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Abstract

The three-body recombination of oxygen atoms O + O +M? O2(el) + M is the dominant process of oxygen excitation in the Earth’s
nightglow at altitudes of 85–110 km. The rate coefficient of this reaction, as well as the quantum yields of electronically excited products
(O2(el) in the electronic states: 5pg, A

3Rþ
u , A

03Du, c
1Rþ

u , b
1Rþ

g , a
1Dg, X

3R�
g ) depend on the gas kinetic temperature. In addition to the direct

one-stage excitation channel of these levels of the O2 molecule, the Barth’s mechanism considers the two-stage energy transfer channel. In
this channel, higher excited levels of the O2 act as precursors for the excitation of the O(1S) atom and the underlying electronic levels of
the O2. In this study, we use sensitivity analysis to consider the temperature dependence of the processes of excitation and quenching for
each of the excited components. The analytical expressions are obtained for the sensitivity coefficients of the Volume Emission Rates
depending on temperature for the green line of atomic oxygen O(1S ? 1D), the Herzberg I band O2(A

3Rþ
u ! X3R�

g ) and O2 Atmospheric
band O2(b

1Rþ
g ; v

0 ¼ 0 ! X3R�
g , v

0 0 ¼0). With the help of the sensitivity analysis performed in this work, we (a) confirm that the state
O2(

5pg), produced by the three-body recombination of atomic oxygen, is a precursor for the formation of O2(b
1Rþ

g ), (b) estimate the
quantum yield of the O2(b

1Rþ
g ) state formed as a result of collisional reaction O2(

5pg) with O2, and (c) propose a method for determining
a type of precursor for production of O(1S) in the Barth’s mechanism.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

The Barth’s mechanism is the dominant source of oxy-
gen nightglow emissions in the upper mesosphere and
lower thermosphere (Krasnopolsky, 1987, 2011). The
source of the oxygen excitation in this altitude range is
the exothermic three-body reaction of the recombination
of oxygen atoms

Oþ OþM ! O2ðelÞ þM þ 5:12 eV ð1Þ
The rate coefficient of this reaction depends on temper-

ature (Campbell and Gray, 1973)
https://doi.org/10.1016/j.asr.2020.11.019
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In general case, any of following O2 electronic states,
O2(el), can form as a result of the reaction (1): 5pg, A

3Rþ
u ,

A03Du, c
1Rþ

u , b
1Rþ

g , a
1Dg, X

3R�
g . Next, we will also use the

simplified notation for excited levels: 5p, A3R, A03D, c1R,
b1R, a1D, X3R, respectively. All of them are below the
dissociation threshold of the oxygen molecule. The rate
coefficients of these states production, k(O;O;M ? el), as
a function of kinetic temperature were calculated by
Wraight in 1982 and moreover, the calculated total rate
of the reaction (1), k(O;O;M ? Total), was scaled by
author to fit the experimental measured value of k(O;O;M) =
1.12 � 10�32 cm6 s�1 at T = 196 K (Campbell and Gray,
1973). We show the digitized data from (Wraight, 1982) in
ommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Left panel - rate coefficients of O2 electronic states production, k(O;O;M? el), in the three-body recombination of oxygen atoms (1) depending on
temperature (from Wraight, 1982). Right panel - quantum yields of these electronic states based on data from the left panel according (3).

Fig. 2. The quantum yields of O2 electronic states in the reaction (1)
calculated according to (3) (solid lines) and their trends calculated using an
exponential fitting function (4) (dotted lines) in the temperature range of
140–370 K.

Table 1
Parameters of the fitting function (4) for the quantum yield of O2(el)
electronic states in reaction (1) calculated in this work. The temperature
range is 140 – 370 K. R2 is the coefficient of determination.

Product of the reaction (1) Designation, el xel hel, K R2

O₂(5pg) 5p 2.3419 �155 0.896
O₂(A3Rþ

u ) A3R 0.0114 199 0.924
O₂(A03Du) A03D 0.0386 190 0.961
O₂(c1Rþ

u ) c1R 0.0085 148 0.984
O₂(b1Rþ

g ) b1R 0.0037 133 0.989
O₂(a1Dg) a1D 0.0095 138 0.984
O₂(X3R�

g ) X3R 0.0304 198 0.966
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Fig. 1 (the left panel). In practice, most of authors use the
total rate coefficient (2) and the quantum yields of the prod-
ucts of the reaction (1). The fixed values of the quantum
yields are estimated based on work (Wraight, 1982) for a tem-
perature of about 200 K. However, following this work, the
quantum yields have a significant temperature dependence
(see Fig. 1). In the right panel of Fig. 1, we present the quan-
tum yields of the O2(el) calculated based on Wraight’s data as
follows

F O2 elð Þð Þ ¼ k O;O;M ! elð Þ
k O;O;M ! Totalð Þ ð3Þ

As known, the Barth’s mechanism is usually considered
for the nightglow in the altitude range of 85–110 km. In
this region, the kinetic gas temperature typically extends
in the 140–370 K range (see Fig. 1A in Appendix). There-
fore, precisely this temperature range is chosen for studying
the dependence of quantum yields of the reaction (1) prod-
ucts on temperature. For an analytical description of the
temperature dependence of these quantum yields in the
range of T = 140–370 K, we use the exponential fitting
function of the form (see Fig. 2).

F O2 elð Þð Þ ¼ xel � exp T
hel

� �
ð4Þ

where xel and hel are the fitting constants.
The obtained fitting parameters with coefficients of

determination are given in Table 1. Fig. 2 presents the
result of calculations by (4) for seven O2 electronic states
(dotted lines) versus quantum yields calculated by (3) (solid
lines).

The structure of the paper is as follows. Section 2
describes a procedure of excited oxygen components
formation in the framework of Barth’s mechanism. In
Section 3 we construct the sensitivity coefficient for the
two-channel Barth’s mechanism depending on the gas
922
temperature. In Section 4 we discuss the temperature
dependence of the processes of excitation and quenching
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for excited components such as O(1S), O2(b
1R), O2(A

3R) at
night conditions as a function of altitude. The Summary is
presented in Section 5. In Appendix, we discuss altitude
profiles of the gas temperature in the upper mesosphere
and lower thermosphere and present a database of photo-
chemical processes used in the work.

2. Barth’s mechanism fundamentals

In this section, when describing the details of modeling
the Barth’s mechanism, we use the results of analytical
studies from McDade et al., Bates, later works by Murtagh
up to the recent publications of Grygalashvyly et al. etc.
(McDade et al., 1986; Bates, 1988, 1992; Murtagh et al.,
1990; Grygalashvyly et al., 2019; Lednyts’kyy and von
Savigny, 2020).

Note that all subsequent balance equations and expres-
sions derived from them are obtained for local conditions
(in cm�3). Therefore, we will not further focus on the rela-
tionship between the concentration of excited components
and the Volume Emission Rate (VER) originating from
them, since relevant databases on Einstein’s coefficients
are in the public domain (Krupenie, 1972; Bates, 1989;
Yankovsky et al., 2019).

The two-channel Barth’s mechanism includes both
direct excitation of an arbitrary electronic level of an oxy-
gen molecule in reaction (1) and a two-stage formation pro-
cess of electronic states O2(el): A

3Rþ
u , A

03Du, c
1Rþ

u , b
1Rþ

g ,

a1Dg, X3R�
g . The efficiency of a direct one-stage process

in the three-body recombination of oxygen atoms is
described by the quantum yield F O2 elð Þð Þ (see Fig. 2, as
well as Table 1). The second channel of Barth’s mechanism
is implemented in two stages. At the first stage, the excited
state of the oxygen molecule is formed in the reaction (1).
In this case, this excited state is called the precursor. As fol-
lows from a large number of works since 1977 (Saxon &
Liu, 1977; Wraight, 1982; Klotz and Peyerimhoff, 1986;
Partridge et al., 1991, series of Bates’ papers in ending of
80; Krasnopolsky, 2011 etc.), the precursor is the oxygen
molecule O2ð 5pgÞ which has an excitation threshold just
a few hundredths of the electron-volt below the O2 dissoci-
ation threshold of 5.12 eV.

Since the O2(
5pg) quintet state has no radiative transi-

tions to the lower singlet and triplet states, energy from this
level is believed to be quenched in collisions with O2 and O

(3P). Rate coefficients of these reactions are denoted as k

(O2(
5pg); O2) and k(O2(

5pg); O(3P)), respectively. The bal-
ance equation for O2ð 5pgÞ is

O2ð 5pgÞ
� � ¼ ½O�2 M½ � � k O;O;Mð Þ � F O2ð 5pgÞ

� �
O2½ � � k O2ð 5pgÞ;O2

� �þ O½ � � k O2ð 5pg

� �
;OÞ

ð5Þ

At the second stage, energy from O2(
5pg) precursor is

spent on the excitation of lower energy states of molecular
oxygen as a result of collisions with oxygen molecules
923
O2ð 5pgÞ þ O2 ! O2 elð Þ þ O2 ð6Þ
The quantum yield of the O2 elð Þ production in reaction

(6) is denoted as u (5pg ? el). Considering both aforemen-
tioned channels of the Barth’s mechanism, we get the bal-
ance equation for the O2 elð Þformation as follows

O2 elð Þ½ � ¼ ½O�2 M½ � � k O;O;Mð Þ
Q O2 elð Þð Þ

� F O2 elð Þð Þ þ uð 5pg ! elÞ � F O2ð 5pgÞ
� �

1þ O½ ��k O2ð 5pgÞ;Oð Þ
O2½ ��k O2ð 5pgÞ;O2ð Þ

8><
>:

9>=
>;

ð7Þ

where Q(O2(el)) is a quenching factor of the O2(el) (see
below). The first term in brackets corresponds to the one-
stage (direct) process of O2(el) excitation, the second term
is a two-stage mechanism considering the reaction (6).

The Barth’s mechanism is also a non-alternative source
of excitation of the O(1S) in the nighttime lower thermo-
sphere (below 105 km). However, the actual precursor of
O(1S) excitation remains a matter of debate (Witt et al.,
1979; McDade et al., 1986; Bates, 1992; Mende et al.,
1993). The energy transfer from the precursor to the O

(1S) (threshold of excitation 4.19 eV) occurs according to
a two-stage scheme

½Oð 1SÞ� ¼ ½O�2 M½ � � k O;O;Mð Þ
QðOð 1SÞÞ

� u precursor ! Sð Þ � F O2 precursorð Þð Þ
1þ O2½ ��k O2 precursorð Þ;O2ð Þ

O½ ��k O2 precursorð Þ;Oð Þ
ð8Þ

where u precursor ! Sð Þ is the quantum yield of O(1S) pro-
duction in the quenching reaction of the precursor with
oxygen atom

O2 precursorð Þ þ Oð 3P Þ ! O2 þ O �ð Þ ð9Þ
where (*) denotes any excited state.

In ((7) and (8)), there are three types of parameters
depending on temperature. We have already discussed
two of them, k(O;O;M) and F(O2(el)). The third parameter
is the quenching factor equal to

Q O2 elð Þð Þ ¼ s�1
el þ O2½ � � k O2 elð Þ;O2ð Þ þ O½ � � k O2 elð Þ;Oð Þ
þ N 2½ � � k O2 elð Þ;N 2ð Þ or

Q Oð 1SÞ� � ¼ s�1
S þ O2½ � � k Oð 1SÞ;O2

� �þ O½ �
� k Oð 1SÞ;O� �þ N 2½ � � k Oð 1SÞ;N 2

� � ð10Þ
In (10), s is the radiative lifetime of the excited compo-

nent, k(*;y) denotes rate coefficient of a reaction involving
excited component * and collisional partner y (O2, N2 and
O(3P)). As we showed in (Yankovsky and Manuilova,
2018), collisions with other atmospheric components in
the altitude range of 80–120 km are not effective.
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3. Sensitivity study

The results of calculations by the Barth’s mechanism
depend on temperature, since the three-body reaction of
recombination of oxygen atoms, quantum yields of the for-
mation of electronic states of the oxygen molecule, and
even the reactions of quenching of these states depend on
temperature. The sensitivity analysis makes it possible to
obtain an integral temperature dependence considering all
these factors.

The sensitivity coefficient responsible for the dependence
of the concentration of the excited component on the gas
temperature (see Yankovsky et al., 2016) is

S O2 elð Þ; Tð Þ ¼ T
O2 elð Þ½ � �

@ O2 elð Þ½ �
@T

ð11Þ

The dimensionless sensitivity coefficient in the form of
the logarithmic derivative (11) has an evident physical
meaning. Namely, the exponent factor in expression (12)
characterizes the dependence of concentration on
temperature:

O2 elð Þ½ � / Tð ÞS O2 elð Þ;Tð Þ ð12Þ
To demonstrate the capabilities of this approach, we

first construct the sensitivity coefficient for the two-
channel Barth’s mechanism without considering the tem-
perature dependence of the quenching factor. Using the
definition (11) and the solution of balance equation (7)
we obtain (Yankovsky, 2020):
S O2 elð Þ; Tð Þ ¼
T
#el

� 2
� 	

� F O2 elð Þð Þ þ uð 5pg!elÞ�F O2ð 5pgÞð Þ
1þ O½ ��k O2ð 5pg Þ;Oð Þ

O2½ ��k O2ð 5pg Þ;O2ð Þ
� T

#5p
� 2

� 	( )

F O2 elð Þð Þ þ uð 5pg!elÞ�F O2ð 5pgÞð Þ
1þ O½ ��k O2ð 5pg Þ;Oð Þ

O2½ ��k O2ð 5pg Þ;O2ð Þ

ð13Þ
Formula (13) is correct for the temperature range of
140–370 K (see above).

If the quantum yield of the precursors were independent
of temperature (all values of hel from Table 1 tend to infin-
ity), we would get an obvious result from (13), namely, S
(O2(el);T) = �2. The temperature coefficient of the three-
body reaction of the recombination of oxygen atoms (1)
has just such a temperature dependence. We consider the
impact the quenching factor on the sensitivity coefficient
(13) for the three most famous atmospheric experiments
in the next section.
4. Discussion

Using the obtained theoretical expressions, an analysis
of the experimental data obtained in situ and simultane-
ously during the rocket experiments ETON, MULTI-
924
FOT92, WADIS-2 was carried out. In each of these
experiments, the Barth’s mechanism was used to theoreti-
cally interpret the experimental data.

4.1. Mechanism of O2 A3Rþ
u ; v

� �
production in the ETON and

MULTIFOT92 experiments.

The authors of these experiments concluded that alti-
tude profile of VER in Herzberg 1 band was formed as
result of a one-stage channel of the Barth’s mechanism
(Thomas et al., 1979; Thomas, 1981; Thomas and Young,
1981; McDade et al., 1986; Melo et al., 1997). For reaction

of the O2 A3Rþ
u ; v ¼ 0� 5

� �
quenching in collisions with O2,

N2, O(3P) the temperature dependence has not yet been
found (see Table A1 in Appendix). Therefore, following
(13), we obtain the sensitivity coefficient for the

O2 A3Rþ
u ; v

� �
production in the Barth’s one-stage mecha-

nism from (7) in form:

S O2 A3R
� �

; T
� � ¼ T

hA3R
� 2 ð14Þ

The dependence of ½O2 A3Rþ
u ; v

� �
] on temperature (14) is

of the order of (T)–1 in the altitude range from 85 to 110 km
(Fig. 3, line b). Small variations of sensitivity coefficient, S
(O2(A

3R);T), depending on altitude are naturally related to
the variability of the temperature profile.
4.2. Mechanism of O(1S) production in the ETON and

MULTIFOT92 experiments.

We supplemented the mechanism with measurement of
the rate coefficient of reaction O(1S) + O2 ? products, hav-
ing a strong ‘negative’ dependence on temperature:

k O 1S
� �

;O2

� � ¼ AS;O2exp
bS;O2 þ bS;O2 � T 2

T

� �
ð15Þ

where AS;O2 = 2.32 � 10�12 cm3 s�1, bS;O2 = �812 K,
bS;O2 = 1.82 � 10�3 K�1 for temperature in range of
215–473 K (see Table A1 in Appendix). The rate coeffi-
cients, k(O(1S);O(3P)) and k(O(1S);N2), do not depend on
temperature (see Slanger and Black, 1981). In accordance
with definition (11) sensitivity coefficients for the O(1S)
production in the Barth’s two-stage mechanism from (8) is



Fig. 3. Sensitivity to the temperature of the volume emission rates from
two excited oxygen components at night. Only the temperature depen-
dence of the three-body reaction of recombination of oxygen atoms (1) is
used in case a. In other cases, the temperature dependencies for the
quantum yields of precursors and quenching factors were also considered.
Line b – O2 A3Rþ

u

� �
from direct one-stage reaction (1), see (14). For Oð 1SÞ

we consider three types of precursor: c – O2ð 5pgÞ, d – O2 A3Rþ
u

� �
, e –

O2 A
03Du

� �
, respectively.
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S Oð 1SÞ; T� � ¼ T
hprecursor

� 2þ O2½ � � k Oð 1Sð Þ;O2Þ
QðOð 1SÞÞ

� bS;O2
T

� T � bS;O2

� �
ð16Þ

The sensitivity analysis (16) shows a strong dependence
of [O(1S)] on temperature fluctuations. Values of S(O(1S);
T) may take values between �1 and �5 (Fig. 3, lines c, d,
e). This effect is most noticeable for the precursor O2(

5pg)
(see Fig. 3, line c), but if the precursor of the green line

emission is O2 A3Rþ
u ; v

� �
or O2 A

03Du; v
� 	

then the sensitivity

coefficient S(O(1S); T) lies in the range from �1 to �3 (lines
d and e in Fig. 3) in the altitude range of 92–105 km, where
the Barth’s mechanism is the actual source of the green line
emission. At lower altitudes (below 92 km), the sensitivity
of the green line intensity to temperature is controlled
mainly by the collisional quenching (see the last term on
the right side of expression (16)).

Thus, the analysis of sensitivity to temperature opens
the possibility of solving the problem of defining the
S O2 b1R
� �

; T
� � ¼

T
#b1R

� 2
� 	

� F O2 b1R
� �� �þ uðprecursor!b1RÞ�F precursorð Þ

1þ O½ ��k O2ðprecursorÞ;Oð Þ
O2½ ��k O2ðprecursorÞ;O2ð Þ

� T
hprecursor

� 2
� 	( )

F O2 b1R
� �� �þ uðprecursor!b1RÞ�F precursorð Þ

1þ O½ ��k O2ðprecursorÞ;Oð Þ
O2½ ��k O2ðprecursorÞ;O2ð Þ

þ N 2½ � � k O2 b1R
� �

;N 2

� �
Q O2 b1R

� �� � � bb;N2

T

� �
ð17Þ
O(1S) precursor in the nightglow. An abnormally strong
dependence of the intensity variations of the green line of
925
atomic oxygen on fluctuations of temperature (the values
of S(O(1S);T) less than �3 in the altitude range of
92–105 km) can be provided only by the precursor
O2(

5pg). If S(O(1S); T) takes a value greater than �2, then
O2(

5pg) is obviously not a precursor. The main requirement
to determine the O(1S) precursor is that fluctuations of
[O(1S)] and temperature must be measured simultaneously
and in situ.

4.3. Sensitivity of O2 b1Rþ
g

� 	
production to temperature

This is the most difficult case compared to those consid-
ered earlier. We need to consider all the declared factors
affecting the sensitivity to temperature. This excited state
of O2 is populated both in a one-stage and a two-stage
Barth’s mechanism, in addition, the quenching factor also
depends on temperature.

This problem has a long history. In 1978, Noxon (1978)
reported numerous observations of simultaneous large
quasiperiodic fluctuations in the rotational temperature
and the intensity of the O2 Atmospheric band in nightglow.
He also noted that there was evidence of similar variations
in the Doppler temperature and intensity of the green line
of oxygen in approximately the same range of atmospheric
heights (about 95 km). Noxon (1978) emphasizes that tem-
perature (and wind) fluctuations are an immediate reaction
of the atmosphere in the presence of a gravity wave. At the
same time, the reaction of the intensity of nightglow is
much less direct, since it includes the behavior of chemical
reactions involving excited components of the atmosphere
depending on the gas temperature. The fluctuations in tem-
perature and radiation intensities are such that they should
be taken into account in all mesospheric chemical theories
where there are reactions, the rate coefficients of which
depends on temperature (Noxon, 1978).

In this section, we deal with this very task. We carried
out a numerical experiment to determine the sensitivity
coefficient O2(b

1R+
g ) to temperature and its precursor based

on publicly available results of rocket experiments.

4.3.1. Analytical expression for sensitivity coefficient,

S O2 b1R
� �

; T
� �
Following ((11) and (13)) we obtain the sensitivity coef-

ficient of O2 b1Rþ
g

� 	
to temperature:
The last term on right side of expression (16) shows
the sensitivity of [O2(b

1R+
g )] to temperature due to its



Table 2
The values of F(O2(

5pg)) � u(5pg ? b1R+
g ) and k(O2(

5pg);O)/k(O2(
5pg);O2) parameter sets used for sensitivity study of ½O2ðb1Rþ

g Þ� to temperature
fluctuations.

Experiment ETON
(McDade et al., 1986)

WADIS-2
(Grygalashvyly et al., 2019)

Altitude profile of [O(3P)] from MSIS for ETON MSIS for WADIS-2
uð 5pg ! b1Rþ

g Þ � F O2ð 5pgÞ
� �

0.15 ± 0.01 0:08þ0:12
�0:04

k O2ð 5pgÞ;O
� �

=k O2ð 5pgÞ;O2

� �
2.9 ± 0.5 0:23þ0:36

�0:14

Table 3
The values of O2(b

1R+
g ) quantum yield, u(precursor? b1R+

g ), calculated in
this work from experimental data for various proposed precursors of the
Barth’s mechanism.

Precursor u precursor ! b1Rþ
g

� 	
Experiment ETON Experiment WADIS-2

O2ð 5pgÞ 0.2 ± 0.1 0:13þ0:20
�0:06

O2 A3Rþ
u

� �
6.1 2.7

O2 A
03Du

� �
1.6 0.8

O2 c1R�
u

� �
6.0 3.0
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quenching factor. The rate coefficient of the reaction
O2(b

1R+
g ) + N2 ? products is

k O2 b1R
� �

;N 2

� � ¼ Ab;N2 � exp bb;N2

T

� �
ð18Þ

where Ab;N2 = 2.03 � 10�15 cm3 s�1, bb;N2 = 37 K for T =
210–370 K (see Table A1 in Appendix). The rate coeffi-
cients k(O2(b

1R);O(3P)) and k(O2(b
1R);O2) do not depend

on temperature (see Burkholder et al., 2015).
Following the point of view of most researchers on the

mechanism of formation of O2(b
1R+

g ) molecules in night-
glow, we believe that its precursor in the Barth’s mecha-
nism is the O2(

5pg) state. Below we discuss three other

precursors: O2 A3Rþ
u

� �
, O2 A

03Du

� 	
;O2 c1R�

u

� �
.

The values of quantum yield of O2(b
1R+

g ) in reaction (6),
u(5pg ? b1R+

g ), rate coefficients of quenching of the precur-
sor O2ð 5pgÞ in collisions with O(3P) and O2, k(O2(

5pg);O)
and k(O2(

5pg);O2), from (17), are not known until now.
However, two expressions, k(O2(

5pg);O)/k(O2(
5pg);O2)

and u(5pg ? b1R+
g ) � F(O2(

5pg)), involving these parameters
can be measured according to the technique proposed in
(McDade et al., 1986). The values of these constants
obtained in rocket experiments ETON (McDade et al.,
1986) and WADIS-2 (Grygalashvyly et al., 2019) are pre-
sented in Table 2. Note that the results of the MULTI-
FOT92 experiment (Takahashi et al., 1996) were close to
ETON.

At first glance, ETON and WADIS-2 data sets from
Table 2 are not consistent. However, we consider the tem-
perature dependence of the quantum yield of the precursor
F(O2(

5pg)), as was done above (Section 1). In
(Grygalashvyly et al., 2019), the parameters were deter-
mined for the altitude range of 92–103 km, and in the mid-
dle of this interval, a wide local peak of gas temperature
about 205 K (see Fig. 1a in Grygalashvyly et al., 2019)
was recorded in the experiment. At this temperature, the
value of F(O2(

5pg)) ffi 0.60 (see Fig. 1). Therefore, we
obtain an estimate for the quantity u (5pg ? b1R+

g )
ffi 0:13 (see the first line in Table 3). In the ETON experi-
ment (McDade et al., 1986), it was not possible to measure
the altitude temperature profile at the same time in situ, so
we can only rely on the temperature profile from MSIS for
this event. The Barth’s mechanism parameters were deter-
mined for an altitude range of approximately 90–110 km.
In the middle of this interval there is a local gas tempera-
ture minimum of 170–175 K, following the MSIS model.
The value of F(O2(

5pg)) reaches a value of 0.75 at these
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temperatures (Fig. 1). Then we get an estimate of u (5pg ?
b1R+

g ) ffi 0.2 (Table 3), but with an uncertainty factor of at
least 1.5 since the temperature profile is not experimentally
measured.

As can be seen from Table 3, according to our estimates,
both sets of constants for the Barth’s mechanism (McDade
et al., 1986; Grygalashvyly et al., 2019) give almost identical
values of the quantum yield u (5pg ? b1R+

g ) taking into
account uncertainties. A more accurate determination of
this value is possible only based on a new experiment in situ.

4.3.2. Numerical experiment for determination of O2 b1Rþ
g

� 	
precursor

The data sets of the parameters of the Barth’s mecha-
nism, measured experimentally (Table 2), are quite suffi-
cient to deal with the type of precursor of the emission of
the molecule in nightglow. We carried out a numerical
experiment, calculating the sensitivity coefficient, S

(O2(b
1R); T), for 9 model scenarios, which are presented

in Table 4 (see Fig. 4). The S(O2(b
1R); T) altitude profiles

were calculated according to the formula (17) in which
not only the O2ð 5pgÞstate, but also three others states,

O2 A3Rþ
u

� �
, O2 A

03Du

� 	
;O2 c1R�

u

� �
, were used as a precursor.

Also, for all precursors, estimates of the quantum yield of
O2(b

1R) molecules (as in Section 4.3.1) were provided,
ensuring agreement with the measured sets of constants
from the experiments (Table 2). The results of these esti-
mates show that only the precursor O2ð 5pgÞcan provide
the observed O2(b

1R) concentrations in the nightglow.
We are forced to reject the other precursors, since, to agree
with the experiment, they must form O2(b

1R) molecules
with a ‘‘physically” impossible quantum yield greater than
1 (see Table 3).

Another confirmation that both sets of parameters for
the Barth’s mechanism (ETON and WADIS-2) do not con-
tradict each other is shown in Fig. 4. The coefficients of



Table 4
Scenarios of the numerical experiments for calculations of sensitivity coefficient, S O2 b1R

� �
; T

� �
, which used in Fig. 4.

Experiment Parameter’s set (see Table 2) Precursor Index in Fig. 4

Temperature dependence of the three-body recombination of oxygen atoms, Eq. (1) a

ETON McDade et al. (1986) O2(
5p) f

ETON McDade et al. (1986) O2(A
3R; A03D; c1R) g

ETON Grygalashvyly et al. (2019) O2(
5p) h

ETON Grygalashvyly et al. (2019) O2(A
3R; A03D; c1R) i

WADIS2 Grygalashvyly et al. (2019) O2(
5p) j

WADIS2 Grygalashvyly et al. (2019) O2(A
3R; A03D; c1R) k

WADIS2 McDade et al. (1986) O2(
5p) l

WADIS2 McDade et al. (1986) O2(A
3R; A03D; c1R) m

Fig. 4. Sensitivity of the volume emission rate from O2(b
1R+

g ) molecule to
temperature in the nightglow. Nine cases are under consideration: see
notation in Table 4 and text.
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sensitivity [O2(b
1R+

g )] to temperature calculated for the
conditions of two experiments (ETON and WADIS-2)
using two alternative sets of Barth’s mechanism constants
(Table 2) give very close values in a comparable altitude
range of 92–105 km (Fig. 4, lines f, h, j and l). This result
was obtained considering the temperature dependence of
not only the rate coefficient of the reaction (1), but also
considering the temperature dependence of the quantum
yields of the reaction products. The discrepancies between
the results of modeling the sensitivity coefficient at altitudes
above 105 km are associated more with the uncertainties in
the altitude profile of atomic oxygen, but this is not the
subject of this study. If we take into account the tempera-
ture dependence of the quantum yields of the precursor in

reaction (1), then the concentration of O2 b1Rþ
g

� 	
in the

altitude range of 85–110 km (Fig. 4, lines f, h, j and l)
depends more strongly on temperature than if the concen-
tration depended only on the reaction of recombination of
oxygen atoms (see Fig. 4, line a). Approximately this

relationship can be described as ½O2ðb1Rþ
g Þ� / ðT Þ�2:8 in

altitude range of 92–105 km.
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5. Summary

In this study, the effect of atmospheric temperature
on calculation the intensity of oxygen emissions in the
framework of the Barth’s mechanism is investigated.
The calculations have been performed based on sensitiv-
ity analysis. The temperature dependence of the pro-
cesses of excitation and quenching for excited
components such as O(1S), O2(b

1R+
g ), O2(A

3R+
u ) is con-

sidered for the altitude interval of 85–110 km. The
results show that the analysis proposed in this study
might be used in order to determine (i) a type of O

(1S) precursor (Section 4.2) and (ii) quantum yield of

O2 b1Rþ
g

� 	
as a result of the collisional reaction of the

precursor with O2 (Section 4.3.1). Available experimen-
tal data led to the conclusion that the O2ð 5pgÞ state
is a precursor of O2(b

1R+
g ) in the Barth’s mechanism

(Section 4.3.2). The analytical formulas obtained are
also suitable for estimating the temperature effect on
the contribution of the Barth’s mechanism to atmo-
spheric dayglow. However, further investigations are
necessary.
6. Data availability

Data of MSIS-E-90 Atmosphere Model are available via
https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.
php (last accessed 6 June 2020).

WADIS-2 data are available via the IAP ftp server at
ftp://ftp.iap-kborn.de/data-in-publications/Grygalashvy
lyACP2018 (last access: 25 November 2019).

Data of TIMED-SABER—Sounding of the Atmo-
sphere Using Broadband Emission Radiometry. Available
online: http: //saber.gats-inc.com/data.php (accessed on
19 January 2020).
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Fig. A1. The profiles of gas kinetic temperature from TIMED-SABER
data for 2010 22 June, 90 random events, Latitude = 35–75 N, SZA (Solar
Zenith Angle) = 68–105�.
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Appendix A.

A.1. Altitude profiles of the gas temperature in the upper

mesosphere and lower thermosphere

Barth’s mechanism is usually used to interpret measure-
ments of oxygen emission intensities in the altitude interval
of 85–110 km (Witt et al., 1979; Thomas, 1981; McDade et
al., 1986; Mende et al., 1993; Melo et al., 1997;
Grygalashvyly et al., 2019, etc.). The gas temperature pro-
files shown in these works were extremely diverse, espe-
cially in those cases when it was actually possible to
measure them. To clarify the range of possible temperature
variations, we considered an extended range of altitudes
and used the database obtained in the TIMED-SABER
experiment for 2003–2019. For example, Fig. A1 shows a
selection of Tk altitude profiles for one day in accordance
with satellite data in a wide range of values of Solar Zenith
Table A1
Laboratory quenching rate coefficients, k(*;Q), and radiative lifetimes,
O2ðA3Rþ

u ; v ¼ 0� 5Þ. Values of k(*;Q) are given taking into account the depen
290–300 K) for collisional partner, Q: O2, O(3P) and N2. Status for Septembe

Process Parameter Value of parameter

O(1S) ? O(1D) and O(3P) + hm sS 0.74 s
O(1S) + O2 ? products k(O(1S);O2) AS;O2exp

bS;O2þbS;O2 �T 2

T

�
AS;O2 ¼ 2:32� 0:94ð
bS;O2 ¼ � 812� 13ð
bS;O2 ¼ 1:82� 0:95ð

O(1S) + O(3P) ? products k(O(1S);O(3P)) 2 � 10�14 cm3 s�1

O(1S) + N2 ? products k(O(1S);N2) <5�10�17 cm3 s�1

O2 b1Rþ
g ; v ¼ 0

� 	
! O2 X 3R�

g ; v
;

� 	
and O2 a1Dg; v}

� �þ hm

sb 11.0 s

O2 b1Rþ
g ; v ¼ 0

� 	
þ O2 ! products k O2 bð Þ;O2ð Þ 3:9� 2:0ð Þ � 10�17 c

O2 b1Rþ
g ; v ¼ 0

� 	
+ O (3P) ? products k(O2 (b);O

(3P))
8 � 10�14 cm3 s�1; r
uncertainty Dk=k ¼

O2 b1Rþ
g ; v ¼ 0

� 	
þ N2 ! products k O2 bð Þ;N2ð Þ Ab;N2exp

bb;N2

T

� 	
; w

Ab;N2 ¼ 2:03� 0:30ð
bb;N2 ¼ 37� 40ð ÞK

O2 A3Rþ
u ; v

� �a ! O2 X 3R�
g ; v

0
� 	

þ hm sA,v 0.095 s

O2 A3Rþ
u ; v

� �a þ O2 ! products k O2 A; vð Þ;O2ð Þ 2:9� 2:0ð Þ � 10�13 c

O2 A3Rþ
u ; v

� �
a + O (3P) ? products k(O2(A,v);O

(3P))
1:3� 0:2ð Þ � 10�11 c

O2 A3Rþ
u ; v

� �a þ N2 ! products k O2 A; vð Þ;N2ð Þ 9:3� 1:7ð Þ � 10�15 c

a – the value of the parameter is true for v = 0–5.
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Angle, SZA = 68–105� and Latitude = 35–75 N. Based on
selected events, we analyzed the effect of temperature
within the Barth’s mechanism in the range of 140–370 Kel-
vin (see Section 1).

A.2. A complete list of values of the Einstein coefficients and

the reaction rate coefficients (together with the

uncertainties) used in the work is presented in Table A1

See Table A1.
s, for excited components, where * denotes O(1S), O2 b1Rþ
g ; v ¼ 0

� 	
;

dence on temperature (where RT is the room temperature in the range of
r 2020.

Temperature
range

References

McDade et al. (1986)	
;where T = 215–473 K Capetanakis et al. (1993)

Þ � 10�12 cm3 s�1;

0ÞK;
Þ � 10�3 K�1

RT Slanger and Black (1981)
RT

Yankovsky et al. (2019)

m3 s�1 RT Burkholder et al. (2015)

elative
4

RT

here T = 210–370 K Dunlea et al. (2005)

Þ � 10�15 cm3 s�1

Bates (1989)

m3 s�1 RT Kenner and Ogryzlo (1984),
Knutsen et al. (1994)

m3 s�1 RT Knutsen et al. (1994)

m3 s�1 RT
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