitivity coefficient S(O2(b
1Rþ

g ; v ¼ 2); O3) is
smaller than 0.01. Due to the low intensity of emissions formed

by transitions from O2(b
1Rþ

g , v = 2), we have also considered

other proxies. The possible proxies for [O(3P)] retrieval are

O2(b
1Rþ

g , v = 0) in the 95–130 km altitude interval and

O2(b
1Rþ

g , v = 1) above 110 km and up to 140 km with the same

uncertainties. For [O(3P)] retrieval from [O2(b
1Rþ

g , v = 0)], one
has to know the [O3] altitude profile. Having knowledge of
O2(a1Dg, v = 0) and O(1D) enables one to estimate [O(3P)] only
above 120 km with uncertainties of more than 40%.

7. In the altitude range of 90–105 km, the simultaneous retrieval
of the [O3] and [O(3P)] altitude profiles requires two proxies.

There are two variants here: (a) choosing O2(b
1Rþ

g , v = 2) as a

proxy for [O(3P)] retrieval with either O2(b
1Rþ

g , v = 1) or
O2(b
1Rþ

g , v = 0) used as a proxy for [O3] retrieval; (b) choosing

O2(b
1Rþ

g , v = 0) as a proxy for [O(3P)] retrieval, with either

O2(b
1Rþ

g , v = 1) or O(1D) used as a proxy for [O3] retrieval.
8. A sensitivity study and uncertainty analysis have been pre-

sented in this work, as well as the calculated volume emission
rates (VER) for radiative transitions originating from excited

levels O2(b
1Rþ

g , v = 0,1,2). Thus, O2(a1Dg, v = 0) and O(1D) and
estimations of altitude dependence of the proxy photochemical
lifetimes have enabled us to choose a strategy for planning the
space borne experiments on the [O(3P)] and [O3] retrieval.

To summarise, we have developed the new methods of [O(3P)]
and [O3] retrieval in the framework of the YM2011 model. These
utilise electronic-vibrational transitions from the oxygen molecule

second singlet level (O2(b
1Rþ

g , v = 0,1,2). For [O3] retrieval, we rec-

ommend O2(a1Dg, v = 0) below 90 km and in the range 50–98 km

O2(b
1Rþ

g , v = 1) as proxies. The optimal proxies for [O(3P)] retrieval

in the range of 90–140 km O2(b
1Rþ

g , v = 2) is in the range of

95–140 km O2(b
1Rþ

g , v = 0) and in the range 110–140 km

O2(b
1Rþ

g , v = 1). We have both proposed and justified the indirect

methods of the [O(3P)] retrieval independently from [O3] retrieval
and vice versa. Thus, where [O(3P)] and [O3] are coupled in the
range of 90–105 km, we recommend a ‘‘method of two proxies”
for simultaneous retrievals.
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Appendix A

A.1. Current status of chemical kinetics data for modelling of
electronic-vibrational kinetics of excited oxygen molecules in the MLT
region

Wepresent the compilation of kinetic data for 10 excited oxygen
species, namely, for the energy transfer processes, which take place

at collisions of electronic-vibrationally excited molecules O2(b
1Rþ

g ,

v = 0,1,2) and O2(a1Dg, v = 0–5) and oxygen atom O(1D) with the
main atmospheric components O(3P), O2, N2, O3 and CO2. We used
measurements of the reaction rate coefficients mainly for last
15 years. If the quantum yields of excited products have been mea-
sured, their values are also presented in Table A1. For the whole
model YM2011 the complete sets of the rate coefficients and quan-
tum yields of products of reactions for 35 levels O2(X3R�

g , v = 1–35)
were presented in [9] and all photoprocesseswere introduced in [1].

Below we describe the notations and different details of used
kinetic data:

a. Short notations of levels: O2(b
1Rþ

g ;vÞ = O2(b, v),
O2(a1Dg;vÞ = O2(a, v) and O2(X3R�

g ;vÞ = O2(X, v).
b. kðA�;BÞ is the rate constant for bimolecular reaction

A⁄ + B? C⁄⁄ + D, following the traditional form that was
used by Sir D.R. Bates in the 1980s.



Table A1
Rate coefficients and quantum yields of products for reactions involving O(1D), O2(b

1Rþ
g , v = 0–2) and O2(a1Dg, v = 0–5).

Reaction Notation Quantum yield, F Rate coefficient Temperature range (K) n Reference
Arrhenius form

A (cm3 s�1) n b (K)

O(1D) Reaction
O(1D) + O(3P)? O(3P) + O(3P) kðOð1DÞ; Oð3PÞÞ 2.2 � 10�11 RT 0.27 [56]

O(1D) + O2 ? O(3P) + O2(b
1Rþ

g ; v) kðOð1DÞ;O2Þ 3.95 � 10�11 RT 0.08 [13]

? O(3P) + O2(a1Dg; v) 3.12 � 10�11 55 104–354 0.08 [14]
3.10 � 10�11 87 195–673 0.10 [58]

Quantum yield of products FðOð1DÞ ! O2 ðb;v ¼ 1Þ;O2Þ 0.8 296–312 0.125 [57]

FðOð1DÞ ! O2ðb;v ¼ 0Þ;O2Þ 0.2a 296–312 0. 5a

FðOð1DÞ ! O2ða;v ¼ 0Þ;O2Þ <0.05 RT [13]

O(1D) + O3 ? 2O2 ? O2 + 2O(3P) kðOð1DÞ; O3) 2:4 � 10�10 RT 0.20 [14]

? O2 + O2 210–370 0.20
Quantum yield of products FðOð1DÞ ! Oð3PÞ;O3Þ 0.5 RT

O(1D) + N2 ? O(3P) + N2(X1Rþ
g ;v) kðOð1DÞ;N2Þ 3.10 � 10�11 RT 0.10 [14]

2.15 � 10�11 110 100–350 0.10
2.20 � 10�11 118 195–673 0.09 [58]

O(1D) + CO2 ? CO + O2 kðOð1DÞ;CO2Þ 1.1 � 10�10 RT 0.15 [14]
7.5 � 10�11 115 200–350 0.15

O2ðb1Rþ
g ;v ¼ 2Þ Reaction

O2(b
1Rþ

g ; v 0 = 2) + O(3P)? O2(b
1Rþ

g ;v 00) + O(3P) kðO2ðb;v ¼ 2Þ; Oð3PÞÞ 1.07 � 10�11 340–445 0.6 [30]

Quantum yield of products FðO2ðb;v ¼ 2Þ ! O2ðb;v ¼ 1Þ; Þ; Oð3PÞÞ 0.5 0.8

FðO2ðb;v ¼ 2Þ ! O2ðb;v ¼ 0Þ; Þ; Oð3PÞÞ 0.5 0.8

O2(b
1Rþ

g , v = 2) + O2 ? O2(X3Rþ
g , v = 2) + O2(b

1Rþ
g , v = 0) kðO2ðb;v ¼ 2Þ;O2Þ 2:7 � 10�12 RT 0.07 [28]

2.3 � 10�11 �691 110–295 0.25

3:15 � 10�12 340–445 0.25 [30]

O2(b
1Rþ

g , v = 2) + O3 ? 2O2 + O(3P) kðO2ðb;v ¼ 2Þ;O3Þ 2:9 � 10�10 340–445 0.4 [30]

O2(b
1Rþ

g , v = 2) + N2 ? O2(b
1Rþ

g , v = 0) + N2(X1Rþ
g , v = 1) kðO2ðb;v ¼ 2Þ;N2Þ <9 � 10�13 RT [28]

8.0 � 10�15 110 0.40

O2(b
1Rþ

g , v = 2) + CO2 ? O2(b
1Rþ

g , v = 1) + CO2(100) kðO2ðb;v ¼ 2Þ;CO2Þ 1.7 � 10�12 RT 0.30 [28]

3.0 � 10�12 �158 220–295 0.9

O2(b1 Rþ
g , v = 1) Reaction

O2(b
1Rþ

g , v = 1) + O(3P)? O2 + O(3P) kðO2ðb;v ¼ 1Þ; Oð3PÞÞ 4.5 � 10�12 RT 0.18/�0.29 [57]

O2(b
1Rþ

g , v = 1) + O2 ? O2(X
3R�

g , v = 1) + O2(b
1Rþ

g , v = 0) kðO2ðb;v ¼ 1Þ;O2Þ 1.52 � 10�11 RT 0.04 [57]

2.2 � 10�11 1.0 �115 125–1000 0.40

O2(b
1Rþ

g , v = 1) + O3 ? 2O2 + O(3P) kðO2ðb;v ¼ 1Þ;O3Þ <3 � 10�10 340–445 [30]

O2(b
1Rþ

g , v = 1) + N2 ? O2(b
1Rþ

g , v = 0) + N2(X1Rþ
g , v = 1) kðO2ðb;v ¼ 1Þ;N2Þ <7 � 10�13 RT [28]

O2(b
1Rþ

g , v = 1) + CO2 ? O2(b
1Rþ

g , v = 0) + CO2(100) kðO2ðb;v ¼ 1Þ;CO2Þ <1.2 � 10�12 RT [28]

9 � 10�13 220 0.6

O2(b1Rþ
g , v = 0) Reaction

O2(b
1Rþ

g , v = 0) + O(3P)? O2 + O(3P) kðO2ðb;v ¼ 0Þ; Oð3PÞÞ 8 � 10�14 4.0/�0.8b [14]

? O2(a1Dg; v) + O(3P) 0.25b [13]
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Table A1 (continued)

Reaction Notation Quantum yield, F Rate coefficient Temperature range (K) n Reference
Arrhenius form

A (cm3 s�1) n b (K)

Quantum yield of products FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 0Þ; Oð3PÞÞ 0.75 RT [59]

O2(b
1Rþ

g , v = 0) + O2 ? O2(a1Dg; v 0 = 3-v00) + O2(X3R�
g ;v 00) kðO2ðb;v ¼ 0Þ;O2Þ 3.9 � 10�17 RT 0.5 [14]

Quantum yield of products FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 3Þ;O2Þ 0.019 77 [31]
FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 2Þ;O2Þ 0.226
FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 1Þ;O2Þ 0.525
FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 0Þ;O2Þ 0.230

O2(b
1Rþ

g , v = 0) + O3 ? 2O2 + O(3P) kðO2ðb;v ¼ 0Þ;O3Þ 2.2 � 10�11 RT 0.15 [14]

? O2(a1Dg; v) + O3 3.5 � 10�11 �135 210–370
Quantum yield of products FðO2ðb;v ¼ 0Þ ! Oð3PÞ;O3Þ 0.7 RT

FðO2ðb;v ¼ 0Þ ! O2ða;vÞ;O3Þ 0.3 RT

O2(b
1Rþ

g , v = 0) + N2 ? kðO2ðb;v ¼ 0Þ;N2Þ 2.1 � 10�15 RT 0.10 [14]

? O2(a1Dg, v = 2) + N2(X1R�
g , v = 1) 1.8 � 10�15 45 203–370

? O2(X3Rþ
g , v = 9) + N2(X1Rþ

g , v = 0)
Quantum yield of products FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 2Þ; N2Þ 0.5 RT [1]

FðO2ðb;v ¼ 0Þ ! O2ðX;v ¼ 9Þ;N2Þ 0.5 RT

O2(b
1Rþ

g , v = 0) + CO2 ? O2(a1Dg, v = 0) + CO2 kðO2ðb;v ¼ 0Þ;CO2Þ 4.2 � 10�13 RT 0.20 [14]

4.2 � 10�13 210–370

Quantum yield of products FðO2ðb;v ¼ 0Þ ! O2ða;v ¼ 0Þ;CO2Þ P0.9 RT

O2 ða1Dg;v > 2Þ Reaction
O2(a1Dg;v > 2) + O(3P)? O2 + O(3P) kðO2ða;v > 2Þ; Oð3PÞÞ No data [60]

O2(a1Dg;v > 2) + O2 ? O2(X3R�
g ; v) + O2(a1Dg, v = 0) kðO2ða;v > 2Þ;O2Þ as kðO2ða;v ¼ 2Þ;O2Þ [1]

O2(a1Dg;v > 2) + O3 ? 2O2 + O(3P) kðO2ða;v > 2Þ;O3Þ No data

O2(a1Dg;v > 2) + N2 ? O2 + N2 kðO2ða;v > 2Þ;N2Þ as kðO2ða;v ¼ 2Þ;N2Þ [60]

O2(a1Dg;v > 2) + CO2 ? products kðO2ða;v > 2Þ;CO2Þ No data [60]

O2 (a1 Dg; v ¼ 2) Reaction
O2(a1Dg, v = 2) + O(3P)? O2 + O(3P) kðO2ða;v ¼ 2Þ; Oð3PÞÞ No data

O2(a1Dg, v = 2) + O2 ? O2(X3R�
g , v = 2) + O2(a1Dg, v = 0) kðO2ða;v ¼ 2Þ;O2Þ 3.6 � 10�11 RT 0.11 [60]

O2(a1Dg, v = 2) + O3 ? 2O2 + O(3P) kðO2ða;v ¼ 2Þ;O3Þ No data

O2(a1Dg, v = 2) + N2 ? O2 + N2 kðO2ða;v ¼ 2Þ;N2Þ <4 � 10�15 RT [60]

O2(a1Dg, v = 2) + CO2 ? products kðO2ða;v ¼ 2Þ;CO2Þ No data

O2 (a1Dg, v = 1) Reaction
O2(a1Dg, v = 1) + O(3P)? O2 + O(3P) kðO2ða;v ¼ 1Þ; Oð3PÞÞ <4 � 10�13 RT [60]

O2(a1Dg, v = 1) + O2 ? O2(X3R�
g , v = 1) + O2(a1Dg, v = 0) kðO2ða;v ¼ 1Þ;O2Þ 5.6 � 10�11 RT 0.20 [60]

O2(a1Dg, v = 1) + O3 ? 2O2 + O(3P) kðO2ða;v ¼ 1Þ;O3Þ 4.7 � 10�12 RT 0.43 [23]

O2(a1Dg, v = 1) + N2 ? O2 + N2 kðO2ða;v ¼ 1Þ;N2Þ <3 � 10�16 RT [60]

O2(a1Dg, v = 1) + CO2 ? products kðO2ða;v ¼ 1Þ;CO2Þ 1.5 � 10�14 RT 0.13 [60]

1.2 � 10�14 240 0.08

(continued on next page)
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c. Absolute rate constant values k(RT) are given at room tem-
perature (RT). It should be mentioned, that the authors used
different values of RT, such as 292, 295, 298 or 300 K. The
rate constants are given in units of concentration expressed
as molecules per cubic centimetre and time in seconds. Only

for reactions O2(b
1Rþ

g ;v ¼ 2Þ + O(3P)? O2 + O(3P) and

O2(b
1Rþ

g ; v ¼ 2Þ + O3 ? 2O2 + O(3P)) there is no data
obtained at room temperature, because the rate constants
were measured in the temperature interval 340–445 K
(experiment in stationary glow discharge in pure O2 [30]).

d. The interpolations of experimental temperature depen-
dences are expressed in generally accepted Arrhenius form,
kðTÞ ¼ A � ðT=292Þn � expðb=TÞ, where parameter b is
expressed in Kelvins.

e. We indicate the temperature range of experimental data,
where the values of parameters A, n and b are valid. Typical
temperature range is approximately 210–370 K. It should

be noted that only for three reactions O2(b
1Rþ

g , v = 1)

+ O2 ? O2(X
3R�

g , v = 1) + O2(b
1Rþ

g , v = 0), O(1D) + O2 ? prod-

ucts andO(1D) + N2 ? O(3P) + N2(X1Rþ
g ;v) temperature range

essentially exceeds this range, namely, it is from 125 to
1000 K for the first reaction and from 100 to 673 K for the
remaining reactions.

f. For quantum yield of each C⁄⁄ in reaction A⁄ + B? C⁄⁄ + D we
use the notation FðA� ! C��; BÞ, because in most reactions
there are several product formation channels.

g. Relative uncertainties of k and F values as well as of A
parameter are denoted as n. If the upper and lower bound-
aries of the relative uncertainty are different, we labelled
them nup and nlo, respectively. In this case, we use the
‘nup=nlo’ notation in Table A1. If the uncertainties are sym-
metric, then we present only the absolute value of n. nup
and nlo are connected with factor of uncertainty f used in
[14] by equations nup ¼ f � 1 and nlo ¼ ð1=f Þ � 1.

h. For some reactions involving the O2(a1Dg; v P 2) compo-
nent, there is no data yet. Nevertheless, we present all pos-
sible reactions for the specious under consideration
regardless of availability of experimental data. The sensitiv-
ity study shows that the contributions of these processes are
insignificant in O2(a1Dg; v P 2) kinetics.

Appendix B

B.1. The system of kinetic equations for modelling the electronic-
vibrational kinetics of excited oxygen molecules in the MLT region

In the framework of our model, we present the system of kinetic

equations for 10 excited species O(1D), O2(b
1Rþ

g , v = 0,1,2) and

O2(a1Dg, v = 0–5). Yankovsky and Manuilova [1] introduced all
photoprocesses necessary for YM2011 model (see Table B2), and
the methods of calculation of the rates of these photoprocesses
were described in [11].

In all kinetic equations, the same type of quenching factor is
presented:

QðxiÞ ¼ Ai þ ½O2� � kðxi;O2Þ þ ½Oð3PÞ� � kðxi; Oð3PÞÞ þ ½O3�
� kðxi;O3Þ þ ½N2� � kðxi;N2Þ þ ½CO2� � kðxi;CO2Þ; ðB:1Þ

where xi is the excited level of the corresponding component, Ai –
Einstein coefficient, kðxi; yjÞ – the rate coefficient of the quenching
reaction of xi in collision with yj (see Appendix A). In this study xi

are O(1D), O2(b
1Rþ

g , v = 0,1,2) and O2(a1Dg, v = 0–5); yj are O2, O

(3P), N2, O3 and CO2.



Table B1
The system of kinetic equations for excited species.

1. Oð1DÞ
@½Oð1DÞ�

@t ¼ O2½ � � JSRC þ JLy a � F Ly a ! Oð1DÞ� �� �
þ O3½ � � JHB � FðHB ! Oð1DÞÞ � ½Oð1DÞ� � QðOð1DÞÞ

2. O2 b1Rþ
g ;v ¼ 2

� �
@ O2 b1Rþ

g ;v¼2ð Þ½ �
@t ¼ O2½ � � gc � O2 b1Rþ

g ;v ¼ 2
� �h i

� Q O2 b1Rþ
g ;v ¼ 2

� �� �

3. O2 b1Rþ
g ; v ¼ 1

� �
@ O2 b1Rþ

g ;v¼1ð Þ½ �
@t ¼ O2½ � � gb þ ½Oð1DÞ� � O2½ � � kðOð1DÞ;O2Þ � FðOð1DÞ ! O2ðb;v ¼ 1Þ;O2Þ þ ½O2 b1Rþ

g ; v ¼ 2
� �

� � O½ � � k O2 b;v ¼ 2ð Þ;Oð Þ � FðO2ðb;v ¼ 2Þ ! O2ðb;v ¼ 1Þ;OÞÞ

� O2 b1Rþ
g ;v ¼ 1

� �h i
� Q O2 b1Rþ

g ; v ¼ 1
� �� �

4. O2 b1Rþ
g ; v ¼ 0

� �
@ O2 b1Rþ

g ;v¼0ð Þ½ �
@t ¼ O2½ � � ga þ ½Oð1DÞ� � O2½ � � kðOð1DÞ;O2Þ � FðOð1DÞ ! O2ðb;v ¼ 0Þ;O2Þ

þ O2 b1Rþ
g ; v ¼ 1

� �h i
� ð O2½ � � k O2 b;v ¼ 1ð Þ;O2ð Þ þ O½ � � k O2 b;v ¼ 1ð Þ; Oð ÞÞ þ O2 b1Rþ

g ; v ¼ 2
� �h i

� ð O2½ � � k O2 b;v ¼ 2ð Þ;O2ð Þ

þ O½ � � k O2 b;v ¼ 2ð Þ; Oð Þ � FðO2ðb;v ¼ 2Þ ! O2ðb;v ¼ 0Þ; OÞÞ � O2 b1Rþ
g ; v ¼ 0

� �h i
� Q O2 b1Rþ

g ; v ¼ 0
� �� �

5. O2 a1Dg;v ¼ 5
� �

@ O2 a1Dg ;v¼5ð Þ½ �
@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 5

� �� �� O2 a1Dg; v ¼ 5
� �� � � Q O2 a1Dg; v ¼ 5

� �� �
6. O2 a1Dg;v ¼ 4

� �
@ O2 a1Dg ;v¼4ð Þ½ �

@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 4
� �� �� O2 a1Dg; v ¼ 4

� �� � � Q O2 a1Dg; v ¼ 4
� �� �

7. O2 a1Dg;v ¼ 3
� �

@ O2 a1Dg ;v¼3ð Þ½ �
@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 3

� �� �þ O2 b1Rþ
g ;v ¼ 0

� �h i
� O2½ � � k O2ðb;v ¼ 0Þ;O2ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 3ð Þ;O2ð Þ

� O2 a1Dg;v ¼ 3
� �� � � Q O2 a1Dg; v ¼ 3

� �� �

8. O2 a1Dg;v ¼ 2
� �

@ O2 a1Dg ;v¼2ð Þ½ �
@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 2

� �� �þ O2 b1Rþ
g ;v ¼ 0

� �h i
� N2½ � � k O2 b;v ¼ 0ð Þ;N2ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 2ð Þ;N2ð Þ

þ O2 b1Rþ
g ; v ¼ 0

� �h i
� O2½ � � k O2 b;v ¼ 0ð Þ;O2ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 2ð Þ;O2ð Þ � O2 a1Dg; v ¼ 2

� �� � � Q O2 a1Dg; v ¼ 2
� �� �

9. O2 a1Dg;v ¼ 1
� �

@ O2 a1Dg ;v¼1ð Þ½ �
@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 1

� �� �þ O2 b1Rþ
g ;v ¼ 0

� �h i
� O2½ � � k O2 b;v ¼ 0ð Þ;O2ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 1ð Þ;O2ð Þ

þ½O2 a;v ¼ 2ð Þ� � ½O2� � k O2 a;v ¼ 2ð Þ;O2ð Þ � O2 a1Dg;v ¼ 1
� �� � � Q O2 a1Dg;v ¼ 1

� �� �

10. O2 a1Dg; v ¼ 0
� �

@ O2 a1Dg ;v¼0ð Þ½ �
@t ¼ O3½ � � JHB � F HB ! O2 a1Dg; v ¼ 0

� �� �þ O2½ � � gIRa þ ½O2 a1Dg;v ¼ 1
� �� � N2½ � � k O2 a;v ¼ 1ð Þ;N2ð Þ

þ
X5
v¼1

O2 a1Dg; v
� �� � � O2½ � � k O2 a;vð Þ;O2ð Þ� �þ O2 b1Rþ

g ;v ¼ 0
� �h i

� O2½ � � k O2 b;v ¼ 0ð Þ;O2ð Þ � F O2 b;v ¼ 0Þððf

! O2ða;v ¼ 0Þ;O2Þ þ O½ � � k O2 b;v ¼ 0ð Þ; Oð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 0ð Þ; Oð Þ þ O3½ � � k O2 b;v ¼ 0ð Þ;O3ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 0ð Þ;O3ð Þ

þ CO2½ � � k O2 b;v ¼ 0ð Þ;CO2ð Þ � F O2 b;v ¼ 0Þ ! O2ða;v ¼ 0ð Þ;CO2ð Þg � O2 a1Dg;v ¼ 0
� �� � � Q O2 a1Dg; v ¼ 0

� �� �
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It should be noted that the system of kinetic equations for 10
excited species is nonlinear because the most part of the model
parameters (e.g. temperature, the main atmospheric components
concentrations, array of rate coefficients) take part in the processes
of excitation as well as in quenching processes of the excited spe-
cies (the target functions).



Table B2
The photoprocesses included into the kinetic equations.

Photoprocesses Rate coefficients and Einstein coefficients, s�1 Quantum yield of product

O2 þ hmðSchumann-Runge continuumÞ ! Oð1DÞ þ Oð3PÞ JSRC FðSRC ! Oð1DÞÞ
O2 þ hmðH Lyman a lineÞ ! Oð1DÞ þ Oð3PÞ JLya FðLy aÞ
O2 þ hm 762 nm bandð Þ ! O2ðb1Rþ

g ; v ¼ 0Þ ga

O2 þ hm 688 nm bandð Þ ! O2ðb1Rþ
g ; v ¼ 1Þ gb

O2 þ hm 629 nm bandð Þ ! O2ðb1Rþ
g ; v ¼ 2Þ gc

O2 þ hm 1:27 lm bandð Þ ! O2ða1Dg;v ¼ 0Þ gIRa
O3 þ hm Hartley bandð Þ ! O2ða1Dg; vÞ þ Oð1DÞ JHB FðHB ! Oð1DÞÞ

FðHB ! O2ða1Dg; vÞÞa
Oð1D2Þ ! Oð3P0;1;2Þ þ hm 630:0;636:4 and 639:2 nm linesð Þ AD 9 � 10�3 s�1

O2ðb1Rþ
g ;v 0Þ ! O2ðX3R�

g ; v 00Þ þ hmðO2 Atm bandsðv 0;v 00ÞÞ Ab;v 0!X;v 00 See Table 7.1

O2ða1Dg; v 0Þ ! O2ðX3R�
g ;v 00Þ þ hmðO2 IR Atm bandsðv 0; v 00ÞÞ Aa;v 0!X;v 00

a Analytical interpolated formulae of the quantum yields of the molecules O2(a1Dg, v = 0–5) depending on vibrational number, v, and on wavelength at ozone photolysis in
Hartley band (in 200–320 nm range) were deduced in [11,12].
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Appendix C

C.1. Analytical expressions of sensitivity coefficients for forward and
inverse problems in framework YM2011 model

Simplified notations (in this section): O2(b, 1) = O2(b
1Rþ

g , v = 1);

O2(b, 2) = O2(b
1Rþ

g , v = 2). Rate coefficient kyj corresponds to reac-

tion O2(b
1Rþ

g , v = 1) + yj ! products, where yj ¼ Oð3PÞ, O2 or CO2;

the notations of rate coefficients kDyj or kb2yj are used for reactions

O(1D) + yj ! products and O2(b
1Rþ

g , v = 2) + yj ! products, corre-
Table C1
Forward problem: calculation of altitude profile of [O2(b1R

þ
g , v = 1)].

Parameter, zi Sensitivity coefficien

O2(b
1Rþ

g , v = 2) gc � Oð3PÞ½ �� O2½ ��kb2Oð3PÞ �FðO2 b;2ð
O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ�Q

O(3P) Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ � O2½ ��g

O2 b;1ð Þ½ ��Qð
�

O2 1þ O2½ � � kOð1DÞþO2 �ðgbþ
O2 b;1ð Þ½ ��Q O2ð

n
O3 O2½ ��kOð1DÞþO2 �W� O3½ ��v

O2 b;v¼1ð Þ½ ��Q O2 b;1ð Þð Þ�QðOð1
N2 N2½ ��kDN2

QðOð1DÞÞ �
O2½ ��gb

O2 b;1ð Þ½ ��Q O2 bðð
�

CO2 CO2½ ��kDCO2
QðOð1DÞÞ �

O2½ ��gb
O2 b;1ð Þ½ ��Q O2ðð

�
T 1� O2½ ��kOð1DÞþO2

Q Oð1Dð ÞÞ
� �

� b
�n

JHB O3½ ��v� O2½ ��kOð1DÞþO2 �W
O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ�QðOð1DÞ

JSRC O2½ ��JSRC � O2½ ��kOð1DÞþO2 �W
O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ�QðOð1DÞ

JLya � F(Ly aÞ O2½ ��HL � O2½ ��kOð1DÞþO2 �W
O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ�QðOð1DÞ

gb O2½ ��gb
½O2 b;1ð Þ��QðO2 b;1ð ÞÞ

AO(1D) � AO 1Dð Þ
QðOð1DÞÞ

k(O(1D); yj) yj½ ��kDyj
QðOð1DÞÞ �

O2½ ��gb
O2 b;1ð Þ½ ��Q O2 bðð
�

k(O(1D); O2) 1� O2½ ��kOð1DÞþO2

QðOð1DÞÞ
� �

� O2½
�

W 1� O2½ ��gb
O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ

AO2(b,v=1) � AO2 b;v¼1ð Þ
QðO2 b;1ð ÞÞ

k(O2(b
1Rþ

g , v = 1); yj) � yj½ ��kyj
QðO2 b;1ð ÞÞ
spondingly. The only exception is made for the main reaction of
the energy transfer of YM2011 model: O(1D) + O2 ? O(3P)

+ O2(b
1Rþ

g ;v), for which the rate coefficient is designated as

kOð1DÞþO2. The quantum yield of O2(b
1Rþ

g , v = 1) in this reaction is

designated as W ¼ FðOð1DÞ ! O2ðb1Rþ
g ; v ¼ 1Þ;O2Þ. Rates of O(1D)

production in photolysis of O2 in the H Lyman-a line and photoly-
sis of O3 in the Hartley band are designated as HL ¼ JLya � FðLy aÞ
and v ¼ JHB � FðHB ! Oð1DÞÞ, correspondingly. Parameters of tem-
perature dependences b1, b2 and b3 for the rate coefficients of reac-
tions are given in Table A1 (Appendix A):
t for forward problem, SðO2ðb1Rþ
g ;v ¼ 1Þ; ziÞ

Þ!O2 b;1ð Þ;Oð3PÞÞ
O2 b;2ð Þð Þ

b

O2 b;1ð ÞÞ � 1
�
� Oð3PÞ½ ��kOð3PÞ

Q O2 b;1ð Þð Þ
ðJSRCþHLÞ�WÞ
b;1ð ÞÞ�Q Oð1Dð Þ � kO2

Q O2 b;1ð Þð Þ �
kOð1DÞþO2

QðOð1DÞÞ
o

DÞÞ

;1ÞÞ � 1
�
� N2½ ��kN2

Q O2 b;1ð Þð Þ

b;1ÞÞ � 1
�
� CO2½ ��kCO2

Q O2 b;1ð Þð Þ

1
T

�
� N2½ ��kDN2

QðOð1DÞÞ � b2
T

� �o
� O2½ ��gb

O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ � 1
� �

þ O2½ ��kO2
Q O2 b;1ð Þð Þ � b3

T � 1
� �

Þ

Þ

Þ

;1ÞÞ � 1
� where yj = O(3P), O3, N2, CO2

O2½ ��gb
b;1ð Þ��Q O2 b;1ð Þð Þ � 1

�

where yj = O(3P), O2, CO2



Table C2
Inverse problem: retrieval of [O(3P)] altitude profile from [O2(b1R

þ
g , v = 1)].

Parameter, zi Sensitivity coefficient for inverse problem, SO2(b,v=1) (O(3P); zi)

O(3P) –
O2 1þ AO2 b;v¼1ð Þ �QðOð1DÞÞþ N2½ ��kDN2 �Q O2 b;1ð Þð Þ

QðOð1DÞÞ� Oð3PÞ½ ��kOð3PÞþQ O2 b;1ð Þð Þ� Oð3PÞ½ ��kDOð3PÞ
O3 Oð3PÞ½ ��kDOð3PÞ

QðOð1DÞÞ

	 

� 1þ O2½ ��ðJSRCþHLÞ

O3½ ��v
� �

þ O2 b;v¼1ð Þ½ �� Oð3PÞ½ ��kOð3PÞ �QðOð1DÞÞ
O2½ ��kOð1DÞþO2 �W� O3½ ��v �

	 
�1

N2 � N2½ �
Oð3PÞ½ � �

Q O2 b;1ð Þð Þ�kDN2þQðOð1DÞÞ�kN2
Q O2 b;1ð Þð Þ�kDOð3PÞþQðOð1DÞÞ�kOð3PÞ

CO2 CO2½ �
Oð3PÞ½ � �

½O2 b;1ð Þ��ðQðOð1DÞÞ�kCO2�Q O2 b;1ð Þð Þ�kDCO2Þþ O2½ ��gb �kDCO2
½O2 b;1ð Þ��ðQðOð1DÞÞ�kOð3PÞþQ O2 b;1ð Þð Þ�kDOð3PÞ Þ� O2½ ��gb �kDOð3PÞ

T b1
T

� �
� O2½ ��kOð1DÞþO2

QðOð1DÞÞ � 1
� �

þ b2
T

� �
� N2½ ��kDN2
QðOð1DÞÞ þ

QðOð1DÞÞ� O2 b;1ð Þ½ �� O2½ ��kO2
O2½ �2 �kOð1DÞþO2 �ðJSRCþHLÞ�W

� b3
T � 1
� �� �

Oð3PÞ� � � kDO 3Pð Þ
QðOð1DÞÞ þ

kO 3Pð Þ �QðOð1DÞÞ� O2 b;1ð Þ½ �
O2½ �2 �kOð1DÞþO2 �ðJSRCþHLÞ�W

	 
	 

JHB � FðHB ! Oð1DÞÞ 1

Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ

� �
� 1þ O2½ ��ðJSRCþHL Þ

O3½ ��v
� �

þ O2 b;1ð Þ½ �� Oð3PÞ½ ��kOð3PÞ �QðOð1DÞÞ
O2½ ��kOð1DÞþO2 �W� O3½ ��v

JSRC 1

1þ O3½ ��v
O2½ ��JSRC

� �
�
Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ þ O2 b;1ð Þ½ �� Oð3PÞ½ ��kOð3PÞ �QðOð1DÞÞ

O2½ ��kOð1DÞþO2 � O2½ ��JSRC �W

JLya � F(Ly aÞ 1

1þ O3½ ��v
O2½ ��HL

� �
�
Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ þ O2 b;1ð Þ½ �� Oð3PÞ½ ��kOð3PÞ �QðOð1DÞÞ

O2½ ��kOð1DÞþO2 � O2½ ��HL �W

gb 1
O2 b;1ð Þ½ �� Oð3PÞ½ ��Q O2 b;1ð Þð Þ

O2½ ��gb � kOð3PÞ
Q O2 b;1ð Þð Þþ

kD
Oð3PÞ

QðOð1DÞÞ

� �
�

Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ

k(O(1D); yj) � yj½ ��kDyj �Q O2 b;1ð Þð Þ
Oð3PÞ½ ��ðkOð3PÞ �QðOð1DÞÞþkDOð3PÞ �Q O2 b;1ð Þð ÞÞ

where yj = O(3P), O3, N2, CO2

k(O(1D); O2) Q O2 b;1ð Þð Þ�ðQðOð1DÞÞ� O2½ ��kOð1DÞþO2Þ
Oð3PÞ½ ��ðQðOð1DÞÞ�kOð3PÞþQ O2 b;1ð Þð Þ�kDOð3PÞ Þ

W Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ þ Oð3PÞ½ ��kOð3PÞ � O2 b;1ð Þ½ �

O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ� O2½ ��gb

	 
�1

AO2(b,v=1) � AO2 b;v¼1ð Þ
QðO2 b;v¼1ð ÞÞ � 1

Oð3PÞ½ ��kOð3PÞ
Q O2 b;1ð Þð Þ þ

Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ � 1� O2½ ��gb

O2 b;1ð Þ½ ��Q O2 b;1ð Þð Þ

� �
k(O2(b

1Rþ
g , v = 1); yj) � yj½ ��kyi �QðOð1DÞÞ

Oð3PÞ½ ��ðkOð3PÞ �QðOð1DÞÞþkDOð3PÞ �Q O2 b;1ð Þð ÞÞ
where yj = O(3P), O2, CO2

Table C3
Inverse problem: retrieval of [O3] altitude profile from [O2(b1R

þ
g , v = 1)].

Parameter, zi Sensitivity coefficient for inverse problem, SO2(b, v=1) (O3; zi)

O(3P) Oð3PÞ½ ��kDOð3PÞ
QðOð1DÞÞ � 1þ O2½ ��ðJSRCþHLÞ

O3½ ��v
� �

þ Oð3PÞ½ ��ð O2 b;1ð Þ½ ��kOð3PÞ �QðOð1DÞ
O2½ ��kOð1DÞþO2 �W� O3½ ��v

O2 1� 1þ O2½ ��ðJSRCþHLÞ
O3½ ��v

� �
� N2½ ��kDN2
QðOð1DÞÞ

O3 –
N2 N2½ ��kDN2

QðOð1DÞÞ � 1þ O2½ ��ðJSRCþHLÞ
O3½ ��v

� �
CO2 CO2½ ��kDCO2

QðOð1DÞÞ � 1þ O2½ ��ðJSRCþHL Þ
O3½ ��v

� �
þ CO2½ ��kCO2 � O2 b;1ð Þ½ ��QðOð1DÞÞ

O3½ ��v� O2½ ��kOð1DÞþO2 �W
T

1þ O2½ ��ðJSRCþHLÞ
O3½ ��v

� �
� b1

T

� �
� 1� O2½ ��kOð1DÞþO2

QðOð1DÞÞ
� �

� b2
T

� �
� N2½ ��kDN2

QðOð1DÞÞ
� �n o

þ 1� b3
T

� �
� O2 b;v¼1ð Þ½ ��Q Oð1DÞð Þ�kO2

O2½ ��kOð1DÞþO2 �W� O3½ ��v

	 

JHB � FðHB ! Oð1DÞÞ �1
JSRC � O2½ ��JSRC

O3½ ��v
JLya � F(Ly aÞ � O2½ ��HL

O3½ ��v
gb � O2½ ��gb �QðOð1DÞÞ

O2½ ��kOð1DÞþO2 �W� O3½ ��v
k(O(1D); yj) yj½ ��kDyj

QðOð1DÞÞ � 1þ O2½ ��ðJSRCþHLÞ
O3½ ��v

� � where yj = O(3P), O3, N2, CO2

k(O(1D); O2) 1� O2½ ��kOð1DÞþO2

QðOð1DÞÞ
� �

� 1þ O2½ �� JSRCþHLð Þ
O3½ ��v

� �
W �1� O2½ �� JSRCþHLð Þ

O3½ ��v
AO2(b,v=1) AO2 b;v¼1ð Þ � O2 b;1ð Þ½ ��QðOð1DÞÞ

O2½ ��kOð1DÞþO2 �W� O3½ ��v

k(O2(b
1Rþ

g , v = 1); yj) � O2 b;1ð Þ½ ��QðOð1DÞÞ� yj½ ��kyi
O2½ ��kOð1DÞþO2 �W� O3½ ��v

where yj = O(3P), O2, CO2
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Oð1DÞ þ O2 ! products; kðOð1DÞ;O2Þ ¼ 3:1 � 10�11 � expðb1=TÞ;
Oð1DÞ þ N2 ! products; kðOð1DÞ;N2Þ ¼ 2:2 � 10�11 � expðb2=TÞ;
O2ðb1Rþ

g ; v ¼ 1Þ þ O2 ! products; kðO2ðb1Rþ
g ; v ¼ 1Þ;O2Þ

¼ 2:2 � 10�11 � ðT=292Þ � expðb3=TÞ:
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