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[1] Atomic oxygen (O) is a fundamental component in chemical aeronomy of Earth’s
mesosphere and lower thermosphere region extending from approximately 50 km to over
100 km in altitude. Atomic oxygen is notoriously difficult to measure, especially with
remote sensing techniques from orbiting satellite sensors. It is typically inferred from
measurements of the ozone concentration in the day or from measurements of the Meinel
band emission of the hydroxyl radical (OH) at night. The Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument on the NASA
Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics (TIMED) satellite
measures OH emission and ozone for the purpose of determining the O-atom
concentration. In this paper, we present the algorithms used in the derivation of day and
night atomic oxygen from these measurements. We find excellent consistency between the
day and night O-atom concentrations from daily to annual time scales. We also examine in
detail the collisional relaxation of the highly vibrationally excited OH molecule at night
measured by SABER. Large rate coefficients for collisional removal of vibrationally
excited OH molecules by atomic oxygen are consistent with the SABER observations if
the deactivation of OH(9) proceeds solely by collisional quenching. An uncertainty
analysis of the derived atomic oxygen is also given. Uncertainty in the rate coefficient for
recombination of O and molecular oxygen is shown to be the largest source of uncertainty
in the derivation of atomic oxygen day or night.
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1. Introduction

[2] A fundamental problem in the chemical aeronomy of
the Earth’s mesosphere and lower thermosphere (MLT)

region is the determination of the atomic oxygen (O)
concentration. O plays a critical role in the photochemistry
and energy balance of the upper MLT, which we define here
as the atmosphere between 10�1 hPa and 10�4 hPa or
approximately 65–105 km in altitude. Specifically, O is
generated through photolysis of molecular oxygen by UV
radiation. O plays a fundamental role in chemical and
radiant energy budgets of the MLT region. Exothermic
chemical reactions throughout the MLT are fueled by
atomic oxygen both day and night [Mlynczak and Solomon,
1993]. In addition, atomic oxygen is also important in
the radiant cooling of the MLT as collisions between O and
CO2 excite the vibrational quantum states of CO2, which then
radiate in the IR, cooling the MLT. Thus, accurate knowledge
of the O-atom concentration is essential to understanding the
photochemistry and energy budget of the MLT.
[3] Measuring atomic oxygen in the upper MLT is very

difficult with either in situ techniques or remote sensing
techniques from orbiting satellites. As an atomic species, O
has no vibration-rotation spectra, but rather, it has two fine
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structure lines: one centered near 63 mm, the other near
145 mm. The 63 mm line is optically thick and is not observ-
able in the upper MLT from space [e.g., Grossmann et al.,
2000]. The 63 mm line has been measured by rocket-borne
instruments [e.g., Grossmann and Vollmann, 1997] and by
high-altitude balloons [Mlynczak et al., 2004]. The 145 mm
line is optically thin but requires complex technology to
observe from a satellite. Thus, there are no global observa-
tions of the O-atom concentration in the MLT obtained from
direct observations of radiant emission from O itself.
[4] Prior to the modern satellite era that began with the

launch of the Upper Atmosphere Research Satellite in
1991, atomic oxygen was often measured in situ by subor-
bital rockets using resonance lamp techniques [e.g.,
Dickinson et al., 1974, 1980], airglow techniques [e.g.,
Good, 1976], or a combination of both [e.g., Ulwick
et al., 1987]. There was substantial debate in the 1980s
as to the value of the peak concentration of atomic oxygen
in the mesopause region. This debate was due in part to
the challenges associated with the measurements including
knowledge of the rates and mechanisms of the airglow and
optical contamination and shock effects from the rockets
carrying the payloads. Reported peak concentration values
from different techniques spanned an order of magnitude,
from 1011 cm�3 to 1012 cm�3 [Llewellyn, 1988], although
Siskind and Sharp [1991] argued that some of the discrep-
ancy could be mitigated with a better understanding of
airglow variability. A number of rocket flights and theoretical
studies in the 1980s investigated the OH airglow in great detail
[e.g., McDade and Llewellyn, 1987; McDade et al., 1987;
McDade, 1991]. A fundamental question addressed by these
measurements and studies was the mechanisms by which
collisional relaxation of highly vibrationally excited OH
proceeded. As will be shown in section 4, these questions are
still relevant today in the interpretation of the Sounding of
the Atmosphere using Broadband Emission Radiometry
(SABER) OH data in light of recent laboratory measurements
of quenching of OH(9) in collisions with atomic oxygen.
[5] Today, the general approach to determining the O-atom

concentration in the MLT is to infer it from satellite measure-
ments of related species or emission features. Atomic oxygen
is typically inferred at night from measurements of radiative
emission from the Meinel bands of the hydroxyl (OH) mole-
cule. This technique was developed by Good [1976] and
assumes that the production of ozone (O3) by recombination
of O and O2 is balanced by reaction of O3 with atomic hydro-
gen, the latter reaction generating the OH Meinel band
emission. The O derived from this technique is an inference
and relies on the assumption of photochemical steady state
and on the provision of physical quenching rates, radiative
lifetimes, and reaction rate coefficients for the highly
vibrationally excited states of the OH molecule observed by
instruments such as SABER. These rates and rate coefficients
have been the subject of debate over the years, and they repre-
sent a large source of uncertainty in the derivation of atomic
oxygen from OH Meinel band emission measurements. We
will also show that the rate coefficient for the recombination
of O and O2 is a major source of uncertainty in the derivation
of atomic oxygen. In the daytime, O may be inferred from
observations of ozone by assuming that the photolysis of O3

is balanced by recombination of O and O2. This yields a
simple expression involving the ozone Hartley band

photolysis rate and the recombination rate coefficient for O
and O2. Temperature and pressure (for number density) are
also required.
[6] The SABER instrument [Russell et al., 1999] on

the Thermosphere-Ionosphere-Mesosphere Energetics and
Dynamics (TIMED) satellite has been observing OH
emission and ozone in the MLT since 2002. SABER obser-
vations of daytime ozone and night OH emission are used
in the derivation of atomic oxygen. Several papers have
appeared in the literature describing the observed properties
of O from SABER measurements [e.g., Marsh et al; 2006;
Smith et al., 2010; Xu et al., 2012]. In this paper, we
describe the specific algorithms and derivations of atomic
oxygen both day and night from the SABER measurements.
We first demonstrate the excellent quality of the SABER
radiance data on which these retrievals/derivations are
based and then discuss the day and night algorithms in
detail. We then consider the specific collisional processes
and rate coefficients that describe the physical quenching
of the highly excited OH molecule. We will also show that
the recently reported large rate coefficients for the
quenching of highly vibrational excited OH by O atoms
are consistent with the SABER observations if the deactiva-
tion of OH(9) proceeds by a single quantum step. Lastly, we
examine the uncertainty of the derived atomic oxygen and
show that the estimated uncertainty is ~25%–30%.
[7] We finally assess concentrations from the perspective

of their absolute values and also from the rates of heating
due to the release of chemical potential energy from the
recombination of O. On approximately annual time scales,
the rates of chemical heating must be comparable to the
radiative cooling; otherwise, the atmosphere would continue
to warm perpetually. In essence, long-term energy balance
places a strong constraint on the global average atomic oxygen
concentration. A companion paper, Mlynczak et al. [2013]
(hereafter Paper 2), examines in detail radiative constraints
on the atomic oxygen concentration in the upper MLT.

1.1. Data Preparation and Screening

[8] All of the algorithms and results reported here are for
version 1.07 of the SABER data set and will be used in the
upcoming version 2 of the data set. Profiles of pressure,
altitude, temperature, ozone volume mixing ratio (derived
from the 9.6 mm channel), and OH volume emission rate
(at 2.0 mm) are extracted from the SABER level 2A data
file. A small number of profiles are rejected if more than
20% of the possible data points are missing and because
of an anomaly that results in assignment of anomalously
high altitudes to the lowest pressure level (10�4 hPa) con-
sidered herein. In all, less than 1% of the data are rejected.
[9] The profiles are interpolated from the native SABER

pressure registration grid (which is different for every
profile) to a standard grid that covers three decades in pressure,
0.1–10�4 hPa, with 10 pressure levels per decade, 31 levels
overall, from approximately 65 km to 105 km. The profile is
assigned a solar zenith angle, latitude, and longitude corre-
sponding to that at 90 km altitude.
[10] For the daytime atomic oxygen calculation, profiles

with a solar zenith angle less than 85� are selected from this
set. The O3 volume mixing ratio is screened to exclude
values less than 10�9 or greater than 5.0 � 10�5. Profiles
used at night have a solar zenith angle greater than 95�. At
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night, the OH volume emission rates are screened to have a
minimum value of 5.0 � 10�10 ergs cm�3 s�1 which
corresponds to a volume emission rate nearly equal to the
noise value. The derived atomic oxygen concentration
values (day or night) are screened to be positive and less
than 1.25 � 1012 cm�3, which corresponds to a heating rate
for the recombination of atomic oxygen in excess of 28K/d.
This screening is based on consideration of the total energy
balance and is discussed in more detail in section 4 (and in
Paper 2). This screening results in rejection of less than
2% of all data between 0.01 and 0.0001 hPa.
[11] Daily (i.e., 24 h) averages are determined by binning

the day’s data by hour and then averaging over the hour bins
that contain data to get the daily average value. Annual aver-
ages are then calculated for each of sixteen 11� latitude bins
for each pressure grid level over a SABER yaw year, i.e., for
the six 2 month yaw cycles from mid-January of 1 year to
mid-January of the next. Yaw years from 2004 to 2011
were processed. “Global” annual averages are calculated
from 55�S to 55�N since this is the region that is viewed
continuously by SABER in every yaw period. The global
average calculation uses cosine latitude weighting, so each
bin’s value is proportional to its area. In this paper, all global
averages are taken from 55�S to 55�N and cover 82% of
total atmospheric area.

2. Derivation of Daytime Atomic Oxygen

[12] In the daytime, atomic oxygen is derived in the meso-
sphere and lower thermosphere assuming that ozone is in
steady state. Specifically, the assumption is that production
of ozone by recombination is balanced by photolysis in the
Hartley band. The lifetime of ozone in the upper MLT is
about 120 s against photolysis, so this assumption appears
quite valid for the daytime. The steady state balance is given
simply by the following:

k2 O½ � O2½ � M½ � ¼ J O3½ � (1)

[13] In equation (1), k2 is the recombination rate coefficient;
O, O2, O3, and M are the concentrations of atomic oxygen,
molecular oxygen, ozone, and the total number density,
respectively. J is the photolysis rate (s�1) of the Hartley band.
Atomic oxygen is derived from equation (1) using O3 mea-
sured at 9.6mm from SABER. Molecular oxygen and the total
number density are derived from SABER pressure and tem-
perature data using the ideal gas law and an O2 volumemixing
ratio of 0.21. SABER temperatures are used in evaluating k2,
taken as 6.0 � 10�34 (300/T)2.4 [Sander et al., 2011].
[14] Daytime atomic oxygen is derived over the range of

pressures from 0.1 to 0.0001 hPa, approximately 65–105 km
altitude. The photolysis rate J is computed on a daily basis
using the solar irradiance measured by the SORCE satellite
[Rottman, 2005]. Over the range of pressures here, the
photolysis rate is taken to be constant with altitude at the
exoatmospheric rate. Simulations showed that even at large
solar zenith angles, there is not sufficient ozone to reduce
the photolysis rate from the exoatmospheric value. The
photolysis rate is computed from the product of the solar
irradiance and the ozone Hartley band cross sections
between 176.5 and 350.5 nm.
[15] Atomic oxygen is derived using ozone retrieved from

SABER measurements of IR emission from ozone itself at

9.6 mm. SABER also observes the 1.27mm molecular oxy-
gen dayglow emission for the derivation of daytime ozone
[Mlynczak et al., 2007]. The 9.6 mm ozone is used in the
derivation of atomic oxygen because it is a direct measure
of ozone and is valid at all local times throughout the day
from sunrise to sunset. The 1.27mm emission has a radiative
lifetime of approximately 75min and does not provide a
representative measure of ozone until 2–3 h after sunrise.
[16] A separate paper describing the SABER ozone algo-

rithm for 9.6 mm emission is in preparation, but we will
summarize the salient points here. Ozone emission is
observed in a relatively narrow band pass from 1010 to
1150 cm�1. This interval was chosen to emphasize measure-
ment of emission from the fundamental (001-000) band in
asymmetric stretch (n3) mode of ozone so as to minimize
emission from the higher-lying hot bands of ozone. In the
MLT, the entire n3 manifold departs from local thermody-
namic equilibrium (LTE). The hot bands are chemically
pumped as was discovered from analysis of ozone measure-
ments made by the Limb Infrared Monitor of the Stratosphere
(LIMS) instrument [Solomon et al., 1986]. The spectral band
pass for SABER is substantially narrower than used on LIMS
to minimize uncertainty in the retrieved ozone from the non-
LTE emission from the hot bands. Shown in Figure 1 are the
relative spectral response functions for the SABER and LIMS
ozone channels.
[17] The retrieval of ozone requires a statistical equilibrium

model of the vibrational states in the ground electronic state
of the ozone molecule. The SABER ozone vibrational
temperature model is drawn from Mlynczak and Drayson
[1990a, 1990b] and Martin-Torres [1999]. This model is
used to compute the vibrational temperatures of the bands
of ozone that emit within the SABER band pass. The SABER
model includes spontaneous emission of radiation, chemical
pumping, collisional excitation and quenching with N2, O2,
and O, and radiative excitation in the n3 fundamental band
using the computationally efficient approach defined by
Mlynczak andDrayson [1991]. The collisional quenching rates
for N2 and O2 were developed in Martin-Torres’ thesis from
the work ofMenard-Bourcin et al. [1991]. The quenching rate
for atomic oxygen was taken fromWest et al. [1976]. Over 130
vibrational states are in the SABER model; however, most of
the ozone emission in the SABER band pass comes from the
n3 fundamental. An additional source of IR radiance in the SA-
BER band pass is due to one of the two IR “laser bands” of
CO2 [Mlynczak and Drayson, 1990b]. This emission is taken
into account in the ozone retrieval using vibrational tempera-
tures computed for CO2 in the SABER temperature retrieval
algorithm. The ozone vibrational temperatures are independent
of the ozone abundance because the radiative transfer in the
mesosphere is in the weak line limit. Physical quenching of
the n3 manifold by atomic oxygen is included using atomic ox-
ygen concentrations provided by the MSIS model. The vibra-
tional temperatures are computed independent of the ozone
abundance and are then used in the retrieval of ozone concen-
trations from the measured limb radiance profiles.
[18] Figure 2 shows individual limb radiance profiles at

9.6 mm measured by SABER from 0.1 hPa to 0.0001 hPa
during the daytime portion of a single orbit on 22 September
2004. The noise equivalent radiance for this channel is spec-
ified by the vertical dashed line. The figure shows the high
signal to noise of the SABER ozone channel, exceeding a
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factor of 100 in the lower mesosphere and exceeding a factor
of ~20 at 90 km. The signal-to-noise ratio goes to 1 at
approximately 100 km altitude. SABER retrieves daytime
ozone over this entire range of altitudes for each measured
radiance profile. Note that the SABER vertical coordinate
is pressure and all plots are shown with pressure on the
ordinate. An approximate altitude is shown on the right
vertical axis. The vertical resolution of the SABER ozone
data is approximately 2 km.
[19] Shown in Figure 3 is an example of the SABER day-

time ozone, specifically the daytime zonal mean ozone
volume mixing ratios (in parts per million by volume
(ppmv)) measured on 22 September 2004. The expected
minimum in the middle mesosphere between 70 and 80 km
is present as is the secondary maximum near 90 km with a
peak mixing ratio of about 1.2 ppmv.
[20] To derive the daytime atomic oxygen, we apply

equation (1) as described above. The SABER data quality
(i.e., the high signal to noise) enables the derivation of
atomic oxygen for each measured profile of daytime
ozone. These profiles may then be further averaged spa-
tially and temporally as desired. Shown in Figure 4 is
the daytime zonal average atomic oxygen concentration
corresponding to the ozone measurements for 22 September
2004 shown in Figure 3. The concentration units are in
1011 cm�3, so a value of 7 in the plot corresponds to a

concentration of 7� 1011 cm�3. The peak atomic oxygen con-
centration occurs at ~95 km near the equator on this day. The
daytime zonal annual average atomic oxygen is shown in
Figure 5. The peak atomic oxygen concentration is 6 �
1011 cm�3 and occurs in the vicinity of 95 km. The annual
daytime atomic oxygen shows little variation with latitude,
and this is taken to be indicative of very little meridional ozone
variation when averaged over a year.

3. Night Atomic Oxygen from OH Emission

[21] The SABER instrument measures limb radiance from
the OH molecule in two channels: one located near 2.0 mm
and one located near 1.6 mm. The 2.0 mm channel was chosen
specifically to measure the OH(9–7) and OH(8–6) band
emission so as to observe directly the rate of reaction of H
and O3 [Mlynczak, 1999] and to facilitate the derivation of
atomic oxygen by minimizing the number of parameters used
in the modeling of the OH emission. The 1.6 mm channel
observes emission from OH in the middle of its vibrational
manifold. The purpose of the 1.6 mm channel is to enable
observation of energy flow through the OH molecule during
its formation so as to better understand the heating efficiency
due to the reaction of H and O3, which is the single largest
source of heat near the Earth’s mesopause [Mlynczak and

Figure 1. SABER and LIMS relative spectral response
functions for their respective ozone channels.

Figure 2. SABER daytime 9.6 mm limb radiances for one
orbit measured on 22 September 2004. The vertical dashed
line is the noise equivalent radiance level for this channel.

Figure 3. Daytime zonal mean ozone volume mixing ra-
tios (parts per million by volume) for 22 September 2004 de-
rived from SABER at 9.6 mm.

Figure 4. SABER-derived daytime atomic oxygen on 22
September 2004 from the ozone concentrations shown in
Figure 3.
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Solomon, 1991]. For the derivation of atomic oxygen, we use
only the 2.0 mm channel measurements.
[22] Shown in Figure 6 is the SABER OH 2.0mm channel

relative spectral response filter function. Also shown are the
normalized line strengths and line positions for the 9–7, 8–6,
and 7–5 bands. The 7–5 band contributes only a few percent
to the measured SABER OH emission and is not considered
in the SABER atomic oxygen algorithm. Figure 7 shows one
orbit of night limb radiance measurements in the SABER
2.0mm channel recorded on 22 September 2004. The vertical
dashed line indicates the noise equivalent radiance level. The
SABER OH 2.0mm channel has a very high signal-to-noise
ratio, ranging from a factor of 100 to 1000 at the peak. This
exceptional measurement precision facilitates the inversion
of each individual limb radiance profile to OH volume emission
rates from which the O-atom concentrations are derived at
night. Examination of Figure 7 shows that the 2.0mm emission
measured by SABER extends to well above 100 km with a
single scan signal-to-noise ratio of greater than 10 near
100 km. The large signal-to-noise level is a consequence of
both the quality of the SABER instrument and the intensity of
theΔυ=2 transitions of the OHmolecule which are its strongest
as evidenced by Einstein A coefficients exceeding 100 s�1 (see
Table 1).
[23] The derivation of atomic oxygen from the OH 2.0 mm

emission requires inversion of the measured limb radiance to
a vertical profile of volume emission rate. The limb radiance

is inverted using an Abel inversion that is based on the
assumption that the OH emission is in the weak line radia-
tive transfer limit. The initial inversion provides the emis-
sion rate weighted by the spectral response function shown
in Figure 6. To get the total band emission rate for the sum
of the 9–7 and 8–6 bands, an “unfilter” factor is applied to
the retrieved in-band emission rate. This factor is the ratio
of the total emission rate to the in-band emission rate com-
puted from simulations of the OH emission. For the 2.0 mm
channel, the unfilter factor used in the operational SABER
data processing is 1.10. The details of the derivation of the
unfilter factor are given in Mlynczak et al. [2005]. Shown
in Figure 8 is an example of a single 2.0 mm volume
emission rate profile retrieved from an individual SABER
limb radiance measurement. The profile displays the classic
airglow shape in the mesopause region. The peak emission
rate for this profile is about 5.6 � 104 photons cm�3 s�1.
Figure 9 shows the annual zonal average night volume
emission rate (in ergs cm�3 s�1, the standard SABER units
for volume emission rate) for the sum of the OH(9–7) and
OH(8–6) bands for 2004 in the mesopause region. The OH
emission signals are quite large and readily facilitate the
retrieval of the volume emission rate and hence the inference
of atomic oxygen. As with ozone, the vertical resolution of
the OH emission rates is approximately 2 km.
[24] To derive atomic oxygen at night, it is assumed that

the production of ozone by recombination is balanced by
loss of ozone through reaction with atomic hydrogen
(H), i.e.,

k4 H½ � O3½ � ¼ k2 O½ � O2½ � M½ � (2)

[25] In equation (2), k4 is the rate coefficient for the
reaction of H and O3; the reaction produces vibrationally
excited OH in the υ = 9, 8, 7, and 6 states. Because
SABER observes the 9–7 and 8–6 emission, it is only
necessary to construct a model of the emission from the
υ = 9 and υ = 8 states. The OH emission intensity observed
by SABER is directly proportional to the product k4 H O3,
and thus, the emission intensity is directly proportional to
the O-atom concentration via equation (2).

Figure 5. Daytime zonal annual average concentrations of
atomic oxygen for 2004 derived from measurements of
ozone at 9.6 mm.

Figure 6. SABER OH 2.0 mm relative spectral response
function and normalized line strengths for the 9–7, 8–6,
and 7–5 bands.

Figure 7. SABER night OH 2.0 mm limb radiance profiles
for one orbit on 22 September 2004. The vertical dashed line
is the noise equivalent radiance level for this channel.
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[26] At night, ozone is also lost by reaction with atomic
oxygen, although this mechanism is approximately 10–20
times smaller than loss by reaction with atomic hydrogen
(i.e., it is 5%–10% of the total loss of ozone at night). It is
possible in principle to include this mechanism in the
SABER algorithm. However, including this mechanism
often resulted in nonphysical O values, particularly
near 80 km at night where the O-atom concentration is
extremely small. This mechanism is neglected in the
SABER operational algorithms and results in an additional
small uncertainty in the derived atomic oxygen at night.
[27] The SABER model for deriving night atomic oxygen

includes production of OH in theυ= 9 and 8 states, spontane-
ous emission of radiation, and physical quenching by N2,
O2, and O. The measured SABER OH volume emission rate,
V (photons cm�3 s�1), is given by the following expression:

V ¼ P
f9

A9 þ C9
A97 þ f8

A8 þ C8
A86 þ f9

A9 þ C9

A98 þ C98

A8 þ C8
A86

� �
(3)

[28] In equation (3), P is the rate of reaction of k4 H O3

that is set equal to the rate k2 O O2 M, which enables the
derivation of atomic oxygen, following the technique of

Good [1976]. SABER temperature and pressure data are
used in the evaluation of k2 and the calculation of O2

(mixing ratio of 0.21) and M via the ideal gas law.
[29] In equation (3), A9 and A8 are the inverse radiative

lifetimes (s�1) of the υ= 9 and 8 states, respectively, i.e.,
the sum of the inverse lifetimes for transitions to all states
below them. A98, A97, and A86 are state-specific transitions
for the 9!8, 9!7, and 8!6 transitions, respectively. The
terms f9 and f8 are the quasi-nascent distributions, that is,
the fraction of OH formed in the υ = 9 and 8 states, respec-
tively. The terms C9 and C8 represent the total rates (s�1)
of loss from the υ = 9 and 8 states due to collisional processes,
including chemical reactions, with N2, O2, and O. C98 is the
rate for quenching of the υ= 9 to the υ = 8 state by collisions.
As can be seen in equation (3), the SABER atomic oxygen
depends largely on total rates of loss from the υ = 9 and
8 states and on state-to-state rate coefficients. In addition,
there are a relatively small number of parameters in the
SABER model of night OH emission. Thus, the SABER
approach has two advantages: SABER observes OH immedi-
ately upon its formation and requires only a small number of
kinetic and spectroscopic parameters to model the OH
emission. Equation (3) may be solved for atomic oxygen as

Table 1. SABER OH Model Parameters Used in Derivation of Atomic Oxygen at Night

Symbol Process Description Rate Coefficient Value

f9 Fraction of OH formed in υ= 9 state 0.4444
f8 Fraction of OH formed in υ= 8 state 0.2756
A9 Inverse radiative lifetime of OH υ= 9 215.05 s�1

A8 Inverse radiative lifetime of OH υ= 8 178.06 s�1

A98 Einstein coefficient for υ= 9 to υ= 8 transition 20.05 s�1

A97 Einstein coefficient for υ= 9 to υ= 7 transition 118.35 s�1

A86 Einstein coefficient for υ= 8 to υ= 6 transition 117.21 s�1

k9o2 Rate coefficient for removal of υ= 9 in collisions with O2 1.05 � 10�11 exp(220/T) cm3 s�1

k9n2 Rate coefficient for removal of υ= 9 in collisions with N2 3.36 � 10�13 exp(220/T) cm3 s�1

k9o Rate coefficient for removal of υ= 9 in collisions with O 5 � 10�11 cm3 s�1

C9 Sum of k9o2, k9n2, k9o
k8o2 Rate coefficient for removal of υ= 8 in collisions with O2 8 � 10�12 cm3 s�1

k8n2 Rate coefficient for removal of υ= 8 in collisions with N2 7 � 10�13 cm3 s�1

k8o Rate coefficient for removal of υ= 8 in collisions with O 5 � 10�11 cm3 s�1

C8 Sum of k8o2, k8n2, k8o
k98o2 Rate coefficient for quenching υ= 9 to 8 in collisions with O2 4.2 � 10�12 cm3 s�1

k98n2 Rate coefficient for quenching υ= 9 to 8 in collisions with N2 4.0 � 10�13 cm3 s�1

C98 Sum of k98o2, k98n2

Figure 8. Example of an individual SABER 2.0 mm vol-
ume emission rate profile measured on 22 September 2004.

Figure 9. SABER annual zonal average 2.0 mm volume
emission rate profile (erg cm�3 s�1) for 2004.

MLYNCZAK ET AL.: ATOMIC OXYGEN DERIVED FROM SABER

5729



a function of the measured volume emission rate V and the
kinetic and spectroscopic parameters. Because atomic oxygen
appears in the quenching of OH(υ) (the C terms in equation
(3)), the actual solution for atomic oxygen is in the form of a
quadratic equation.
[30] The rate coefficients used in the operational SABER

night algorithm are given in Table 1. The quasi-nascent
pumping fractions f9 and f8 are from Klenerman and Smith
[1987]. The Einstein A coefficients and inverse radiative
lifetimes A9 and A8 are computed from the OH dipole
measurements of Nelson et al. [1990] and are consistent
with the results of Goldman et al. [1998] and with recent
theoretical studies of van der Loo and Groenenboom
[2007]. A member of the Nelson et al. [1990] group
provided these values to the SABER team early on in the
project (D. Nesbitt, Joint Institute for Laboratory Astro-
physics, private communication, 1995). The Einstein coef-
ficients reported in the HITRAN database of IR spectral
line parameters [Rothman et al., 2009] are taken from
Goldman et al. [1998]. The A values for the 9–7 and 8–6
transitions computed by the SABER science team using
the HITRAN database are within 6% of the values reported
in Table 1. The values A97 and A86 are quite large and
account for the large radiative signals from the OH bands
measured by SABER.
[31] The physical quenching rates in Table 1 are from

Adler-Golden [1997] and are included for collisions
between OH(υ) and N2 and O2. As with spontaneous emis-
sion, the total rate of loss from the υ = 9 and 8 states is the
dominant collisional parameter in the SABER model.
Physical quenching is dominated by collisions with molecular
oxygen. The temperature dependence of the rates k9o2 and
k9n2 in Table 1 were suggested by K. Kalogerakis (SRI Inter-
national, private communication, 2008) and are included in
the SABER OH model.
[32] An important consideration is the rate of physical

quenching or chemical reaction of highly vibrationally
excited OH with O. The reaction of atomic oxygen with
ground-state OH proceeds at a relatively fast rate, with a rate
coefficient of ~ 4 � 10�11 cm3 s�1 at mesopause region tem-
peratures. There have been several papers in the literature
over the years reporting values for the reaction/quenching/
removal of OH(υ) in collisions with O. Most recently,
Kalogerakis et al. [2011] reported a value for removal of

OH(υ= 9) by O of ~ 4 � 10�10 cm3 s�1. This value is
approximately 1 order of magnitude larger than the reaction
rate of ground-state OH with O and is comparable to the
classical gas kinetic rate for collisional processes. Because
of the potential importance of this rate coefficient, we devote
the next section to it. We will show that the retrieved atomic
oxygen is highly dependent on whether the deactivation of
OH(υ= 9) in collisions with O proceeds by single quantum
step deactivation to υ= 8 or by reaction. The reactive path-
way will be shown to yield physically unrealistic O-atom
amounts and nonphysical heating rates due to the recombi-
nation of atomic oxygen.
[33] Figure 10 shows night zonal average atomic oxygen

concentrations on 22 September 2004, between 0.01 and
0.0001 hPa, derived from SABER measurements using the
expression in equation (3) and the rate coefficients in
Table 1. Peak night concentrations of ~7 � 1011 cm�3 occur
near 95 km altitude on this day. These night zonal average
values compare quite well with the day zonal averages
shown in Figure 3 both in magnitude and in the location of
the altitude/pressure at which the peak concentration occurs.
Figure 11 shows the night zonal annual average atomic
oxygen concentration as a function of pressure and approxi-
mate altitude. Peak O-atom concentrations between 6 and
6.5 � 1011 cm�3 occur near 95 km altitude. These again
compare well with the annual zonal daytime atomic oxygen
concentrations shown in Figure 4, although there is clearly
a “two cell” feature evident in the night data. Figure 12
compares the global annual average atomic oxygen concen-
trations for day and night in 2004. The global annual
average is computed by taking the average of the zonal
annual profiles of atomic oxygen shown in Figures 4 and
11, weighted by the cosine of the latitude. The peak concen-
tration occurs near 95 km at approximately 6 � 1011 cm�3.
Also evident in Figure 12 is the nonzero atomic oxygen
concentration in the daytime mesosphere below 80 km,
while the night atomic oxygen is essentially zero there.
[34] The agreement between the day and night O in

Figures 4 and 10 (daily zonal average), Figures 5 and 11
(annual zonal average), and Figure 12 (global annual aver-
age) is remarkable considering that the day and night atomic
oxygen are derived from two completely independent tech-
niques based on different photochemical relations and in-

Figure 10. SABER zonal average night atomic oxygen
concentration for 22 September 2004.

Figure 11. SABER annual zonal average night atomic
oxygen concentration for 2004.
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volve measurements of different IR emissions, both of
which are in non-LTE. The day and night retrieval algo-
rithms share only the rate coefficient k2 for recombination
of O and O2. The day and night consistency, especially over
long time frames, gives high confidence that the SABER
atomic oxygen is representative of the O-atom concentra-
tions in the MLT.

4. Effect of Collisions Between O and Highly
Vibrationally Excited OH

[35] Quenching of vibrationally excited OH in collisions
with atomic oxygen may be important in the derivation of
O-atom concentrations from measurements of OH emission
by SABER. The basic concept is that the rate of reaction
and/or quenching of OH(υ) by atomic oxygen could be
larger than the reaction rate with ground-state OH. At room
temperature, the reaction rate coefficient for OH+O !
O2 +H is 3.3� 10�11 cm3 s�1 [Sander et al., 2011]. Spencer
and Glass [1977] reported a room temperature deactivation
rate of OH(1) in collisions with O of 10.5 � 10�11 cm3 s�1.
Perminov et al. [1998] derived from nightglow measurements
a rate coefficient of 22 � 10�11 cm3 s�1 for the rate of
quenching of each OH(υ) level by O. Khachatrian and
Dagdigian [2005] measured in the laboratory a rate
coefficient of 3.9 � 10�11 cm3 s�1 for quenching of OH(1)
by O. Most recently, Kalogerakis et al. [2011] reported
laboratory measurements of the rate coefficient for the
removal of the υ=9 and 8 states through collisions with O of
40 � 10�11 cm3 s�1 for quenching of the υ=9 state and
30 � 10�11 cm3 s�1 for the υ=8 state. The Kalogerakis
et al. [2011] rate coefficients are comparable to the classic
gas kinetic limit for neutral particle collisions and are the
result of several years of very difficult laboratory measure-
ments. They are the largest rate coefficients for OH(υ)-O
collisions reported to date.
[36] As noted in Table 1, the SABER operational algo-

rithm presented here incorporates rate coefficients for
removal of OH(9) and OH(8) by O that are factors of
8 and 6 smaller than the results reported in the
Kalogerakis et al. [2011] paper. The SABER algorithm
presumes that collisions between OH(9) and OH(8)
proceed entirely by chemical reaction. Different rate coef-
ficients and mechanisms (e.g., quenching to lower vibra-
tional states) can be readily incorporated in the SABER

algorithm to test their influence on the derived O-atom
concentration. The key question for the SABER algorithm
is what is the result of the collision between OH(9) and
O? There are two options: complete removal by OH(9),
either through reaction or quenching to a vibrational state
below υ= 8, or complete quenching to OH(8) in a single
quantum step. In the language of McDade [1991],
does the process proceed by “sudden death” or single-
step relaxation?
[37] To assess the effects of large rates of quenching of

OH(9) and OH(8) by O on the retrieved SABER atomic
oxygen, we used the Kalogerakis et al. [2011] rates in the
SABER algorithm in three case studies: (1) complete
removal of OH(9) in collisions with O, (2) a single quantum
step from OH(9) to OH(8), and (3) 50% removal and 50%
single-step quenching. Shown in Figure 13 are the night
global annual mean O-atom concentrations for 2004 for the
SABER baseline algorithm (red curve), for the complete
reaction of OH(9) with O (case 1, black curve), for complete
quenching of OH(9) to OH(8) in collisions with O (case 2,
blue curve), and for 50% removal, 50% single-step
quenching (case 3, green curve). The SABER baseline case
(red curve, rates from Table 1) and case 2 are nearly identi-
cal, with peak concentrations between 5.5 and 6 �
1011 cm�3. Cases 1 and 3, in which collisions between OH
(9) and O result in full or partial reaction, have substantially
larger atomic oxygen concentrations, peaking at 8.5 and
20 � 1011 cm�3, respectively.
[38] Because of the difficulty of measuring atomic oxygen

directly in the Earth’s upper MLT, it is necessary to resort to
other means to assess the validity of the O-atom amounts
inferred from the SABER (and other) techniques. A very
clear approach is afforded by the role O plays in the energy
budget of the upper MLT. Specifically, the recombination of

Figure 12. SABER day and night global annual average
atomic oxygen concentrations for 2004.

Figure 13. Night global annual mean atomic oxygen con-
centration for SABER baseline model (Table 1 and
Figure 12) shown by the red line. Case 1 shows atomic
oxygen derived when OH(9) is removed completely upon
collision with O, case 2 when OH(9) is completely relaxed
to OH(8) in collisions with O, and case 3 when there is a
50/50 split between complete removal of OH(9) and
quenching of OH(9). Cases 1–3 use the large values for
collisions between highly vibrationally excited OH and O
reported by Kalogerakis et al. [2011].

MLYNCZAK ET AL.: ATOMIC OXYGEN DERIVED FROM SABER

5731



atomic oxygen is a substantial source of heating in the upper
MLT, and it is straightforward to compute the associated
heating rate. The instantaneous heating rate due to the
recombination of atomic oxygen, one of seven exothermic
chemical reactions critical to the heat budget of the meso-
pause, is given by the following:

@T

@t
¼ 2

7

1

kb
k1 O½ � O½ �ΔH (4)

[39] In this equation, kb is Boltzmann’s constant, k1 is the
rate coefficient for recombination of atomic oxygen, and
ΔH is the enthalpy of reaction. A key point about equation
(4) is that the heating due to recombination of atomic oxygen

is proportional to the square of the O-atom concentration.
The heating rate due to this reaction will quickly become
very large as the atomic oxygen concentration increases.
[40] Figure 14 shows the night global annual average

heating rates due to the recombination of atomic oxygen for
2004 for the O-atom concentrations in Figure 13. These are
computed using each profile of atomic oxygen measured by
SABER in 2004 (approximately 400,000 profiles) between
�55� latitude, each weighted by the cosine of the latitude.
As noted in section 1.1, the baseline SABER processing
screens out O-atom concentrations larger than 1.25 �
1012 cm�3. This screening process eliminated less than 2%
of the data between 0.01 and 0.0001 hPa. To accommodate
the larger rate coefficients for quenching of OH(9) and OH
(8) by O, the value of the screen was increased by a factor
of 10, to 1.25 � 1013 cm�3. This resulted in less than 3% of
the total data being eliminated. The SABER baseline results
peak at about 3.5K/d, while the heating rates obtained for
case 1 peak at over 60K/d. As would be expected, case 2
has chemical heating rates nearly identical to the SABER
baseline case, while case 3 peaks at about 10K/d.
[41] As we will show in Paper 2, global annual mean radi-

ative cooling by CO2 as derived from SABER measurements
is about 15K/d at the altitude of the peak of the O-atom con-
centration. Thus, the heating rates for case 1 are approxi-
mately a factor of 5 larger than the observed cooling rates.
The chemical heating rates for case 3 are comparable to the
CO2 radiative cooling rates. The atomic oxygen concentra-
tions from both of these cases can be rejected as nonphysical
because they signify a permanent imbalance of excess
heating over cooling in the mesopause region. The SABER
baseline case and case 2 (single-step quenching of OH(9) to
OH(8) in collisions with O) both yield atomic oxygen
concentrations that, when all other chemical and solar
heating terms are considered, will be in approximate balance
with the observed global annual cooling rates. It is suggested
that further laboratory measurements and theoretical

Figure 14. Night global annual average heating rates (K/d)
due to the recombination of atomic oxygen that correspond
to the atomic oxygen concentrations shown in Figure 13.
The heating rates for cases 1 and 3 are comparable to or
larger than the radiative cooling rates in the mesopause
region and are considered nonphysical. See text for full
discussion.

Table 2. Estimated Uncertainty in Night Atomic Oxygen Derived From SABER OH Measurements

Parameter f9p f8p k9o2 k8o2 kr A86 RSS

Uncertainty (+0.03) (+0.03) 1.25 1.25 1.2 1.1
Pressure (hPa)
1.00E-04 �1.97 �2.24 0.79 0.20 �9.35 �2.35 10.85
1.26E-04 �3.06 �3.47 1.37 0.37 �14.32 �3.69 16.83
1.58E-04 �3.53 �4.12 1.91 0.52 �16.01 �4.37 18.97
2.00E-04 �3.58 �4.30 2.50 0.70 �16.40 �4.57 19.51
2.51E-04 �3.49 �4.34 3.01 0.90 �16.48 �4.62 19.57
3.16E-04 �3.60 �4.60 3.62 1.17 �16.98 �4.91 20.29
3.98E-04 �3.69 �4.85 4.21 1.49 �17.39 �5.20 20.90
5.01E-04 �3.66 �4.98 4.72 1.81 �17.57 �5.35 21.20
6.31E-04 �3.62 �5.06 5.22 2.21 �17.59 �5.46 21.36
7.94E-04 �3.56 �5.12 5.61 2.63 �17.55 �5.57 21.44
1.00E-03 �3.49 �5.16 6.07 3.15 �17.49 �5.64 21.54
1.26E-03 �3.48 �5.27 6.50 3.74 �17.50 �5.80 21.79
1.58E-03 �3.45 �5.38 7.02 4.47 �17.53 �5.97 22.14
2.00E-03 �3.39 �5.43 7.34 5.18 �17.37 �6.06 22.25
2.51E-03 �3.31 �5.44 7.62 5.94 �17.20 �6.11 22.37
3.16E-03 �3.25 �5.45 7.85 6.67 �17.05 �6.17 22.51
3.98E-03 �3.18 �5.43 8.03 7.34 �16.94 �6.18 22.66
5.01E-03 �3.17 �5.46 8.25 8.04 �16.88 �6.25 22.96
6.31E-03 �3.11 �5.46 8.37 8.70 �16.78 �6.28 23.16
7.94E-03 �3.06 �5.51 8.44 9.36 �16.72 �6.34 23.42
1.00E-02 �2.99 �5.59 8.43 10.02 �16.68 �6.42 23.70
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modeling are required to determine the product states
resulting from collisions between OH(9) and O.
[42] The above discussion strongly suggests that atmospheric

energetics is a powerful tool that may be used to assess the
validity and to constrain the O-atom concentration in the
mesopause region. This topic is explored in detail in Paper 2
[Mlynczak et al., 2013], in which principles of global mean
energy balance may be used to derive a constraint on the global
mean O-atom concentration, a situation made possible by the
unique nature of the energy budget in the upper MLT.

5. Assessment of Uncertainty in Derived
Atomic Oxygen

[43] The techniques used to derive atomic oxygen carry
uncertainty associated with the use of kinetic, spectroscopic,
and photochemical parameters necessary to model the non-
LTE radiative emissions or to express chemical relation-
ships. Given the general agreement shown above between
the day and night global annual average O, it is instructive
to consider the uncertainty in the O due to the parameters
used in the derivations.
[44] The uncertainty in night atomic oxygen is assessed by

perturbing the parameters listed in Table 1 by specified
amounts and then examining the change in the global mean
O from the baseline, unperturbed state. The parameters are
assumed to be uncorrelated so that the total uncertainty in
O due to the uncertainty in all parameters is obtained by
computing the root-sum-square (RSS) of all of the individual
changes in the global mean O. This approach provides the
one standard deviation (“1 � sigma”) uncertainty and has
been used to assess uncertainty in several SABER-related
data products [e.g., Mlynczak and Olander, 1995; Mertens
et al., 2001]. For this exercise, all A values are perturbed
by 10%; all collisional quenching rates are perturbed by
25%; f8 and f9 are changed by 0.03 each, which corresponds
to the uncertainty of f8 specified in Klenerman and Smith
[1987]; and the recombination rate coefficient k2 is perturbed
by 20% based on the uncertainty at a temperature of 200K
calculated from the error expression for this coefficient
found in the JPL 2011 handbook [Sander et al., 2011].
[45] The results are listed in Table 2 as a function of pres-

sure for parameters that provide the six largest sources of
uncertainty. The total uncertainty is shown in the right-
most column and includes the uncertainty in all parameters
in Table 1. The single largest uncertainty overall is due to
the rate coefficient for the recombination of O and O2 which
occurs due to the assumption of photochemical balance
(equation (2)) and is specifically the term “P” in equation
(3). The overall uncertainty in the SABER night atomic
oxygen is estimated to be less than 25%.
[46] The uncertainty in daytime atomic oxygen is assessed

from equation (1). The parameters are the ozone mixing
ratio, the ozone Hartley band photolysis rate, the O2 density,
the total number density, and the rate coefficient for the
recombination of O2 and O. A formal uncertainty analysis
has not yet been carried out on the SABER ozone derived
from 9.6 mm in the upper MLT. For the present purpose,
we estimate this uncertainty at ~20%, which when combined
with the previously stated uncertainty of 20% for k2 results
in a daytime atomic oxygen uncertainty of ~30% in the
MLT region. Uncertainties in the photolysis rate, temperature,

and density are not significant in the total uncertainty budget.
Radiometric calibration of SABER is not a major source of
uncertainty for day or night. Random error resulting from
radiance noise is typically less than 10% for an individual
profile based on the radiance data shown in Figures 2 and 7,
but it rapidly becomes inconsequential through averaging to
zonal or global means on daily or longer time scales.

6. Summary, Discussion, and Conclusion

[47] We have presented the algorithms used to derive
atomic oxygen in the Earth’s MLT region from observations
made by the SABER instrument on the TIMED satellite.
Two different and independent techniques are employed:
in the day, measurements of ozone are used under the
assumption of photochemical balance between recombina-
tion of O and O2 and photolysis of O3; at night, the OH
Meinel band emission is used under the assumption of
photochemical balance between recombination of O and O2

and reaction of H and O3. Both techniques yield atomic oxy-
gen amounts for daily zonal averages, annual zonal averages,
and annual global averages that are in close agreement despite
proceeding from completely independent measurements and
application of different non-LTE rate coefficients. Peak atomic
oxygen concentrations of approximately 6.0–6.5� 1011 cm�3

are found near 8 � 10�4 hPa (~95 km).
[48] We also examined the role of collisions between O and

highly vibrationally excited OH and the effect of recently
reported large rate coefficients on the derived SABER
atomic oxygen. We find that the SABER results do not
support a large value for reaction of OH(9) and atomic oxy-
gen. However, if the collision results in deactivation of OH
(9) completely to OH(8), then atomic oxygen concentrations
consistent with the operational SABER algorithm are real-
ized. We suggested that the validity of derived atomic oxy-
gen could be determined by examining the heat liberated
by the recombination of oxygen atoms, relative to the radia-
tive cooling of the mesopause region. This concept is further
explored in Paper 2. Further research into the product states
of collisions between OH(9) and OH(8) and O appears
warranted from the results presented here. The excellent
SABER radiances and retrieved volume emission rates
should play a central role in any such study. Because the
derivation of O involves use of numerous rate coefficients
and parameters, we estimated the uncertainty of the O and
found it to be less than 30% during day and less than 25%
at night. The rate coefficient for recombination of O and
O2 is the largest source of uncertainty in both derivations.
[49] As noted by Smith et al. [2010], the baseline SABER

atomic oxygen is larger than that derived from other satellite
measurements such as those from the WINDII instrument
[Russell et al., 2005]. The SABER O-atom results also
appear at times to be larger than those derived from the
OSIRIS instrument [Sheese et al., 2011], although the
night concentrations shown in Figure 11 of Sheese et al.
[2011] at 90 km appear to be quite similar in magnitude
to those shown in Figure 10 of this paper. Both the
WINDII and OSIRIS atomic oxygen concentrations are,
like SABER’s, derived from observations of airglow/
non-LTE emission intensities. A comparison of SABER,
OSIRIS, and WINDII atomic oxygen will be reported in
a future paper.
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[50] SABER atomic oxygen is also larger than that given
by the MSIS empirical model [Picone et al., 2002]. Shown
in Figure 15 is a comparison between SABER and MSIS
global annual mean atomic oxygen for the year 2004
between �55� latitude. The MSIS peak concentration is at
a higher altitude than SABER observes and MSIS O is
smaller. However, some of the discrepancy in magnitude is
due to a 25% decrease in MSIS O between the equator and
55� latitude. No such gradients are observed in SABER,
day or night. Between �33� latitude, the agreement between
SABER and MSIS is much better than that shown in
Figure 15, although SABER is still larger.
[51] The OH collisional quenching rates would have, in

general, to decrease significantly from those reported in
Table 1 to achieve a reduction in the SABER atomic oxy-
gen. In addition, the SABER daytime ozone abundance
would have to decrease in direct proportion to the decrease
in night atomic oxygen in order to keep the day/night consis-
tency within the SABER data set. Decreasing the daytime
ozone requires a decrease in the collisional quenching rates
used in the statistical equilibrium model for ozone vibra-
tional states described in section 2. This discussion points
out the need for an independent validation of the atomic
oxygen concentration. As discussed above, the unique
nature of the mesopause region energy budget affords this
validation based on energy balance considerations and is
the subject of the next paper [Mlynczak et al., 2013].
[52] The SABER atomic oxygen record now exceeds

11 years in length with nearly 5 million individual vertical
profiles of atomic oxygen. The algorithms described herein
are available to the community and may be obtained by
contacting the lead author of this paper.
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