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Theonly directmeasurements of atomic oxygenwereperformedby in situ instrumentationon sounding rock-

ets (Dickinson et al., 1980; Offermann et al., 1981; Trinks et al., 1978). Global measurements of atomic oxygen

rely on species involved in the photochemistry of this species, such as ozone or the various excited states of

molecular and atomic oxygen, and can be derived from these data bymeans of photochemical models. A 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. This metastable state is quenched by atomic or molecular oxy-

gen, whose products radiate nightglow and dayglow. The O(1S) green line and O2 A-band emissions are

frequently used as proxies for the atomic oxygen abundance. The O(1S) green line nightglow was measured

by the WINDII (Wind Imaging Interferometer) instrument on board the Upper Atmosphere Research Satellite

from 1991 to 1997 (Russell et al., 2005) and by the SCIAMACHY (Scanning Imaging Absorption Spectrome-

ter for Atmospheric CHartographY) instrument on the Envisat (Environmental Satellite) from 2002 to 2012

(Kaufmann et al., 2014; Zhu et al., 2015), as well as by the Imager of Sprites and Upper Atmospheric Lightning

instrument on board the FORMOSAT-2 satellite (Gao et al., 2012). O2 A-band dayglow and nightglow mea-

surements were performed by the Optical Spectrograph and Infrared Imager System instrument on the Odin

satellite (Sheese et al., 2011).

A different method to determine the atomic oxygen abundance is to observe vibrationally excited OH emis-

sions. The hydroxyl radical is produced in the chemical reaction of ozone and atomic hydrogen, which is

the major ozone loss reaction at nighttime. Atomic oxygen can be derived from the balance of ozone loss

and ozone production via the three-body recombination reaction of atomic oxygen and molecular oxygen

(O + O2 + M → O3 + M). This method was applied to the OH measurements of WINDII (Russell & Lowe,

2003; Russell et al., 2005) and SABER (Sounding of the Atmosphere using Broadband Emission Radiometry)

(Mlynczak et al., 2013, 2018). References to other satellite and rocket borne data sets are made in the studies

mentioned above.

The abundance of atomic oxygen has long been a subject of discussion. Recent satellite data sets have stimu-

lated a resurgence of the discussion and new laboratory findings on the relaxation of vibrationally exited OH

can shed a new light on the current discrepancies.

2. SCIAMACHY OH and Auxiliary Data

In this studywe present a new atomic oxygen data set based on hydroxyl Meinel band near-infrared emission

measurements performed by SCIAMACHY on Envisat from 2002 to 2012. The spectral range of the instrument

covers a multitude of OH emission bands (Kaufmann et al., 2008) ranging from the visible to the near infrared

region. For the following study, we use data at wavelengths between 1,377 and 1,400 nm (Figure 1) at a spec-

tral resolution of 1.5 nm from SCIAMACHY channel 6. This is the same spectral region used by Kaufmann et al.

(2013) for the derivation of atomic hydrogen abundances from SCIAMACHY data. It covers ro-vibrational lines

from the OH(9–6) vibrational transition with low rotational quantum numbers N (N ≤ 3). The advantages

are as follows: First, the excitation of the emitting state is independent of the detailed quenching scheme

applied in the model, which becomes more relevant for lower vibrational states. Second, the restriction to

ro-vibrational states with low N numbers avoids the potential uncertainty caused by overpopulated high-N

rotational states,whichhave recently beenobserved (Cosby&Slanger, 2007;Noll et al., 2015;Oliva et al., 2015).

And third, SCIAMACHY channel 6 is considered to be a well-understood and well-calibrated channel.

Envisat operates in a Sun-synchronous orbit at an equator crossing local solar time of 10 a.m./p.m. In order

to enhance the signal-to-noise ratio and to obtain a high number of coincident measurements with the

TIMED (Thermosphere Ionosphere Mesosphere Energetics Dynamics) satellite, monthly zonal median data in

5∘ latitude bins are used in this study. Since the SCIAMACHY instrument cannot measure nighttime ozone,

temperature, or total density in the UMLT, colocated SABER measurements (v2.0) are used here. These atmo-

spheric quantities were derived using the atomic oxygen data of Mlynczak et al. (2013) merged with model

data above 90 km. The coincidence criteria are ±2.5∘ in latitude and 1 hr in local time.

3. OH NightglowModeling

The basic procedure for deriving atomic oxygen abundance from hydroxyl nightglow emissions is based on

the balance of ozone production and loss at nighttime. This yields the following equation to determine the
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Figure 1. SCIAMACHY monthly zonal mean OH(9-6)-band spectra (top) at a tangent altitude of 86 km for November

2005 at 35–40∘N and a local time of 10 p.m. The main OH emission line quantum numbers are given. An altitude profile

of spectrally integrated data (1,377–1,400 nm) for the same conditions (bottom). The measurements are plotted as

symbols, and the simulation, using retrieved atomic oxygen data, is shown as a solid line. SCIAMACHY = Scanning

Imaging Absorption Spectrometer for Atmospheric CHartographY.

atomic oxygen abundance:

[O] =
P

k1 ⋅ [O2] ⋅ [M] − k3 ⋅ [O3]
P = k2 ⋅ [H] ⋅ [O3] (1)

k1 is the rate constant for the three-body recombination reaction of O and O2; k2 and k3 are the rate constants

for the reactions of H and Owith O3, respectively; [H], [O], [O2], [O3], and [M] are the concentrations of atomic

hydrogen, atomic oxygen, molecular oxygen, ozone, and the total number density, respectively. k1, k2, and k3
are taken fromSander et al. (2011). P is the total production rate of vibrationally excitedOH (OH∗). The reaction

of atomic oxygen and ozone (second term in the denominator of equation (1), which is a minor ozone loss

mechanism, was omitted in the derivation of atomic oxygen from WINDII (Russell & Lowe, 2003) and SABER

(Mlynczak et al., 2013, 2018) data. P is derived from the production rate P9 of OH(v = 9) considering the

fraction f9 of molecules formed in this vibrational level:

P9 = f9 ⋅ P (2)

Theproduction rateP9 is calculated from themeasured emission ratesV(i)of a set of ro-vibrational lineswithin

the OH(9-6) vibrational band as follows:

P9 = (A9 + C9)

∑

i V(i)
∑

i A9−6(i) ⋅ g9(i)e
−E(i)∕(kT)∕Q9

(3)
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Table 1

Quenching Rate Constants of the OH*Model

Process Rate constant Factora Mlynczak et al. (2018)

OH(9)+N2 (7 ± 2) × 10−13 cm3/s 1.4 3.36 × 10−13e220∕T cm3/s

OH(9)+O2 (2.2 ± 0.6) × 10−11 cm3/s 1.18 2.5 × 10−11 cm3/s

OH(9)+O (2.3 ± 1) × 10−10 cm3/s — 3.0 × 10−10 cm3/s

aA low-temperature-scale factor.

Figure 2. Monthly zonal mean atomic oxygen abundance at 20–50∘N for September 2006 (top) and November 2006

(bottom). SCIA-OH = [O] derived from SCIAMACHY OH(9-6)-band emission measurements; SCIA-O(1S) = [O] derived from

SCIAMACHY green line measurements. The horizontal lines are error bars considering the uncertainties of rate constants

and background atmosphere. The uncertainties of SCIA-O(1S) are similar at lower altitudes. SABER-OH (M13) and

SABER-OH (M18) = The SABER atomic oxygen data sets derived by Mlynczak et al. (2013) (M13) and Mlynczak et al.

(2018) (M18). The data at the lower bound of the gray area were derived from SCIAMACHY OH(9-6)-band emission

measurements using the rate constants of Mlynczak et al. (2018). For the calculation of the data at the upper bound of

the gray area, the reaction of O + O3 was additionally taken into account (which is not considered in the original model

of Mlynczak et al. (2018)). SABER-OH (P18) marks the atomic oxygen abundance as retrieved from the two SABER OH

channels using the method of Panka et al. (2018). SCIAMACHY = Scanning Imaging Absorption Spectrometer for

Atmospheric CHartographY; SABER = Sounding of the Atmosphere using Broadband Emission Radiometry.
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Figure 3. Atomic oxygen profiles for fall 2005 at 20–40oN (top) and 40–60oN (bottom). See Figure 2 for details.

A9 and C9 are the sum of all spontaneous emission, quenching, and chemical destruction rates depopulating

vibrational level 9, respectively. V(i) andA9−6(i) are the volume emission rate and Einstein coefficient of the ith

line within the 9-6 band considered. E and g are the rotational energy and degeneracy of the rotational upper

state of the ith line considered. k is Boltzmann factor, and T is temperature. Q9 is the rotational partition sum

of OH(v = 9).

The model presented in this study uses the quasi-nascent distribution (f9 = 0.47) compiled by Adler-Golden

(1997) and the collisional rate constants measured by Kalogerakis et al. (2011). The rate constant of OH(v = 9)

with O2 is in good agreement with the findings of Xu et al. (2012). In addition, the collisional rate constants

of OH(v = 9) with N2 and O2 were scaled by a factor of 1.4 and 1.18, respectively, to account for the low

mesopause temperatures, as suggested by Lacoursière et al. (2003) and applied by Panka et al. (2017). The

quenching rate constant of OH(v = 9) with atomic oxygen is taken from recent study of Kalogerakis et al.

(2016). The collisional rate constants used in this study are also given in Table 1. The Einstein coefficients used

in themodel are taken from Rothman et al. (2013). For comparison purposes, we also applied themost recent

set of rate constants used by Mlynczak et al. (2018) for the derivation of the latest version of SABER atomic

oxygen data.

4. Retrieval Results and Discussion

A constraint global fit retrieval scheme is applied to obtain vertical profiles of atomic oxygen abundance

between 80 and 96 km. The regularization was adjusted in such a way that the vertical resolution is similar to

the vertical sampling of the measurements, which is about 3 km.
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Figure 4. Monthly zonal mean latitude-altitude cross sections of atomic oxygen abundance for 2007, as derived from

SCIAMACHY OH(9-6) data. The numbers represent the month of the year.

The confidence level of atomic oxygenwas estimatedusing theuncertainties of the various rate constants and

the uncertainties of the auxiliary atmospheric quantities (temperature, ozone, and total density provided by

the SABER instrument). Corresponding uncertainties are in the order of 30%, 25%, and 40% for the rate con-

stants describing the quenching by N2, O2, and O, respectively. For the atmospheric quantities, a 10% ozone

uncertainty is assumed (Smith et al., 2013) and the derived atomic oxygen is most affected at high altitudes

(6% at 95 km); SABER temperature uncertainties are about 5 K at 85 km and 9 K at 100 km (García-Comas et al.,

2008). This affects total density according to hydrostatic equilibrium and ideal gas law, which counterbalance

temperature uncertainties below the mesopause to some extent. Accordingly, atomic oxygen is affected by

total density uncertainties by less than 3% below 92 km and 20% at 95 km, only.

Figures 2 and 3 show comparisons between the retrieved atomic oxygen profiles and the atomic oxygen data

obtained from SCIAMACHY green line measurements (Kaufmann et al., 2014; Zhu et al., 2015) utilizing the

ETON photochemical model (McDade & Llewellyn, 1986). The two data sets overlap in the altitude regime

of 90–95 km and agree within 10–20%. The previous and current SABER atomic oxygen data sets (Mlynczak

et al., 2013; Mlynczak et al., 2018) are also added for comparison. Since the SABER OH excitation model (reac-

tion rate constants in the photochemical model of ozone and relaxation rate constants in the continuity

equation of vibrationally excited OH) differs from the one we used here, the SCIAMACHY data were retrieved

using the same model parameters, which is shown in the figure as well.

The spatial distribution of the new atomic oxygen data is illustrated in Figure 4 for the year 2007. The data

cover the same period as the atomic oxygen data retrieved from SCIAMACHY O(1S) data shown in Figure 3 of

Kaufmann et al. (2014). The comparison of the twodata sets fromaglobal perspective (Figure 5) indicates that

there is a general negative bias of up to 20%below93 km formost data points. During the spring and summer

seasons, a positive bias of up to 20% in the high altitude for OH-data can be observed in comparison to the

O(1S) data. Large deviations of up to 30% are observed in April at midlatitudes in the Southern Hemisphere,

but for all other months there are no major systematic differences.

In contrast, the SCIAMACHY data and latest SABER atomic oxygen data set reveal systematic differences at all

latitudes and seasons (Figure 5). Below 87 km, the SABER atomic oxygen data set is 40% lower on average

than the SCIAMACHY data, which is likely due to the low quenching coefficient of OH(v = 8) with O2 utilized
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Figure 5. Percentage difference of SCIAMACHY atomic oxygen data for 2007, as derived from O(1S) and OH data (top)

and atomic oxygen difference as derived from SCIAMACHY and SABER OH data (bottom). The numbers represent the

months of the year. SCIAMACHY = Scanning Imaging Absorption Spectrometer for Atmospheric CHartographY; SABER =

Sounding of the Atmosphere using Broadband Emission Radiometry.

in the SABERmodel (4.8 × 10−13 cm3/s, Mlynczak et al., 2018). This value is a factor of 50 smaller than the cor-

responding quenching rate of OH(v = 9). Above 90 km, the difference between the two data sets is reversed,

and the SABER atomic oxygen is 10–30% higher. Although the SABER photochemical model of ozone does

not take into account the loss of ozone through reaction with atomic oxygen (second term in the denomina-

tor of equation (1), which affects retrieved atomic oxygen in the order of 30% at atomic oxygen peak altitudes,

the SABER atomic oxygen values are still larger than the SCIAMACHY data. This difference increases further if

this process is consistently considered or ignored in bothmodels. We like to point out that we do not observe

exceptionally large atomic oxygen abundances in the SCIAMACHY data set if the loss of ozone due to the

reaction with atomic oxygen is considered in the model.
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Panka et al. (2018) obtained atomic oxygen abundances from SABER OH∗ observations using a rather differ-

ent retrieval approach. While the general approach (as used in this study) retrieves most information about

atomic oxygen abundance from the absolute radiances of vibrationally excited OH, the method of Panka

et al. (2018) relies on the ratio of two radiance channels measuring different vibrationally excited levels of OH.

Whereas atomic oxygen affects the radiances in the former case through the chemical equilibrium of ozone

at nighttime, it affects the ratio of different OH∗ channels or the population of different vibrational levels via

(multiquantum) quenching. In general, SCIAMACHY data and these data agree as well as the other data sets.

At lower altitudes, SCIAMACHY data range between the Mlynczak et al. (2018) and Panka et al. (2018) SABER

data sets—at least for the conditions analyzed in this study.

5. Conclusions

Atomic oxygen abundances as derived from SCIAMACHYOH(9-6) ro-vibrational spectra typically agreewithin

20% of the data obtained from SCIAMACHY green line measurements (Kaufmann et al., 2014). Both data sets

combined give a consistent profile of atomic oxygen from 80 to 105 km. The agreement of the data in the

overlapping region supports our current understandingof thephotochemistry of the corresponding emitting

states, namely, the ETONmodel (McDade & Llewellyn, 1986) for O(1S) and the OH∗ rate constants of Kaloger-

akis et al., (2011, 2016) as well as the relevance of the reaction between atomic oxygen and ozone in the

photochemical model of ozone.

The atomic oxygen profiles of the latest SABER atomic oxygen data (Mlynczak et al., 2018; Panka et al., 2018)

better fit the SCIAMACHY data than the previous data version, at least at higher altitudes. At lower altitudes,

the SABER data of Mlynczak et al. (2018) are up to 50% lower than SCIAMACHY data, which is likely due to

the low quenching rates of OH(v = 8) used in the SABER retrieval. The difference at higher altitudes is not

understood yet. Atomic oxygen data obtained using the novel retrieval approach of Panka et al. (2018) agree

well with the SCIAMACHY data, but further comparisons are needed to make a conclusive statement.
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