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Abstract A new atomic oxygen data set was derived from nighttime SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY (SCIAMACHY) O2 A-band measurements. It is compared to
atomic oxygen obtained from SCIAMACHY O(1S) green-line and OH(9-6)-band measurements. The
three data sets are considered independent of radiometry and, to some extent, methodology. A detailed
comparison of atomic oxygen retrieved from these three nightglow measurements is reported for the
first time. The agreement of absolute values within 15% supports the current understanding of the
photochemistry of the three atomic oxygen proxies involved. As an alternative approach, the O2 A-band
model recently proposed by Kalogerakis (2019) is used as well. It is striking that the SCIAMACHY data sets
using different atomic oxygen proxies and mostly independent methodology agree much better with each
other than with SABER data.

1. Introduction
Atomic oxygen plays a crucial role in the photochemistry and energy balance of the upper mesosphere and
lower thermosphere (UMLT) region (Brasseur & Offermann, 1986; Riese et al., 1994). An accurate knowl-
edge of atomic oxygen abundance is also important for the derivation of other atmospheric quantities, which
are in nonlocal thermodynamic equilibrium.

Global measurements of atomic oxygen in the UMLT rely on species involved in the photochemistry
of atomic oxygen, such as ozone or the various excited states of the hydroxyl radical, molecular, and
atomic oxygen. One key reaction in this context is the three-body recombination reaction of atomic oxygen
(O+O+M → O∗

2 +M) leading to highly excited molecular oxygen O∗
2. Atomic and molecular oxygen can be

excited by collisions with this metastable state. Another key reaction in the UMLT is the exothermic reac-
tion of H and O3 (H+O3 → O2 +OH*) resulting in vibrationally excited OH*. These excited products radiate
nightglow and dayglow. Over the last few decades, spectroscopic techniques have been common methods
measuring these species globally with atomic oxygen concentrations being derived from these data by means
of photochemical models (Kaufmann et al., 2014; Mlynczak et al., 2018; Panka et al., 2018; Russell et al.,
2005; Sheese et al., 2011; Zhu & Kaufmann, 2018). The O(1S) green-line, O2 A-band, and OH Meinel band
emissions are frequently used as proxies for atomic oxygen. O(1S) green-line nightglow was measured using
the Wind Imaging Interferometer instrument from 1991 to 1997 (Russell et al., 2005) and using the Imager of
Sprites and Upper Atmospheric Lightning instrument (Gao et al., 2012). O2 A-band dayglow and nightglow
measurements have been performed by the Optical Spectrograph and Infrared Imager System instrument
since 2002 (Sheese et al., 2011). OH Meinel band emissions have been measured by the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instrument since 2002 (Smith et al., 2010).

Atomic oxygen concentrations in the UMLT have been derived from several satellite measurements
(Kaufmann et al., 2014; Mlynczak et al., 2013; Russell et al., 2005; Sheese et al., 2011; Smith et al., 2010).
These measurements are difficult to compare, because they were not simultaneously observed or were
made at different locations and local times. A difference of up to 60% was found by comparing atomic oxy-
gen abundance derived from SABER 2.0 μm OH and from SCIAMACHY (SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY) O(1S) green-line measurements (Kaufmann et al., 2014). The
large discrepancy in values has reignited discussions about the absolute values of atomic oxygen abundance
and the photochemistry of emitting species (Mlynczak et al., 2018; Panka et al., 2018). New atomic oxygen
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data were retrieved from SABER 2.0-μm absolute radiance measurements by enlarging/reducing collisional
rate constants within the constraints of the annual global mean energy budget in the UMLT (Mlynczak
et al., 2018). In comparison with other atomic oxygen data sets obtained by Kaufmann et al. (2014) and
Zhu and Kaufmann (2018), the agreement of the newly derived SABER data is significantly better than the
previous SABER data derived by Mlynczak et al. (2013). However, systematic differences of up to 50% still
persist (Zhu & Kaufmann, 2018), especially when consistent forward model parameters are used (Zhu &
Kaufmann, 2018). Using a completely different approach, Panka et al. (2018) also retrieved atomic oxygen
from ratios of SABER OH 1.6- and 2.0-μm radiance measurements. A bias of less than 20% compared with
other data was found, but a detailed comparison has yet to be made.

SCIAMACHY on board Envisat (Environmental Satellite) is an eight-channel grating spectrometer covering
a wavelength range from the ultraviolet to the near-infrared spectral region. Nighttime O(1S) green-line,
O2 A-band, and OH(9-6)-band emissions were simultaneously measured by SCIAMACHY Channels 3, 4,
and 6, respectively. These data offer us a clear opportunity to investigate atomic oxygen abundance and our
current understanding of the photochemistry of the emitting species. Two atomic oxygen data sets were
derived from O(1S) green-line and OH(9-6)-band emission measurements (Kaufmann et al., 2014; Zhu &
Kaufmann, 2018). The vertical coverage of these data ranges from an altitude of 80–93 km for the derivation
from OH data to an altitude of 90–105 km for the O(1S) green-line data. The overlapping region is therefore
about 3 km. The agreement of the two data sets is within 10–20% in the overlapping region. SCIAMACHY O2
A-band measurements provide a further basis for investigating the above-mentioned issues, with additional
information on atomic oxygen derivation and a comparison covering an altitude region from 83 to 102 km.

2. O2 A-Band Nightglow Modeling
O2 A-band nightglow originates from spontaneous emissions, qualified by the Einstein coefficient A762, of
O2(b1Σ+

g , 𝜈 = 0) stemming from a two-step Barth mechanism (Barth & Hildebrandt, 1961) during nighttime
in the absence of aurora. The following two reactions are involved:

O + O + M → O∗
2 + M, (1)

O∗
2 + O2 (+O) → O2(b1Σ+

g , 𝜈 = 0, 1, 2) + O2 (+O(1D)), (2)

where M represents O2 or N2. O∗
2 in reaction (1) represents any of the seven lowest bound electronic

metastable states below O2 photo-dissociation limit, that is, 5𝛱g, A3Σ+
u , A′3𝛥u, c1Σ−

u , b1Σ+
g , a1𝛥g, and X3Σ−

g
from high to low levels of its electronic state (Slanger & Copeland, 2003). Airglow measurements and labo-
ratory experiments indicate that reaction (1) produces only a small fraction of O2(b1Σ+

g ) molecules directly.
Instead, additional collisions with ground state O2 or O (reaction (2)) produce most of the molecules in that
state (Grygalashvyly et al., 2019; Kalogerakis, 2019; Pejaković et al., 2007). The production rate of O2(b1Σ+

g )
can be expressed as (Kalogerakis, 2019)

POb
2
=

𝑓O∗
2
· kOOM · [O]2 · [O2] · [M] · (𝑓O2

· kO∗
2O2

· [O2] + 𝑓O · kO∗
2O · [O])

AO∗
2
+ kO∗

2O · [O] + kO∗
2O2

· [O2] + kO∗
2N2

· [N2]
. (3)

Chemical species denoted in the equation by square brackets represent their corresponding volume number
densities. 𝑓O∗

2
is the yield rate to produce O∗

2 in reaction (1). 𝑓O2
and fO are the corresponding yield rates

producing O2(b1Σ+
g ) in reaction (2), respectively. kOOM is the rate constant of reaction (1) producing O∗

2. AO∗
2

is the Einstein coefficient qualifying the lifetime of O∗
2. kO∗

2N2
, kO∗

2O2
, and kO∗

2O are collisional removal rates
of O∗

2 by N2, O2, and O, respectively. To reduce the number of rate constants used in equation (3), McDade
et al. (1986) derived the following expression:

POb
2
=

kOOM · [O]2 · [O2] · [M]
CO · [O] + CO2

· [O2]
. (4)

The empirical parameters CO and CO2
were obtained by simultaneous observations of atomic oxygen reso-

nance fluorescence and O2 A-band data during the ETON campaign (McDade et al., 1986). Since this method
relies on some a priori information of the background atmosphere, McDade et al. (1986) gave two sets of

ZHU AND KAUFMANN 8537



Geophysical Research Letters 10.1029/2019GL083550

Table 1
Quenching Rate Constants of the O2 A-Band Model

Rate Value Reference
kOOM 4.7 × 10−33(300∕T)2 cm6/s Campbell and Gray (1973)
CO2

(5.7 ± 0.4) McDade et al. (1986)

CO (17 ± 2) McDade et al. (1986)
kOb

2O (8.0 ± 2.0) × 10−14 cm3/s Burkholder et al. (2015)

kOb
2O2

(7.4 ± 0.8) × 10−17 × T0.5 × e
(−1104.7±53.3)

T cm3/s Zagidullin et al. (2017)

kOb
2N2

(8.0 ± 0.3) × 10−20 × T1.5 × e
(503±21)

T cm3/s Zagidullin et al. (2017)

A762 0.0878 s−1 at 200 K This work
Ab𝛴 0.0925 s−1 at 200 K This work

these parameters based on the CIRA 1972 (COSPAR, 1972) and MSIS-83 (Hedin, 1983) reference atmo-
spheres, respectively. In this study, we use an average value of the two pairs (17 and 5.7, respectively; see
Table 1).

The Einstein coefficient Ab𝛴 of O2(b1Σ+
g , 𝜈 = 0 → X3Σ−

g ) is 0.0925 s−1 and the corresponding radiative
lifetime of O2(b1Σ+

g , 𝜈 = 0) is about 11 s, which is much longer than the typical time scales to relax the
superposed vibrational excitation of this state (Bucholtz et al., 1986; Sheese, 2009). Therefore, almost all
molecules O2(b1Σ+

g ) produced in reaction (2) end up in O2(b1Σ+
g , 𝜈 = 0). The long lifetime of this state

also implies that the rotational excitation of this state is fully thermalized with the ambient atmosphere.
O2(b1Σ+

g , 𝜈 = 0) can be considered in rotational equilibrium in the UMLT. Assuming O2(b1Σ+
g , 𝜈 = 0) to

be in a steady state, the O2 A-band volume emission rate VA can be quantified by multiplying the Einstein
coefficient A762 and the ratio of the O2(b1Σ+

g , 𝜈 = 0) production and loss rates.

VA =
A762 · POb

2

(AbΣ + kOb
2O · [O] + kOb

2O2
· [O2] + kOb

2N2
· [N2])

(5)

kOb
2O, kOb

2O2
, and kOb

2N2
are the quenching rates for the collisional deactivation of O2(b1Σ+

g , 𝜈 = 0) by O, O2,
and N2, respectively. The collisional rate constants used in the model are given in Table 1. Different Einstein
coefficients of O2 A-band and O2(b1Σ+

g , 𝜈 = 0 → X3Σ−
g ) have been used in the community (Grygalashvyly

et al., 2019; Kalogerakis, 2019; Sheese, 2009) and the two Einstein coefficients are calculated based on the
HITRAN spectroscopic database (Gordon et al., 2017) in this study.

Based on the equations discussed above, a forward model to simulate O2 A-band limb emission rates is
developed to retrieve atomic oxygen abundance iteratively from O2 A-band measurements obtained by the
SCIAMACHY instrument. For the simulation of limb radiances, self-absorption within the O2 A-band is
considered. O2 A-band absorption cross-sections along the line of sight are calculated line by line with a
wave number sampling of 0.001 cm−1 in the A band. The weighted average band transmissions can then
be determined. At the bottom of the emission layer (80 km), more than 25% of the emitted photons cannot
reach the instrument due to self-absorption.

3. SCIAMACHY O2 A-Band Nightglow Measurements and Retrieval Results
O2 nightglow limb measurements were performed by SCIAMACHY from 2002 to 2012. SCIAMACHY per-
formed measurements from a sun-synchronous polar orbit with an ascending node at a local solar time of
10 p.m. For the following study, we use O2 A-band nightglow data observed by SCIAMACHY Channel 4 in
a spectral range from 758 to 768 nm (Figure 1) at a spectral resolution of 0.48 nm. This spectral region cov-
ers all O2 A-band emissions. The O2 A-band individual rotational lines cannot be resolved due to the low
spectral resolution and integrated O2 A-band limb radiances are used in this work. In order to enhance the
signal-to-noise ratio, monthly zonal median data in 5◦ latitude bins are used in this study. Since the SCIA-
MACHY instrument cannot measure nighttime temperature or total density in the UMLT, colocated SABER
measurements (v2.0) are used here. The coincidence criteria are ±2.5◦ in latitude and 1 hr in local time.

A constrained global fit retrieval technique is applied to obtain vertical profiles of atomic oxygen abundance
between 83 and 102 km (Kaufmann et al., 2014). Regularization was adjusted in such a way that the vertical
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Figure 3. Monthly zonal mean global atomic oxygen abundance for 2007, as derived from SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY O2 A-band nightglow measurements. The numbers represent the month of the year 2007.

uncertainty increasing from around 4% at 83 km to about 17% at 103 km. Overall atomic oxygen uncertainty
thus increases from about 10% at 83 km to 20% at 100 km, increasing rapidly to 26% at 103 km.

Figure 2 shows comparisons between the retrieved atomic oxygen profiles and the atomic oxygen data
obtained from SCIAMACHY green-line and OH nightglow measurements at 20–40◦ N for September 2005
and September 2009 (Kaufmann et al., 2014; Zhu & Kaufmann, 2018; Zhu et al., 2015). Uncertainties of
atomic oxygen retrieved from SCIAMACHY green-line and OH nightglow measurements are about 13–15%
and 17–21%, respectively. This is due to uncertainties of related rate constants and auxiliary atmospheric
quantities. For details, please refer to the work of Zhu et al. (2015) and Zhu and Kaufmann (2018). The
newly derived atomic oxygen data set almost overlaps with the other two data sets in the altitude regime
of 83–103 km and agrees with these data sets to within 10%, as shown in Figure 2. A retrieval was per-
formed using a new pair of empirical parameters CO and CO2

provided by Grygalashvyly et al. (2019) based
on a self-consistent rocket-borne experiment conducted in 2015 and the new parameters increase retrieved
atomic oxygen abundance by about 33% at around 87 km. After reanalyzing the ETON rocket measurements
(Murtagh et al., 1990), Kalogerakis (2019) gave an evidence for an additional nighttime O∗

2 source stem-
ming from the collision of O2 and O(1D). He proposed that O(1D) is generated through the quenching of
OH(𝜈 ≥5) by atomic oxygen. Since SCIAMACHY measured highly excited OH as well, this process can be
included straight forward in the model. We follow Kalogerakis (2019) by including collisions between OH(𝜈
= 9) and atomic oxygen only, which can be considered as a lower boundary for the generation of O(1D). We
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Figure 4. Percentage difference of SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) atomic oxygen data for 2007, as derived from SCIAMACHY O(1S) green-line and O2 A-band
measurements (top) and as derived from SCIAMACHY O2 A-band and OH(9-6) band data (bottom). The numbers
represent the month of the year 2007.
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also include the modifications of rate constants made in the same study to build a similar forward model as
Kalogerakis (2019). 𝑓O2

and fO in equation (4), which describe the production rate of O2(b1Σ+
g ) due to colli-

sions of O∗
2 by O2 and O, are 0.24 and 0.11, respectively. As shown in Figure 2, these modifications of the O2

A-band model affect retrieved atomic oxygen abundance by less than 10% below 90 km, and somewhat more
above to about 27% at 93 km, which is the highest altitude of reasonable signal-to-noise ratio of monthly
mean SCIAMACHY OH(9-6) radiance data used for deriving OH(𝜈 = 9) number densities. As pointed out
by Kalogerakis (2019), more work is still needed to clarify details of the three-body reaction mechanism and
contributions from collisions of OH(5≤ 𝜈 ≤ 8) and O, a discussion of which is beyond the scope of this study.
SABER atomic oxygen as data derived by Mlynczak et al. (2018) is also given. Above 90 km, the SABER data
agree within 10% with SCIAMACHY data, but lower values are found for the SABER data by a factor of 2
with respect to SCIAMACHY data below this altitude.

A global distribution of the new atomic oxygen data is illustrated in Figure 3 for the year 2007. The data cover
the same period as the atomic oxygen data retrieved from SCIAMACHY O(1S) data (Figure 3) of Kaufmann
et al. (2014) and from SCIAMACHY OH(9-6) band data (Figure 4) of Zhu and Kaufmann (2018). Differences
between the new dataset and the atomic oxygen data obtained from O(1S) (Figure 4 (top)) are less than
10% on average (a mean value). The new atomic oxygen data show larger values of up to 30% over equator
regions below atomic oxygen peak altitudes and tend to be 10-30% smaller on average above peak altitudes
in comparison to atomic oxygen derived from SCIAMACHY O(1S) green-line measurements. Differences of
up to 50% are also found at some latitudes above 100 km. Figure 4 (bottom) indicates that the deviation is
less than 15% on average. Positive biases of up to 30% are found at around 90 km over equator region in April
and at about 30◦ S in September. A large negative bias of up to 40% is observed in February below 87 km at
about 30◦ N, and in April at midlatitudes in the southern hemisphere. Kulikov et al. (2019) highlights that
atomic oxygen, as derived from vibrationally excited OH, obtains a large uncertainty at low altitudes due to
a breakdown in the chemical equilibrium of ozone production and loss during nighttime. We applied their
criteria to the data presented in this work to evaluate whether this could explain the differences between the
atomic oxygen datasets based on O2 A-band and OH emissions. We found that the differences in this work
are far above the boundary layer given in their work and that the differences found in this work are likely
caused by other reasons.

Figure 5 (top) presents a global comparison of atomic oxygen derived from SCIAMACHY O2 A-band mea-
surements based on the photochemical model used in this work and the one proposed by Kalogerakis (2019).
The differences between the two are less than 15% in general, but a positive bias of up to 30% is found at
midlatitudes above 90 km in spring and autumn equinox seasons. A comparison of the new data set to the
SABER atomic oxygen data obtained by Mlynczak et al. (2018) is also made within the context of a global
perspective for the year 2007, as shown in Figure 5 (bottom). Deviations between the two data sets are about
30% on average above 92 km, but a large negative bias of over 50% is found below 88 km. Similar spatial
structures of bias are found in a global view, and regions with a negative bias over 50% spread at altitudes
below 90 km, in comparison to the data (Figure 5) of Zhu and Kaufmann (2018). The lower SABER data
are most likely due to the low quenching rate constants of OH(v = 8) used for the SABER atomic oxygen
derivation at lower altitudes. It is still difficult to find an explanation for the difference at higher altitudes. A
detailed analysis of SABER and SCIAMACHY radiance measurements is inevitably required since the sig-
nificant differences between their products are found in both this work and the work published by Zhu and
Kaufmann (2018). A profound discussion on this matter is beyond the scope of this study.

4. Conclusions
Three atomic oxygen data sets were derived from nightglow at various wavelengths emitted from different
excited atoms or molecules. Since these data were observed in different channels of SCIAMACHY, it can be
considered as mostly independent information in terms of radiometry. The excitation of the species involved
relies on mostly independent photochemistry, except for O(1S) and O2(b1Σ+

g , 𝜈 = 0), which are excited by the
three-body recombination reaction (1). The 30% uncertainty of the three-body recombination reaction maps
linearly into the volume emission rates of the O(1S) green line and O2 A band and, ultimately, accounts for
percentages in the order of 43–50% and 38–58%, respectively, of the overall uncertainties of atomic oxygen
abundance. About half of the retrieval uncertainty stems from the same three-body recombination reaction.
The derivation of atomic oxygen from green-line and O2 A-band measurements is based on the assumption
of O(1S) and O2(b1Σ+

g , 𝜈 = 0) being in a steady state. The approaches for atomic oxygen derivation from
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Figure 5. Percentage difference of SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) atomic oxygen data for 2007, (top) as derived from SCIAMACHY O2 A-band measurements using the
model in this work and the one proposed by Kalogerakis (2019) and (bottom) as derived from SCIAMACHY O2 A-band
measurements and SABER OH 2.0-μm radiances by Mlynczak et al. (2018). The numbers represent the month of the
year 2007.
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green-line and A-band measurements are considered independently to some extent, although a systematic
error might be inevitable for the data derived from green-line and A-band radiances. The comparison of
these data sets indicates that the absolute value of atomic oxygen derived from SCIAMACHY measurements
agrees to within 15%. This result supports our current understanding of the photochemistry of the corre-
sponding emitting states, for example, the O(1S) green-line ETON model (McDade & Llewellyn, 1986), the
O2 A-band model used in this work, and the OH(9-6)-band emission model used by Zhu and Kaufmann
(2018). Some empirical parameters used in the ETON model and the O2 A-band model are taken from
McDade et al. (1986). No significant systematic error is found using the ETON model and the O2 A-band
model applied in this work to derive atomic oxygen from SCIAMACHY O(1S) green-line and O2 A-band
measurements in comparison to the data obtained from SCIAMACHY OH radiance measurements.

A preliminary comparison is made for atomic oxygen data sets derived from SCIAMACHY O2 A-band night-
glow measurements using the photochemical model introduced in this work and the new model proposed
by Kalogerakis (2019). Differences are less than 15% in general below 93 km, but a positive bias of up to 30% is
found at 90–93 km over midlatitudes in equinox seasons. Deviations between SCIAMACHY atomic oxygen
data and SABER data obtained by Mlynczak et al. (2018) are about 30% at altitudes above 92 km, but biases
over 50% are found to be prominent below 90 km. The significant differences between the SCIAMACHY
and SABER products emphasize the need for a further study on SCIAMACHY and SABER radiance data,
which will be carried out in a separate investigation.
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