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Abstract

The branching ratios € and o in the three-body recombination reaction for O('S) greenline and 0,(0,0) atmospheric band airglow
chemistry represent the fraction of O, that branch into the b’ Z; and ¢!')" | electronic states, respectively. In the present work, the empir-
ical values of these branching ratios have been deduced using a numerical optimization approach. They were obtained using the
optimization scheme known as the Covariance Matrix Adaptation Evolution Strategy (CMA-ES) with our MACD-00 model and simul-
taneous volume emission rate (VER) measurements of the O('S) greenline and O,(0,0) atmospheric band emissions. The CMA-ES was
employed as the optimization algorithm that would match the O('S) and 0,(0,0) VER profiles simulated by the MACD-00 model to
observations made by OXYGEN/S35, S310.10, NASA Flight 4.339, ETON flights P229H and P230H, OASIS, SOAP/WINE, MULTI-
FOT, and WINDII. We found that most of the values deduced for € were in the [0.1, 0.3] range, while most of the values of o were in the
[0.01, 0.03] range. Excluding the outliers, the average branching ratio values involving the production of Oz(blzg) and O,(c'>") were
determined to be € =0.15 + 0.02 and oo = 0.018 + 0.004, respectively. Overall, the simulations showed good agreement with the obser-
vations albeit with some discrepancies in the peak altitudes and shape of the profiles, possibly due to small perturbations in the observed

VER profiles that are not considered in our simulations.
© 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The O('S) greenline and O, atmospheric band airglow
emissions have been broadly studied and provide valuable
information on the chemistry and dynamics in the meso-
sphere and lower thermosphere (MLT) region. Over the
years, a number of studies have utilized O('S) greenline
and O, atmospheric band observations to derive atomic
oxygen densities or to deduce airglow excitation parameters
(e.g. McDade et al., 1986; Murtagh et al., 1990; Gobbi et al.,
1992; Lopez-Gonzalez et al., 1992; Melo et al., 1996; Russell
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and Lowe, 2003, 2004; Gao et al., 2012; Lednyts’kyy et al.,
2015). O('S) greenline and O, atmospheric band observa-
tions have also been used to characterize dynamical activity
in the upper atmosphere and to determine wave parameters
(e.g. Taylor et al., 1995; Schubert et al., 1999; Medeiros
et al., 2005; Vargas et al., 2015). Thus, accurate knowledge
of the chemical reactions and rate coefficients is essential to
obtain atomic oxygen densities, to simulate airglow emis-
sion profiles and intensities, and to extract wave informa-
tion from observations.

The branching ratios of multichannel reactions play an
important role in both practical applications, i.e. models
that involve atmospheric chemistry, and in the understand-
ing of fundamental mechanisms of the chemical reactions
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(Seakins, 2007). The three-body recombination reaction for
the O('S) greenline and O, atmospheric bands airglow
chemistry consists of:

(I—e—o)k;

0+0+M 0,+M (1-R1)
ek +

O+O+M—'>Oz<blz> +M (1-R2)
g

0+0+M“ﬂ02<clz> +M (1-R3)

where M represents the third-body (major gas species N, or
0,), k; is the rate coefficient of the three-body recombina-
tion reaction, and € and o are the branching ratios, which
represent the fraction of O, atoms in the states
0,(b'Y;) and Oy(c'S],). respectively. Huang and
George (2014) conducted a sensitivity study and found that
the branching ratio, a, is the leading determining factor for
O('S) greenline volume emission rate (VER) production
whereas the branching ratios, ¢ and o, determine the
05,(0,0) atmospheric band VER production. Furthermore,
they found that the VER of O('S) greenline decreases with
decreasing o and increasing €, and that the VERs of atmo-
spheric bands increase with increasing € and decreasing o.
The simulated wave-induced secular variations and fluctu-
ations of atmospheric bands also change when different
values are assigned to the branching ratios & and o
(Huang and George, 2014). Fig. 1 shows the normalized
airglow intensity variation for O,(0,1) simulated with our
MACD-00 model (Amaro-Rivera et al., 2017) using differ-
ent sets of branching ratios [e =7 x 107>, o= 0.04] and
[e=0.09, o =0.04]. A gravity wave packet with a forcing
wave period of 20-min and horizontal scale of 30-km was
used in the simulation to show the effect of an upward
propagating gravity wave packet in the O, atmospheric

Normalized 02(0,1) Airglow Intensity Variations
T=20 min, Lx=30 km, Lat=18 N, Long=290 E

e = 74107, o = 0.04
1.25 | ——¢=0.09, a =0.04

Normalized Airglow Intensity
>
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Time (min)

Fig. 1. Time series of wave-induced O»(0,1) atmospheric band intensity
variation when different branching ratios are used in our MACD-00
model.

band airglow layer. As the figure illustrates, airglow
response to a passage of a wave can be very different when
different branching ratios are used.

There is currently a significant discrepancy in the values
used for the branching ratios in the three-body recombina-
tion reaction. For instance, in their models Hickey et al.
(1993) used o = 0.8 and € = 0.11, Snively et al. (2010) used
oo = 0.03 in reaction R3 and did not consider reaction R2
(which involves ¢€), and Huang and George (2014) used
o0=0.04 and e =7 x 107>, Over the years, a number of
laboratory or in-situ measurements have been employed
to determine these branching ratios. Solheim and
Llewellyn (1979) used a O('S) greenline model and esti-
mated that the fraction of recombination that results in
the O,(c'y" ) state was approximately 0.7. Greer et al.
(1981) indicated that oo =0.8 led to agreement between
measured and calculated atmospheric band intensities.
Witt et al. (1984) used O(0,0) observations from the
ETON (Energy Transfer in the Oxygen Nightglow) cam-
paign and determined € to be in the 0.12-0.2 range.
McDade et al. (1986) also used O5(0,0) atmospheric band
VER profiles from the ETON campaign to determine the
value of &. They found that & was in the range of ~0.02
to ~0.2 and was altitude dependent for direct excitation

of Oz(blzz) in the three-body recombination. Their study
suggested that, unless the production of Oz(blzg) was
temperature dependent, direct excitation of Oz(blzg) in
the three-body recombination reaction was not consistent
with the O,(0,0) observations from ETON. Stegman and
Murtagh (1991) used observations of the Herzberg I and
IT bands and deduced that the upper limit for the produc-
tion efficiency of O,(c'>".) in the three-body recombina-
tion reaction (i.e. branching ratio o) was 0.1. These
studies deduced ¢ or o from observations of a single emis-
sion. Our approach considers both O('S) greenline and
05,(0,0) atmospheric band VER observations, as they occur
within a same common volume and involve the same pre-
cursor, O,(C!) (Huang and George, 2014). The MACD-
00 model employed in this study also uses the combined
chemical reaction set for O('S) greenline and 0,(0,0) atmo-
spheric band.

Simultaneously and consecutively measured O('S)
greenline and 0,(0,0) atmospheric band nightglow VER
profiles and MACD-00 model simulations were used in this
study to deduce the branching ratios € and o. The different
sets of observations were matched to the MACD-00 simu-
lations by employing a numerical optimization approach
known as the Covariance Matrix Adaptation Evolution
Strategy (CMA-ES).

The paper is organized as follows: Section 2 presents the
CMA-ES optimization algorithm employed in our study,
Sections 3 and 4 contain a description of the chemistry
model and observations, respectively, and Section 5
describes our approach to determine the optimal set of
branching ratios based on the MACD-00 model and the
observations. Sections 6 and 7 contain the results and
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discussion, respectively. The conclusions can be found in
section 8.

2. CMA-ES

The CMA-ES (Hansen and Ostermeir, 2001; Hansen
et al., 2003) is a powerful, biologically inspired algorithm
that performs single-objective real-valued optimization.
Some of the advantages of the CMA-ES algorithm include
that it can operate on problems that are non-linear,
non-quadratic, non-convex, non-separable, and/or
ill-conditioned, as well as with large search spaces. Addi-
tionally, this self-adaptive algorithm does not require pre-
vious knowledge of the optimization problem to be
solved and it only needs a few inputs from the user
(Gregory et al., 2011 and references therein). The goal with
the CMA-ES is to minimize an objective function (cost
function) in a continuous domain. The algorithm achieves
this by sampling from a Gaussian distribution at each iter-
ation and performing recombination based on the best can-
didates. The goal is to increase the probability of success in
each search step until the optimal solution is found.

The first step in the CMA-ES involves initializing the
population parameters (mean m and variance ¢) and defin-
ing the population size A . The population is described by a
multivariate Gaussian distribution. The algorithm then (1)
samples from the population, (2) evaluates the candidates
based on an objective (cost) function, and (3) updates
parameters. In the third step, the adjusted parameters are
the mean vector m, which determines where the next
Gaussian search distribution will be centered, the variance
o, which controls the step-size for the algorithm, and the
covariance matrix C, which contains information on the
shape of the search distribution. The offspring for the next
iteration is generated by ranking the evaluated candidates
(parents) and performing a weighted recombination using
the best candidates p (= A/2). The sample-evaluate-adjust
process is repeated until a criterion for the cost function
is met or the time expires (Gregory et al., 2015).

The CMA-ES is user-friendly and robust and, under
certain conditions, has proven to be faster and more reliable
than classical optimization algorithms (Gregory et al.,
2015). Thus, we employ the CMA-ES algorithm to find
the optimal set of branching ratios € and o involved in the
O('S) greenline and 0,(0,0) atmospheric band chemistry.
In our study, the initial population (1) consists of 50 random
sets of [&, o] values. Note that each of these branching ratios
values represents a fraction so they are limited to the [0,1]
range and constrained to € + o < 1. The initial sampling dis-
tribution mean (m) and standard deviation (o) are selected
to be half and one-third the value of the branching ratio
range, respectively. The branching ratios population is sam-
pled and the MACD-00 simulates the VER profiles for each
of the sampled [e, o] sets. The cost function is

c(g,a) = Z

ne{01S,02B0}

|pn,obs - p(87 cx)n.sim| (1)

where Posobs aNd Poopoobs aT€ the 0O('S) and the 0,(0,0)
peak VER from the observations, respectively, and
P&, Noissim a0d P&, %) gopom are the O('S) and the
0,(0,0) peak VER from the simulation, respectively. The
results are ranked and the best values are used by the
CMA-ES to adjust and update the mean of the Gaussian
search space, as well as its scope and direction for the
next iteration. The goal of the CMA-ES algorithm in
our study is to constantly self-adapt until the set of
branching ratios that produces the lowest cost function
is found.

3. Chemistry model

This study utilizes the MACD-00 model, which is a non-
linear, time-dependent chemistry dynamics model for the O
('S) greenline and O, atmospheric bands airglow. In this
study, gravity wave dynamics is set off in the MACD-00
model and so only the chemistry part of the model is used
for the simulation. The MACD-00 is based on the work of
Huang and George (2014) and is the latest version of
MACD model that uses NRLMSISE-00 (Picone et al.,
2002) as a reference model of which it outputs atmospheric
densities and temperature for a specified date, time, loca-
tion, AP index, and F10.7 index (Amaro-Rivera et al.,
2017). The MACD model has been used over the years in
airglow and gravity wave-airglow studies (see Huang and
George, 2014; Huang, 2015; 2016; 2017; Amaro-Rivera
et al., 2017). The VER for each airglow emission, based
on the MACD-00 chemical set, is given by

~ R;;R3R,[0][M]
Vois = Ls(R14[O2] +Rys) @)
2
Vounn = SO PR L+ Ry(R4[0:]+ R(N:] +Ra[O)}
(3)
where Ly = Ry[O,] + Rs[N,] + (R¢ + R; + Rg)[O] + Ry

and L5 = RlO[NZ] + R11[02] + R12[O] + R13. The rate coef-
ficients R, can be found in Table 1 of Huang and George
(2014), where X corresponds to the number of the chemical
reaction listed in the table. The branching ratios € and o are
the subject of study in this paper so their values are deter-
mined by the CMA-ES algorithm.

4. O('S) and 05(0,0) observations

The dataset used in the present study consists of simul-
taneous and consecutive measurements of O('S) greenline
and O5,(0,0) atmospheric band emissions. Most of the mea-
surements were obtained with photometers during rocket
flight experiments in the 1981-1992 period. These include
the OXYGEN/S35 flight (Witt et al., 1984), the S310.10
sounding rocket experiment (Ogawa et al., 1987), the
NASA flight 4.339 (Siskind and Sharp, 1991), the ETON
P229H rocket flight (Greer et al., 1986), the OASIS
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Table 1
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VER observations used in the present study.

Source Date(s) Latitude, longitude AP F10.7 Reference(s)
OXYGEN/S35 February 7, 1981 67.9 N, 20 180.5 Witt et al. (1984)
21.1 E
$310.10 August 24, 1981 31.2N, 28 258.9 Ogawa et al. (1987)
131.1 E
Flight 4.339 December 7, 1981 320N, 15 287.0 Siskind and Sharp (1991)
106.0 W
ETON P229H March 23, 1982 57.4 N, 8 202.4 Greer et al. (1986)
7.4W
ETON P230H March 23, 1982 57.4 N, 8 202.4
74 W
OASIS June 11, 1983 324N, 10 139.2 Murtagh et al. (1990)
106.3 W
SOAP/WINE February 10, 1984 679N, 21 136.7 von Zahn (1987)
21.1 E
MULTIFOT May 31, 1992 238, 8 101.8 Takahashi et al. (1996)
444 W
WINDII April 25-26, 1992 ~28.0N, ~312.0 E 9 150.4 G. Shepherd and Y-M. Cho,
WINDII May 2-3, 1992 ~32.0N, ~313.0 E 11 132.9 private communication, 2017
WINDII August 27-28, 1992 ~21.0 S, ~165.0 W 10 96.7 Liu and Shepherd, 2006

(Oxygen Atom Studies In Space) experiment (Murtagh
et al., 1990), the SOAP rocket payload used in the Middle
Atmosphere Program/Winter in Northern Europe (MAP/
WINE) experiment (von Zahn, 1987), and the MULTI-
FOT payload onboard the SONDA 1III rocket
(Takahashi et al., 1996). The Wind Imaging Interferometer
(WINDII) data were obtained with a Michelson interfer-
ometer onboard NASA’s Upper Atmosphere Research
Satellite (UARS) (Shepherd et al., 1993) and was provided
by G. Shepherd and Y-M. Cho (private communication,
2017). The dataset includes a variety of dates, locations,
and geophysical conditions. Details for the data, including
the references from which the data were obtained, are
displayed in Table 1.

In general, most of the O('S) greenline VER observa-
tions used in the present study display a peak between
96 km and 97 km, and most of the O,(0,0) atmospheric
band observations have a peak in the 93 km to 95km
range. Again, because of the diverse atmospheric condi-
tions during each experiment, the peak altitudes, peak
VERs, and shape of the profiles vary for each experiment.
Details on the instruments, calibration, and data reduction
for the observations can be found in (Witt et al., 1984;
Ogawa et al., 1987; Siskind and Sharp, 1991; Greer et al.,
1986; Murtagh et al. 1990; Takahashi et al., 1996;
Shepherd et al., 1993).

5. Methodology

The first step in the process of determining the branch-
ing ratios from our MACD-00 model and observations
consists of specifying in the model the geophysical condi-
tions (date, time, location, Ap index, and F10.7 index)
for when the data were obtained. The MACD-00 model
then simulates the VER profiles for an initial set of branch-
ing ratios. The CMA-ES algorithm then compares the

MACD-00 simulated profile to the measured VER profile.
A new population with different sets of branching ratios is
determined by the CMA-ES based on the results of the
comparison, as described in Section 2. The VER profiles
are simulated again using the new set of branching ratios,
and the process is repeated until the results converge to
an optimal set of values. This process is shown in the flow-
chart in Fig. 2. An optimal set of branching ratios is deter-
mined for each set of measured O('S) and 0,(0,0) VER
profiles independently, following the aforementioned
approach.

6. Results

We deduced the branching ratios € and o for each set of
simultaneous or consecutive observations. Figs. 3-13
display the simulated and measured VER profiles for O
('S) greenline and 0,(0,0) atmospheric band. The
MACD-00 profiles shown in these figures correspond to
the VER values simulated using the optimal set of branch-
ing ratios found by the CMA-ES. Tables 2 and 3 show the
peak altitudes and peak VERs for O('S) greenline and
0,(0,0) atmospheric band, respectively. Below are the
results for each set of VER observations.

6.1. OXYGENIS35

Fig. 3 shows the measured and model simulated O('S)
and 0,(0,0) VER profiles from the OXYGEN/S35 cam-
paign. From the figure, we can see there is good agreement
between measured and simulated O('S) VER profiles, par-
ticularly above the peak altitude. In the O5(0,0) case, the
measured profile exhibits double peaks present possibly
due to wave activity. The upper and lower peaks are
located at ~93.82km and ~88.4 km, respectively. It is
interesting to note that the upper peak is at the nominal
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Fig. 2. The flowchart shows the process employed to find the branching
ratios.

peak altitude of O,(0,0) VER and our simulated VER
profile had a peak altitude that is closest to the altitude
of the upper peak.
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6.2. §310.10

Fig. 4 shows the S310.10 measured and model simulated
VER profiles for O('S) greenline and 0,(0,0) atmospheric
band. The simulated O('S) greenline VER profile appears
to be lower by ~2 km when compared to the measured pro-
file. The simulated O5(0,0) profile shows good agreement
with the S310.10 measurements, with the S310.10 profile
being slightly narrower in the vicinity of the peak.

6.3. Flight 4.339

Fig. 5 shows the measured and model simulated O('S)
and 0,(0,0) VER profiles from Flight 4.339. The measured
O('S) greenline VER profile appears to be disturbed above
the peak and is narrower than the simulated profile. Its
peak altitude appears to be higher than the simulated peak
altitude. The O5(0,0) measured and simulated profiles show
excellent agreement in the peak altitude. The O,(0,0) VER
profile measured on Flight 4.339 is slightly narrower than
the simulated profile.

6.4. ETON flights P229H and P230H

Figs. 6 and 7 show the O('S) greenline and 0,(0,0) VER
profiles for ETON flights P229H and P230H, respectively.
For each flight, we simulated the VER profiles using
atomic oxygen densities ([O]) from NRLMSISE-00 and
using [O] observations from the ETON campaign (Greer
et al., 1986). In general, our MACD-00 simulated VER
profiles exhibited excellent agreement with the ETON mea-
sured VER profiles. For the ETON P229H case, the mea-
sured O('S) greenline VER profile displays a 0.49 km
difference in the peak altitude when compared to the simu-
lation that uses [O] from NRLMSISE-00 and a 1.11 km
difference when compared to the simulation that uses [O]
from ETON. The peak altitude difference in the O(0,0)
profiles is 0.4 km when comparing the measured VER
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115 : — MACD-00
110§
10513
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©
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90

851

80 g :
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Fig. 3. Model simulated and OXYGEN measured VER profiles for (a) O('S) and (b) 05(0,0).
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Fig. 5. Model simulated and Flight 4.339 measured VER profiles for (a) O('S) and (b) 04(0,0).
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Fig. 6. Model simulated and ETON P229H measured VER profiles for (a) O('S) and (b) 0,(0,0).

profile to the simulation that uses [O] from NRLMSISE- The ETON P230H O('S) greenline results show that
00, and 2.3 km when comparing the measured VER profile the simulation that uses [O] from NRLMSISE-00 is
to the simulation that uses [O] from ETON. lower by ~2km compared to the measurements, while
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the simulation that uses [O] from ETON produces a
VER profile that is ~1.6km higher. The ETON
P230H 0,(0,0) profiles display excellent agreement in
the shape and only a 0.48 km and a 0.98 km difference

in the peak altitude when comparing the VER measure-
ments to the simulation that uses [O] from NRLMSISE-
00 and to the simulation that uses [O] from ETON,

respectively.
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6.5. OASIS

Fig. 8 shows the model simulated and OASIS measured
O('S) and 0,(0,0) VER profiles. The simulated O('S)
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Fig. 10. Model simulated and MULTIFOT measured VER profiles for (a) O('S) and (b) 04(0,0).
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Fig. 11. Model simulated and WINDII (4/92) measured VER profiles for (a) O('S) and (b) 05(0,0).
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Fig. 12. Model simulated and WINDII (5/92) measured VER profiles for (a) O('S) and (b) 05(0,0).

greenline and O5(0,0) atmospheric band VER profiles both
appear to be lower by ~ 3 km when compared to the
OASIS measurements but in general display good agree-
ment in terms of the shape.
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Fig. 13. Model simulated and WINDII (8/92) measured VER profiles for (a) O('S) and (b) 05(0,0).
Table 2
Peak VER and altitude for O('S) greenline measured and simulated profiles.
Source Peak VER (photons cm > s71) Altitude (km)
Measured Simulated Difference
OXYGEN/S35 409.6 97.08 95.9 1.18
$310.10 171.9 96.39 93.9 2.49
Flight 4.339 150.5 95.87 94.8 1.07
ETON P229H 159.9 96.49 96.0 0.49
ETON P229H ([O] from ETON) 97.6 1.11
ETON P230H 138.8 98.09 96.0 2.09
ETON P230H ([O] from ETON) 96.5 1.59
OASIS 396.7 96.29 93.3 2.99
SOAP/WINE 23.34 96.04 96.0 0.04
MULTIFOT 184.8 99.06 94.7 4.36
MULTIFOT ([O] from MULTIFOT) 98.4 0.66
WINDII (4/92) 265.7 96.0 95.2 0.8
WINDII (5/92) 307.8 96.9 94.8 2.1
WINDII (8/92) 110.6 96.6 94.3 2.3
Table 3
Peak VER and altitude for O,(0,0) atmospheric band measured and simulated profiles.
Source Peak VER (photons cm ™2 s71) Altitude (km)
Measured Simulated Difference
OXYGEN/S35 1.144 x 10% 884 95.4 7.0
8843" 93.82"" 1.58
$310.10 6634 94.55 93.5 1.05
Flight 4.339 2791 93.98 94.2 0.22
ETON P229H 4696 95.1 95.5 0.4
ETON P229H ([O] from ETON) 97.4 2.3
ETON P230H 4266 95.02 95.5 0.48
ETON P230H ([O] from ETON) 96.0 0.98
OASIS 8022 94.91 92.5 2.41
SOAP/WINE 2418 91.53 95.5 3.97
MULTIFOT 4210 97.89 94.2 3.69
MULTIFOT ([O] from MULTIFOT) 98.2 0.31
WINDII (4/92) 8152 94.1 94.4 0.3
WINDII (5/92) 6609 92.9 94.0 1.1
WINDII (8/92) 2763 93.75 93.7 0.05

* Lower.
- Upper.
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6.6. SOAPIWINE

Fig. 9 contains the O('S) and 0,(0,0) VER profiles from
model simulations and measurements for SOAP/WINE.
The O('S) VER profiles display excellent agreement in
the peak altitude with only a 0.04 km difference. We note
that the measured O('S) VER between 92 km and 95 km
appears to be the same, which is peculiar and so we are
not sure if they were real. The O('S) VER profile obtained
during the SOAP/WINE campaign displays larger VER
values below the peak altitude than the MACD-00 simu-
lated profile. The simulated and measured O,(0,0) VER
profiles display a ~4 km difference in the peak altitude.
The SOAP/WINE measurements exhibit a peak lower than
the nominal peak altitude and the profile appears to be dis-
placed downward compared to the profile obtained from
simulations.

6.7. MULTIFOT

Fig. 10 displays the MULTIFOT measured and model
simulated O('S) and 05(0,0) VER profiles. The VER pro-
files were simulated using [O] from NRLMSISE-00 and
with [O] obtained from the O,(0,0) atmospheric band emis-
sion measured in the MULTIFOT rocket experiment
(Melo et al., 1996). For both O('S) greenline and 05(0,0)
atmospheric band, the VER profiles simulated using [O]
from NRLMSISE-00 appear to be lower by ~4 km when
compared to the MULTIFOT VER measurements. The
whole MULTIFOT profiles appear to be moved upwards,
given that the peak altitudes in the measured profiles are
higher than the nominal peak altitudes. The VER profiles
simulated using [O] from MULTIFOT are in good agree-
ment with the MULTIFOT measured VERs with only a
0.66 km between the O('S) VER profiles and a 0.31 km
difference between the O,(0,0) VER profiles. This is not
surprising given that the [O] profile was derived from the
MULTIFOT measured O,(0,0) emission.

6.8. WINDII

Figs. 11-13 show O('S) and 0,(0,0) VER profiles
obtained from our MACD-00 model and measured with
the WINDII instrument. Fig. 11 shows the VER profiles
obtained for April 25-26, 1992. For the O('S) greenline
emission, there was excellent agreement between the simu-
lation results and the measurements above the peak alti-
tude. The peaks display a 0.8 km difference in altitude.
Below the peak altitude, the simulated profile displays lar-
ger values than the measured values. On the other hand,
the 0,(0,0) profiles display excellent agreement below the
peak altitude, while the model presents larger values above
the peak. There is excellent agreement in the peak altitude,
with only a 0.3 km difference between the peaks. The mea-
sured VER profiles both were narrower (smaller half-width
maximum) than the model simulations.

Table 4

Deduced branching ratios.

Source € o
OXYGEN/S35 0.4413 0.0708
$310.10 0.2197 0.0183
Flight 4.339 0.0310 0.0045
ETON P229H 0.1371 0.0150
ETON P229H ([O] from ETON) 0.1169 0.0117
ETON P230H 0.1247 0.0130
ETON P230H ([O] from ETON) 0.1432 0.0151
OASIS 0.6205 0.1328
SOAP/WINE 0.1534 0.0055
MULTIFOT 0.1070 0.0153
MULTIFOT ([O] from MULTIFOT) 0.1094 0.0138
WINDII (4/92) 0.3213 0.0378
WINDII (5/92) 0.2857 0.0500
WINDII (8/92) 0.0985 0.0136

Fig. 12 shows the model simulated and WINDII mea-
sured VER profiles for May 2-3, 1992. The simulated
and measured O('S) greenline VER profiles display a
~ 2 km difference in their peak altitudes while the O,(0,0)
profiles display a ~ 1 km difference. The model simulated
and WINDII measured O('S) greenline VER profiles dis-
play excellent agreement above the peak altitude, while
the profile obtained from simulation shows larger values
below the peak.

Fig. 13 shows the model simulated and WINDII mea-
sured VER profiles for August 27-28, 1992. The peaks in
the O('S) greenline VER profiles display a ~2 km differ-
ence in altitude, while the simulated and measured
0,(0,0) VER peaks are separated by only 0.05 km. The
simulated O('S) greenline VER profile is lower by ~1 km
and has larger values than the measured profile below the
peak altitude. The simulated O,(0,0) VER profile shows
larger values than the measured values above the peak alti-
tude. Note that most of the simulated VER profiles seem to
have a larger half-width maximum than the measured VER
profiles.

All of the branching ratios were computed indepen-
dently for each set of simultaneous or consecutive observa-
tions and can be found in Table 4. The range of the
branching ratios for € is between 0.0985 and 0.6205, and
for o it is between 0.0055 and 0.1328. The average branch-
ing ratios, after excluding the outliers (OXYGEN/S3 and
OASIS), are £ =0.15 4+ 0.02 and o = 0.018 + 0.004.

7. Discussion

As previously mentioned, o is the leading determining
factor for the O('S) greenline VER production, whereas
the branching ratios ¢ and o determine the O,(0,0) atmo-
spheric band VER production (Huang and George,
2014). We have done a similar sensitivity study and the
results are shown in Figs. 14-16. Fig. 14 illustrates the
effect on the 0,(0,0) VER profile when o =0.018 and
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Fig. 14. Simulated O,(0,0) VER when o = 0.018 and different values of ¢
are used in our MACD-00 model.
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Fig. 15. Simulated O,(0,0) VER when & = 0.15 and different values of o
are used in our MACD-00 model.

different values of € are used. Changing € from 0.12 to 0.15
changes the 0,(0,0) peak VER from 4999 photons cm >
s ! at 95.1km to 6214 photons cm > s~! at 95.1 km.
Fig. 15 shows O5(0,0) VER profiles when £ = 0.15 and dif-
ferent values of o are used. In this case the peak VER goes
from 6184 photons cm > s~! at 95.1 km to 6214 photons
em s~ at 95.1 km for o= 0.014 and o = 0.018, respec-
tively. As these two figures show, the branching ratio €
has a greater impact on the O,(0,0) VER production than
o.. The O('S) greenline VER is not affected by the branch-
ing ratio ¢ (figure not shown), while the branching ratio o

VER for O('S) with ¢ = 0.15
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Fig. 16. Simulated O('S) VER when & = 0.15 and different values of o are
used in our MACD-00 model.

changes the peak value of the VER profile from 169.9 pho-
tons cm >s~! at 96.0 km to 218.5 photons cm s~ ! at
96.0 km, as seen in Fig. 16. Our sensitivity study illustrates
that the 0,(0,0) peak VER increases with increasing € and
with increasing o, and the O('S) peak VER increases with
increasing o. It is important to mention that the branching
ratios values used for the sensitivity study (Figs. 14-16)
were chosen based on the averages and standard deviations
obtained from our numerical optimization approach.
Based on that, the VER profiles are not seen to change
much in Fig. 15, however, there is a small increase of
05,(0,0) VER with increasing o.. Fig. 15 also seems to sug-
gest that it is € that is the leading factor in determining
the O,(0,0) production.

The present study is based on 11 sets of simultaneous or
consecutive VER measurements of O('S) greenline and
0,(0,0) atmospheric band. The CMA-ES optimization
algorithm was utilized to match the peak VERs from our
MACD-00 model simulation to the peak VERs from mea-
sured VER profiles to deduce the branching ratios ¢ and .
Most of the simulated VER profiles displayed good agree-
ment with the observations. Except for the SOAP/WINE
case, the O('S) greenline VER profiles obtained from our
MACD-00 model display a peak at a lower altitude than
the measurements. For O,(0,0), most of the peaks of the
simulated VER profiles were in excellent agreement with
peak altitudes of the observations. That being said, in gen-
eral, OXYGEN/S35 presented a large difference between
measurements and simulation in terms of the shape of
the O('S) greenline and 0,(0,0) VER profiles. As explained
by Murtagh et al. (1990), these measurements were
obtained from high-latitudes during sudden stratospheric
warming events, so it is possible that the NRLMSISE-00
reference model does not capture this well. This might
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reflect in the branching ratios deduced from these observa-
tions. The branching ratio € deduced from OXYGEN/S35
was large compared to the values determined from the
other sets of measurements. We also note that the branch-
ing ratio &, 0.6205, obtained from the OASIS measure-
ments was the largest of all the values.

We have also considered the effect of the Ap and F10.7
indices on the O('S) and 0,(0,0) VER profiles in order to
better understand if they play a role in the difference in
peak altitudes between simulations and measurements.
The present study uses a daily average Ap index as a proxy
for geomagnetic activity. It has been shown that the F10.7
index does not seem to change the airglow VER peak alti-
tudes but the Ap index does (Huang, 2017), so we do not
expect F10.7 to be a factor in the VER peak altitude differ-
ence. We did a sensitivity study with the OXYGEN/S35
data as they were obtained on a date when a large Ap vari-
ation (from 2 nT to 80 nT) was present. From our simula-
tion we found that if Ap =2 nT is used, there would be a
0.3 km difference in the simulated O('S) VER peak altitude
and a 0.2 km difference in the simulated O,(0,0) VER peak
altitude when compared to the value Ap = 20 nT adopted
in this study. Using Ap = 80 nT, there would be a 0.2-km
difference in the simulated O('S) VER peak altitude and a
0.3-km difference in the simulated O,(0,0) VER peak alti-
tude when compared to the value used in this study. This
suggests that the selection of the Ap value could have a
small impact on the simulated VER peak altitude in some
cases like the one discussed above. The airglow VER peak
altitudes mainly depend on the major gas species densities
and temperature (Huang, 2017), which in this study are
obtained from the NRLMSISE-00 empirical model. The
[O] number density seems to play a role in the airglow
VER peak altitude. This can be seen in Fig. 10, where
the O('S) and 0,(0,0) VER profiles are simulated with dif-
ferent [O] initial profiles. The simulations that use [O]
obtained from the MULTIFOT measured O,(0,0) emission
lead to VER profiles that are closest to the MULTIFOT
VER measurements, while the O('S) and 0,(0,0) VER sim-
ulations with [O] from NRLMSISE-00 are ~4 km lower
than the MULTIFOT VER measurements.

It is also important to note that NRLMSISE-00 outputs
temporally averaged data, so gravity wave-induced varia-
tions are not expected in our simulation results. This can
be seen in some of the figures, where the measured profiles
contain wave-like variations. That being said, more simul-
taneous measurements of the O('S) greenline and 05(0,0)
atmospheric band emissions during low-wave activity con-
ditions are needed to better categorize the branching ratios
during quiet-time period. More data is also necessary to
investigate if the values of the branching ratios depend
on location or season. Nonetheless, in the present study
we used a limited number of observations obtained from
different locations and different seasons, and found that
most of the values deduced for & were in the [0.1, 0.3] range,
while most of the values of o were in the [0.01, 0.03] range.

8. Conclusions

We have presented a numerical optimization approach
to deducing the branching ratios ¢ and o of the three-
body recombination reaction for O('S) greenline and O,
atmospheric bands airglow chemistry. The CMA-ES algo-
rithm was employed as the optimization scheme that would
match the O('S) and 0,(0,0) VER profiles simulated by the
MACD-00 model to observations made by OXYGEN/S35,
S310.10, NASA Flight 4.339, ETON flights P229H and
P230H, OASIS, SOAP/WINE, MULTIFOT, and
WINDII. The observations used in the present study con-
sist of simultaneous or consecutive VER measurements of
O('S) greenline and O,(0,0) atmospheric band. Our simula-
tion results show good agreement with the observations.

From our study, the average branching ratio values
involving the production of Oz(b'zg) and O,(c'y,) were
determined to be € =0.15+0.02 and o0 =0.018 + 0.004,
respectively. The calculation for the averages did not
include the outliers, OXYGEN/S35 and OASIS, as the
branching ratios deduced from those observations greatly
differ from the others, possibly due to the presence of wave
activity in those profiles. Our study also shows that € and o
bear a linear relationship described by o= 0.2096¢ —
0.0138 (R?=10.9237). This relationship was established
by applying a linear fit to the values found for € and o.

The present study highlights the necessity of simultane-
ous measurements of O('S) greenline and 0,(0,0) atmo-
spheric band at different locations and seasons during
low-wave activity conditions. Our work also elucidates
the need for modelling studies of O('S) greenline and O,
atmospheric bands airglow emissions in the MLT region.
This is essential, as understanding the airglow chemistry
and rate coefficients involved in airglow emissions is crucial
for accurately extracting dynamic features like wave char-
acteristics or inferring [O] density profiles from airglow
observations. We are currently in plans of expanding our
study to include O('S) greenline and O5(0,0) atmospheric
band data obtained with the SCTAMACHY spectrometer
on the Envisat satellite (Christian von Savigny and Miriam
Sinhuber, private communications, 2017), as well as air-
glow observations from the Andes Lidar Observatory
(ALO) in Chile, to better understand if the branching ratios
depend on location, season, or atmospheric conditions.
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