
Sounding of the Atmosphere using Broadband Emission Radiometry

observations of daytime mesospheric O2(
1D) 1.27 mm emission and

derivation of ozone, atomic oxygen, and solar and chemical energy

deposition rates

Martin G. Mlynczak,1 B. Thomas Marshall,2 F. Javier Martin-Torres,3

James M. Russell III,4 R. Earl Thompson,2 Ellis E. Remsberg,1 and Larry L. Gordley2

Received 15 December 2006; revised 19 April 2007; accepted 23 May 2007; published 11 August 2007.

[1] We report observations of the daytime O2(
1D) airglow emission at 1.27 mm recorded

by the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument on the NASAThermosphere-Ionosphere-Mesosphere Energetics and Dynamics
(TIMED) satellite. The measured limb radiances are inverted to yield vertical profiles
of the volume emission rate of energy from the O2 molecule. From these emission rates we
subsequently derive the mesospheric ozone concentrations using a nonlocal
thermodynamic equilibrium (non-LTE) radiative and kinetic model. Rates of energy
deposition due to absorption of ultraviolet radiation in the Hartley band of ozone are also
derived, independent of knowledge of the ozone abundance and solar irradiances. Atomic
oxygen concentrations are obtained from the ozone abundance using photochemical
steady state assumptions. Rates of energy deposition due to exothermic chemical reactions
are also derived. The data products illustrated here are from a test day (4 July 2002) of
SABER Version 1.07 data which are now becoming publicly available. This test day
illustrates the high quality of the SABER O2(

1D) airglow and ozone data and the variety
of fundamental science questions to which they can be applied.
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1. Introduction

[2] The daytime terrestrial O2(
1D) airglow emission pro-

vides a fundamental probe into the photochemistry and
energetics of the mesosphere and lower thermosphere. It
has been observed frequently by rocket-borne instruments
[e.g., Evans et al., 1968; Mlynczak et al., 2001] and from
space by the Near-Infrared Spectrometer instrument on the
Solar Mesospheric Explorer (SME) satellite [Thomas et al.,
1984] and by the Optical Spectrograph and InfraRed Imager
System (OSIRIS) instrument on the Odin satellite [Llewellyn
et al., 2004]. O2(

1D) is produced primarily by photolysis
of ozone in the Hartley band and provides a strong and
distinct radiative signal that is readily measured and used
to infer the ozone concentration in the mesosphere. The
O2(

1D) emission also plays a fundamental role in the radia-

tive energy balance of the mesosphere [e.g., Mlynczak and
Solomon, 1991].
[3] The SABER instrument [Russell et al., 1999] was

launched on the NASATIMED satellite in December 2001.
A fundamental goal of SABER is to observe comprehen-
sively the ozone abundance and energy balance of the
terrestrial mesosphere [Mlynczak, 1997]. One of the key
measurements toward achieving this goal is the global
observations of the O2(

1D) airglow emission at 1.27 mm.
In this paper we outline the SABER observations of the
O2(

1D) airglow and the data products derived from it. The
data presented here are based on the Version 1.07 process-
ing which are now becoming publicly available. This new
version updates the presently available Version 1.06 pri-
marily in the blending of emission rates retrieved separately
under the weak-line and strong-line radiative transfer
regimes. The spectroscopy in the non-LTE kinetic model
and in the strong-line retrieval algorithm has been updated
in Version 1.07 to be consistent. These changes, while
important in the overall data quality, are typically at the
10% level in the inferred ozone abundance from that
presented in Version 1.06.
[4] In the following sections we describe the retrieval

approaches and the data products derived from the airglow
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relating to photochemistry and energetics. A summary
concludes the paper.

2. Measurement and Retrieval Approach

[5] SABER continually measures emission from the
Earth’s limb by scanning from 400 km tangent altitude
down to the hard Earth surface. Shown in Figure 1 (left) is
an example of a single daytime limb radiance measurement
scan. The dashed line in the figure is the noise equivalent
radiance (2.4 � 10�10 W cm�2 sr�1) in the SABER O2(

1D)
channel. SABER is a filter radiometer and the nominal
5% transmission points are 7703 to 7971 wave numbers
(1.298 mm to 1.254 mm). The figure illustrates the large signal-
to-noise (S/N) available in the SABER O2(

1D) measurement,
i.e., a S/N exceeding 1000 below 90 km tangent altitude.
[6] The measured limb radiance R is described by the

radiative transfer equation:

R ¼
Z

Jn xð Þfn
@tn xð Þ
@x

dx dn ð1Þ

where Jn(x) is the source function at wave number n at
location x along the line of sight, fn is the SABER relative
spectral response function at wave number n, and @tn(x)/@x
is the gradient of transmission (tn) at wave number n at
location x along the line of sight. Below 65 km the emission

is self absorbed, while above the emission is in the weak-
line radiative transfer limit.
[7] The first products to be derived from the limb

radiance are the volume emission rates Ve (erg cm�3 s�1)
of energy and Vp (photons cm�3 s�1) of 1.27 mm photons
(Vp = Ve/hcn, h is Planck’s constant and c is the speed of
light.) The emission rates are derived above 70 km from an
Abel (weak-line) inversion of the limb radiance. This
process yields the volume emission rate as weighted by
the SABER relative spectral response function. To obtain
the total, unweighted emission rate, a correction factor is
applied to the derived weighted emission rate. This process
of ‘‘unfiltering’’ the emission rate in the weak line limit is
described by Mlynczak et al. [2005]. For the SABER
O2(

1D) emission the factor is about 1.28. That is, the total
O2(

1D) emission rate is approximately 1.28 times the
weighted emission rate. The ‘‘unfilter’’ factor has a weak
dependence on temperature as the relative strengths of the
spectral lines change with temperature. This weak (4%
maximum) effect is accounted for in the volume emission
rate retrieval using SABER-measured temperatures (also
from version 1.07 of the data set).
[8] Below 70 km absorption of the O2(

1D) emission by
O2 itself begins to become important and the weak-line
retrieval approach becomes invalid. At these altitudes the
volume emission rates are derived by inverting equation (1)
to obtain the source function for the O2(

1D) ! O2(
3S)

Figure 1. SABER O2(
1D) (left) limb radiance and (right) retrieved volume emission rate of photons at

69�N, 205�W, with solar zenith angle of 61�, 4 July 2002. Noise levels are given by the individual
vertical dotted lines. Note that the signal-to-noise ratio exceeds 1000 below 90 km.
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transition. This process is straightforward as the O2 density
that determines the transmittance gradient is known from
the SABER temperature and pressure retrieval, assuming an
O2 mixing ratio of 0.21. The radiative transfer equation is
evaluated in the strong line regime using the BANDPAK
software library [Marshall et al., 1994], updated for non-
LTE conditions [Mlynczak et al., 1994]. The volume emis-
sion rate Vp is derived from the source function through the
relationship

Vp ¼
4p
hcn

J
@e
@x

ð2Þ

where J is the retrieved, spectrally integrated source function,
and @e/@x is the gradient of emissivity at the tangent point.
The weak line and strong-line retrievals are blended together
to achieve a single volume emission rate profile, an example
of which is shown in Figure 1 (right) for the radiance profile
shown in Figure 1 (left). The noise equivalent volume
emission rate is about 600 photons cm�3 s�1 as indicated by
the dashed line.

3. Results

3.1. Odd-Oxygen Chemistry

[9] Figure 2 shows the volume emission rate of photons,
Vp, on day 185 (4 July) from year 2002. The data in the
figure are zonal averages in 5� latitude bins taken for all the

daytime orbits, i.e., for solar zenith angles less than 85�.
In all the succeeding figures the data are averaged this way
and are referred to as zonal averages. The emission rates
range from approximately 1 � 105 photons cm�3 s�1 to
over 1 � 107 photons cm�3 s�1. From these rates we can
first illustrate just how far the O2(

1D) ! O2(
3S) transition

is from local thermodynamic equilibrium (LTE). The tran-
sition temperature (Tt) can be defined from the relation:

nu

n0
¼ gu

g0
exp �E=kbTtð Þ ð3Þ

where nu is the upper (O2(
1D)) state population, n0 the

lower (3S) state population, E is the energy of a 1.27 mm
photon, and kb is Boltzmann’s constant. The degeneracies
are taken from Mlynczak and Nesbitt [1995] with gu = 2 and
gl = 3. The upper state number density nu is obtained from
the photon volume emission rate by the relation Vp = nu A,
where A is the Einstein coefficient for spontaneous emission
of the O2(

1D) to the ground O2(
1S) state. The lower state

density n0 is obtained from the O2 density and is derived
from SABER temperature and pressure measurements,
using the MSIS model [Hedin, 1991] to provide the O2

mixing ratio. Shown in Figure 3 are the zonally averaged
transition temperatures for the 1.27 mm transition in the
mesosphere as derived from the SABER O2(

1D) volume
emission rates. They are consistent with those predicted by
Mlynczak et al. [1994] using ozone abundances from the

Figure 2. Daytime O2(
1D) zonally averaged photon volume emission rate for day 185 in 2002.
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Garcia-Solomon two-dimensional photochemical model.
The transition temperatures range from just over 1000 K
near the stratopause to over 1400 K near the cold summer
mesopause. As the kinetic temperatures in the mesosphere
generally span the range from 270 K to 150 K, the O2(

1D)!
O2(

3S) state is clearly driven quite far from LTE. In fact, all
of the SABER-observed emissions are not in LTE above
the stratopause.
[10] The ozone concentration can be inferred from the

photon volume emission rate using a non-LTE radiative and
kinetic model, as was demonstrated by the SME experi-
ment. The SABER ozone data are derived using the model
of Mlynczak et al. [1993] with the following updates:
(1) The Hartley band solar irradiance used to compute the
ozone photolysis rate is taken from the Woods-Rottman
solar model [Woods et al., 2000; Woods and Rottman,
2002]; (2) the solar irradiance at Lyman-a and in the
Schumann-Runge continuum is also taken from the
Woods-Rottman model; (3) the radiative lifetime of
the O2(

1D) ! O2(
3S) transition is now 2.23 � 10�4 s�1

based on the work by Lafferty et al. [1998] and confirmed
by Smith and Newnham [2000], as opposed to the classic
result of 2.58 � 10�4 s�1 reported by Badger et al. [1965];
(4) solar excitation in the O2 ‘‘B’’ and ‘‘g’’ atmospheric
bands at 688 and 629 nm are added to the usual atmospheric
(‘‘A’’) band excitation at 762 nm. Slanger and Copeland

[2003] indicate that at mesospheric densities the process of
quenching of the u = 2 and u = 1 levels to the u = 0 level of
the O2(

1S) state proceeds quite rapidly relative to emission.
Solar excitation of the A, B, and g bands must be included
as the O2(

1S) state is quenched to the O2(
1D) state; (5) solar

excitation of the O2(
1D) state itself [Mlynczak and Marshall,

1996]; and (6) increased yield of O2(
1S) from collisions

with O(1D) [Green et al., 2000] and increased quantum
yield of O(1D) in photolysis of O2 at Lyman-a wavelengths
[Lacoursiére et al., 1999]. These changes are all minor
relative to Mlynczak et al. [1993], with the exception of the
13.5% decrease in radiative lifetime of the O2(

1D) state, and
are included for completeness.
[11] Shown in Figure 4 are the zonally averaged ozone

profiles inferred from the retrieved SABER photon volume
emission rates. The data are ozone volume mixing ratios in
parts per million by volume and range from 2.4 ppmv in the
lower mesosphere (52 km) just above the midlatitude
stratopause, through a minimum of 0.2 ppmv throughout
the middle mesosphere (70–80 km). The secondary ozone
maximum of 2.2 ppmv occurs at about 70�N latitude near
92 km. We note that this secondary maximum occurs in the
vicinity of the cold polar summer mesopause. The data in
Figure 4 represent a composite of approximately 600
individual daytime ozone profiles recorded on 4 July
2002. Of these, just over 400 were recorded between

Figure 3. Zonally averaged transition temperatures (K) for the O2(
1D)! O2(

3S) transition as derived
from SABER.
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Figure 4. Zonally averaged ozone volume mixing ratios (parts per million) for day 185 year 2002.

Figure 5. Single ozone profile derived from the O2(
1D) volume emission rate and the atomic oxygen

derived from the ozone under the assumption of photochemical steady state, at (a) 12�S latitude, day 185,
year 2002, and (b) 42�N latitude, day 185, year 2002.
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1600 and 1700 local time; an additional 100 profiles were
recorded in the next 3 hours. The remaining profiles were
taken between 2100 and 0200 local time (recall that the data
shown here occurs on a day in northern hemisphere polar
summer). An assessment of the ozone abundances against
photochemical models will require consideration of the
variability with local time and solar zenith angle.
[12] During the daytime the lifetime of ozone against

photolysis is about 2 min, implying that photochemical
steady state is a reasonable assumption to describe the
ozone abundance. In the daytime, a SABER data product
of atomic oxygen is derived from the ozone based on this
assumption. We equate production of ozone by recombina-
tion of atomic oxygen and molecular oxygen with destruc-
tion of ozone by photolysis to derive the atomic oxygen
concentration. Shown in Figures 5a and 5b are plots of the
ozone and atomic oxygen mixing ratios at latitudes indicated
in the figures. Of particular note is that atomic oxygen is
shown to become the dominant odd-oxygen component
above about 60 km altitude, which is consistent with
daytime photochemical model predictions [Garcia and
Solomon, 1983]. Atomic oxygen derived in this fashion is
also available as a SABER data product in Version 1.07. An
example of the zonally averaged atomic oxygen mixing
ratios is shown in Figure 6. Because the mixing ratio of
atomic oxygen spans a large range we plot the base 10

logarithm of the volume mixing ratio. From Figure 6 we see
that the mixing ratio exceeds 1% (10�2) just above 90 km,
again consistent with photochemical theory.

3.2. Energetics

[13] As mentioned above, the O2(
1D) emission is a

fundamental component of the radiative energy budget of
the mesosphere. Shown in Figure 7 are the zonally averaged
energy loss rates (erg cm�3 s�1) for this transition derived
from the SABER photon volume emission rates. These are
the instantaneous rates at which energy is being radiated
away locally, substantially reducing the amount of solar
energy available for heat. We can illustrate the energy loss
by converting the energy loss rates Ve to loss rates Ql in
Kelvin per day, from the first law of thermodynamics (Ve =
r Cp Ql),

Ql ¼
2

7

1

kbM
Ve ð4Þ

where r is density, Cp is the heat capacity at constant
pressure, and M is the number density derived from SABER
temperature and pressure measurements. The factor of 2/7 is
due to the relationship between the gas constant and the heat
capacity for diatomic molecules. The derivations of Ql are
shown in Figure 8. The maximum energy loss rates occur in

Figure 6. Base 10 logarithm of the zonally averaged atomic oxygen mixing ratio profiles derived from
SABER ozone.
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the vicinity of the cold summer mesopause on this day, with
rates exceeding 3 K/day. The results in Figure 8 can be
interpreted as the additional rate at which the atmosphere
would be heated if the O2(

1D) airglow did not occur.
However, as shown by Mlynczak and Solomon [1991,
1993], the oxygen emission substantially reduces the
amount of solar energy available for heat, resulting in
heating efficiencies for the ozone Hartley band, O2 at
Lyman-a, and the O2 Schumann-Runge continuum that are
substantially less than unity. Also, using a technique
demonstrated byMlynczak and Solomon [1991], the airglow
energy loss rates, when combined with the independently
derived SABER ozone measured at 9.6 mm, will yield an
estimate of the solar heating efficiency of the Hartley band
essentially independent of the kinetic and spectroscopic
parameters used in the O2(

1D) airglow model. Heating due
to absorption of radiation in the Hartley band of ozone is the
main radiative drive for the mesosphere, and the heating
efficiencies are fundamental inputs to any dynamical model
of the mesosphere.
[14] The O2(

1D) airglow can also be used to derive the
solar energy deposition rate in the ozone Hartley band
independent of any knowledge of the ozone abundance
and the solar irradiance, as shown by Mlynczak [1999].
This approach is applied in the SABER operational data
processing system to derive the instantaneous rate of solar

energy deposition in the Hartley band. For day 185 of 2002
the zonally averaged energy deposition rates are shown in
Figure 9. The rates shown are in Kelvin per day and
represent the instantaneous rate at which ozone is absorbing
ultraviolet radiation from the Sun in the Hartley band. The
rates peak in the lower mesosphere at midlatitudes just
above the stratopause at �25 K/day. As is evident in
Figure 9, the rates follow the distribution of ozone as the
rate is directly proportional to the product of the photolysis
rate and the ozone abundance, and the photolysis rate is
essentially constant with altitude in the mesosphere. At the
secondary maximum just above 90 km the energy deposi-
tion rate exceeds 18 K/day.
[15] We note that the actual rate at which the atmosphere

is heated is less than the energy deposition rates shown in
Figure 9 for two reasons. First, as discussed by Mlynczak
and Solomon [1991, 1993], the energy immediately avail-
able for heat is less than the energy being deposited,
because energy is used to break the O-O2 bond of ozone.
This bond energy is only realized upon a subsequent
exothermic chemical reaction which may occur some time
and some distance away from the location of the original
solar energy deposition. Second, the airglow reduces the
amount of energy available for heat. A heating efficiency
[e.g., Mlynczak and Solomon, 1993] is required to account
for the effects of airglow loss. The actual heating rates are

Figure 7. Zonally averaged volume emission rate of energy (erg cm�3 s�1) for the O2(
1D) ! O2(

3S)
transition.
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Figure 8. Zonally averaged energy loss rate in Kelvin per day derived from loss rates in Figure 7
through the application of the first law of thermodynamics.
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Figure 9. Zonally averaged solar energy deposition rates (K/day) in the Hartley band of ozone derived
from the O2(

1D) airglow, independent of the ozone abundance and solar irradiance, after Mlynczak
[1999].
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readily derived from the SABER energy deposition rates
when the bond energy and heating efficiency are taken into
account.
[16] Last, the atomic oxygen data may be used along with

the SABER temperature and pressure data to derive the
rates of heating due to exothermic chemical reactions. In
Figure 10 we show the instantaneous, zonally averaged rate
of energy deposition due to the recombination of atomic
oxygen and molecular oxygen, in Kelvin per day. This
component of the chemical heating budget is substantial
throughout the entire mesosphere, with rates approaching
5 K/day at the stratopause and 6 K/day near the cold
summer mesopause.

4. Summary

[17] We have presented measurements of the O2(
1D)

airglow made by the SABER instrument on the TIMED
satellite. From these measurements we are able to infer or
derive a variety of parameters related to the odd-oxygen
photochemistry and energy budget of the mesosphere and
lower thermosphere. The data presented herein are pro-
cessed with the SABER Version 1.07 algorithms and are
now publicly available. The data include the volume emis-
sion rates of energy, ozone and atomic oxygen concentra-
tions, and the rates of solar and chemical energy deposition.

These data are part of a larger set of SABER data that can be
used to study the structure and energy balance of the
mesosphere and lower thermosphere. Subsequent publica-
tions will describe the retrieval algorithms in greater detail.
The SABER O2(

1D) airglow algorithms presented here will
continue to be improved as new processes come to light and
as additional processes are evaluated, such as the airglow
emission due to O-atom recombination [e.g., Evans et al.,
1988].

[18] Acknowledgments. The authors thank the NASA Science Mis-
sion Directorate for the continued support of the TIMED mission. M.G.M.
thanks the Science Directorate at NASA Langley for continued support.
The authors also thank A. Smith and D. Marsh of NCAR for constructive
comments on the manuscript.
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