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a b s t r a c t
We present observations of the O2(a1Dg) nightglow at 1.27 lm on Mars using the SPICAM IR spectrometer onboard of the Mars Express orbiter. In contrast to the O2(a1Dg) dayglow that results from the ozone
photodissociation, the O2(a1Dg) nightglow is a product of the recombination of O atoms formed by CO2
photolysis on the dayside at altitudes higher than 80 km and transported downward above the winter
pole by the Hadley circulation. The ﬁrst detections of the O2(a1Dg) nightglow in 2010 indicate that it is
about two order of magnitude less intense than the dayglow (Bertaux, J.-L., Gondet, B., Bibring, J.-P.,
Montmessin, F., Lefèvre, F. [2010]. Bull. Am. Astron. Soc. 42, 1040; Clancy et al. [2010]. Bull. Am. Astron.
Soc. 42, 1041). SPICAM IR sounds the martian atmosphere in the near-IR range (1–1.7 lm) with the spectral resolution of 3.5 cm1 in nadir, limb and solar occultation modes. In 2010 the vertical proﬁles of the
O2(a1Dg) nightside emission have been obtained near the South Pole at latitudes of 82–83°S for two
sequences of observations: Ls = 111–120° and Ls = 152–165°. The altitude of the emission maximum varied from 45 km on Ls = 111–120° to 38–49 km on Ls = 152–165°. Averaged vertically integrated intensity
of the emission at these latitudes has shown an increase from 0.22 to 0.35 MR. Those values of total vertical emission rate are consistent with the OMEGA observations on Mars-Express in 2010. The estimated
density of oxygen atoms at altitudes from 50 to 65 km varies from 1.5  1011 to 2.5  1011 cm3. Comparison with the LMD general circulation model with photochemistry (Lefèvre, F., Lebonnois, S., Montmessin,
F., Forget, F. [2004]. J. Geophys. Res. 109, E07004; Lefèvre et al. [2008]. Nature 454, 971–975) shows that
the model reproduces fairly well the O2(a1Dg) emission layer observed by SPICAM when the large ﬁeld of
view (>20 km on the limb) of the instrument is taken into account.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
The dayglow of molecular oxygen O2(a1Dg) in 1.27 lm band on
Mars is known for a long time. Formed as a result of ozone photolysis it serves as a tracer of the ozone abundance in the martian
atmosphere, allowing to observe its spatial and seasonal variations.
The emission was predicted after the discovery of ozone in the
atmosphere of Mars in UV spectra recorded from Mariner 7 (Barth
and Hord, 1971). For the ﬁrst time the emission was detected by
Noxon et al. (1976) from the ground using Doppler shift of martian
lines in the spectrum recorded with resolving power of 400,000.
These observations were continued by Traub et al. (1979). Since
then the study of the oxygen dayglow has been supported by
ground-based observations (Krasnopolsky and Bjoraker, 2000;
Krasnopolsky, 2003, 2009; Novak et al., 2002), and from the orbit,
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using SPICAM and OMEGA spectrometers on Mars Express and
CRISM on Mars Reconnaissance Orbiter (Altieri et al., 2009;
Fedorova et al., 2006a; Clancy et al., 2011). The maximal values
observed in the early spring in both hemispheres near the polar
regions reach 30 MR.
On the nightside the nature of the emission is different. Singlet
oxygen is a product of atomic oxygen recombination that in turn is
a product of photolysis of atmospheric gases on the dayside. This
process is well-known both on Earth, and on Venus. In the upper
atmosphere of Venus the oxygen emission on the nightside allows
to study a circulation of the atmosphere at altitudes of 90–110 km
(in the upper mesosphere and the lower thermosphere) (Bougher
and Borucki, 1994). In mesosphere the superrotation is dominating, while in thermosphere a motion from a subsolar to antisolar
point is prevailing (so-called SS-AS circulation) with some variable
contribution of the superrotation zone. The SS-AS circulation
brings the oxygen atoms, formed as a result of CO2 photodissociation in the dayside, to the nightside. At the antisolar point, the air
descends, and the excited singlet delta state of oxygen molecules
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are formed and emitted the photons at wavelength of 1.27 lm.
Following this scheme a maximum of the O2 emission should be
observed in the antisolar point, but the superrotation shifts the
maximum of intensity to some time after midnight. Intensive
study of this process has begun with continuous observations of
the O2 emission on Venus in the VIRTIS experiment on Venus
Express (Piccioni et al., 2009; Gérard et al., 2008; Hueso et al.,
2008; Shakun et al., 2010).
Nightglow at 1.27 lm band on Mars has the same nature as on
Venus, but since its predicted intensity is at least 100 times lower
than that of the O2 dayglow (Krasnopolsky, 2003; Garcia Munoz
et al., 2005), it was not detected until very recently. A tentative
detection was reported by Krasnopolsky in 2003, but a large ﬁeld
of view of their observations hampered the detection of the nightside emission by oxygen recombination. Krasnopolsky has concluded that a residual dayside emission could contribute in the
observed airglow due to a long lifetime of excited oxygen atoms.
The ﬁrst direct observation of the nightside emission were provided by OMEGA/Mars Express observing a limb (three vertical
proﬁles have been detected, Gondet et al., 2010; Bertaux et al.,
2010, 2012), and conﬁrmed by the CRISM experiment on Mars
Reconnaissance Orbiter (Clancy et al., 2010). All detections were
made close to southern and northern Poles at polar night.
The observation of the nightglow at poles is important because it
is associated to poorly constrained meridional transport into the polar atmosphere. Moreover the O2 emission allows to retrieve a proﬁle of atomic oxygen at the altitudes where the emission forms. The
atomic oxygen is known to have an important effect on the 15 lm
cooling of the CO2 atmosphere. The collision with oxygen excites
the vibrational states of the CO2, enhancing the emission rate and
the cooling (Forget et al., 2009). As a consequence, an accurate
knowledge of atomic oxygen density in the middle atmosphere is
of high importance for a correct simulation of mesospheric and thermospheric temperatures. Still little is known about the precise distribution of atomic oxygen in the upper mesosphere and lower
thermosphere. The available data from OI 130 nm dayglow show
an important variability (Stewart et al., 1992; Chaufray et al.,
2009) but it relates to an altitude range of 100–400 km. Furthermore, the resent observations of NO nightglow (Cox et al., 2008) presented several N(4S) and O(3P) density proﬁles from 30 to 100 km
estimated from a one-dimensional chemical-diffusive model.
The infrared AOTF spectrometer (SPICAM IR) is a part of the
SPectroscopy for the Investigation of the Atmosphere of Mars
(SPICAM) experiment onboard the European Mars Express spacecraft. It allows to perform measurements of the O2 emission with
relatively high spectral resolving power (2200) and has provided
the ﬁrst seasonal map of the oxygen emission on the dayside of
Mars (Fedorova et al., 2006a). Since 2010 a special command has
been applied to the instrument for nightglow observations on limb
(see Section 3). SPICAM measurements conﬁrm the OMEGA and
CRISM detections, and allow to continue the study of processes
in the polar regions of Mars from Mars Express. OMEGA observations of this emission are discontinued in 2010 because of failure
of the detector cooler in this spectral range.
In this article we present measurements of the O2 nightglow by
SPICAM in 2010: the vertical proﬁles of the emission, estimations
of the total vertical intensity and the density of atomic oxygen in
the polar region, and a comparison of the observations with the
general circulation model of the martian atmosphere.
2. The chemistry of the oxygen nightglow
Molecular oxygen in excited state O2(a1Dg) on the nightside of
Mars comes out of reaction of atomic oxygen recombination,
where O2 one of the excited electronic states of oxygen.

O þ O þ CO2 ! O2 þ CO2

597

ð1Þ

Rate coefﬁcient of reaction (1) depends on temperature. The basic measurements in the range of 200–330 K have been done by
Campbell and Gray (1973) and Campbell and Thrush (1967)
40 years ago. These data have been improved recently by Pejakovic
et al. (2008) and Smith and Robertson (2008) who have also added
a new point at temperature of 171 K. But measurements at temperatures typical to those of the martian polar night (120–160 K) are
still missing. Several presentations of the temperature dependence
exist now. One of its, which has been adopted widely in the
atmospheric science community, gives the rate coefﬁcient as
k1 = 4.7  1033(300/T)2 cm6 s1 (here and after referred as R1)
(Slanger and Copeland, 2003). This rate coefﬁcient is the value
measured when using O2 and/or N2 as a third body. For CO2 atmospheres it should be multiplied by 2.5 (Slanger et al., 2006). For
temperature 200 K it corresponds to 2.5  1032 cm6 s1. We will
discuss the different presentations of the rate coefﬁcient and
related uncertainties in Section 5.
Atomic oxygen which participates in reaction (1), is formed on
the dayside of Mars as a result of CO2 photodissociation by solar UV
radiation with a wavelength k < 207.5 nm and transported on the
night side by the subsolar–antisolar circulation. The transport to
the winter polar region is performed by the Hadley meridional cell
(Bertaux et al., 2012). Atomic oxygen accumulated locally during
the daytime is gradually lost in the nighttime and contributes to
the nightglow as well.
This reaction is a basic source of a metastable oxygen molecule
in night atmosphere of Mars and Venus. Not all O2 molecules
produced in reaction (1) are in the O2(a1Dg) state. Some of them
are formed in higher excited states, from which quenching and cascading can further populate the O2(a1Dg) state. The fraction of O2
molecules formed in the O2(a1Dg) state (after considering processes from higher excited states) is given by the parameter b.
The emission at 1.27 lm results from transition from the excited
electronic state a1Dg in the ground state X3 R
g . Crisp et al. (1996)
estimated a probability for formation of the given excited state in
b = 0.63 ± 0.19 and b  0.6–0.75 for collisions with N2 and CO2
respectively. This estimation was based on laboratory measurements. Using results of laboratory and atmospheric measurements
Huestis (2002) has estimated a probability of the O2(a1Dg) formation as 0.94–0.99 for collisions with N2 and CO2. Krasnopolsky
(2011) combined observations of all O2 band systems in the nightglow on the Earth and Venus with the relevant laboratory studies
and suggested a scheme of the O2 nightglow excitation, quenching,
and energy transfer on the terrestrial planets. Four O2 states contribute to the excitation of O2(a1Dg) with an effective yield of 0.7
in the CO2 atmospheres.
From the excited state O2(a1Dg) the molecule can be deactivated to the ground state either through collisions, or through
emission.

O2 ða1 Dg Þ ! O2 ðX3 Rg Þ þ hm

ð2Þ

with a radiative lifetime of the state s. The most part of emission occurs in transition (0,0) at 1.27 lm but the small part also occurs in
(0,1) 1.58 lm. The second emission is 45 times weaker as measured
in laboratory and 70 times weaker as observed in the terrestrial
atmosphere (Novak et al., 2002 and references therein). Recently
from simultaneous measurements of the 1.27 and 1.58 lm bands
on Venus, Piccioni et al. (2009) have estimated a ratio of the transition probabilities to be 63 ± 8. Based on these measurements we
assumed that all excited states radiate at 1.27 lm.
Despite numerous laboratory measurements and studies of the
atmospheric emissions, the radiative lifetime s for O2(a1Dg) is still
estimated with a large uncertainty and varies from 6803 s (Mlynczak and Nesbitt, 1995) to 3880 s (Badger et al., 1965). Later
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measurements have indicated values varying from 4300 to 4500 s.
Krasnopolsky (2003) used a value of 4470 s (Lafferty et al. (1998))
for study of the O2 dayglow on Mars. Laboratory measurements by
Newman et al. (1999) recommended a value s = 4566 s. One of the
latest researches was published by Miller et al. (2001) which has
speciﬁed a value with wide boundaries s = 4300(500) s. This value
has been used by Gérard et al. (2009) to retrieve vertical proﬁles of
oxygen on Venus.
Deactivation through collisions occurs in the following reaction:

O2 ða1 Dg Þ þ CO2 ! O2 ðX3 Rg Þ þ CO2

ð3Þ

This reaction is very slow (deMore et al., 1997), reaction rate
k2 < 2  1020 cm3 molecule1 s1. Krasnopolsky and Bjoraker
(2000) have recommended a value k2 = 1020 cm3 molecule1 s1.
Here we assume that the vertical distribution of O2(a1Dg) is preliminary controlled by photochemistry. The advection terms can be
ignored in this continuity equation, since the radiative lifetime of
O2(a1Dg) (1.2 h) is signiﬁcantly shorter than the characteristic
timescale of vertical transport in the polar night (several days).
Using constants for appropriate reactions, the equilibrium
equation for O2(a1Dg) could be written as:

d½O2 ða1 Dg Þ
1
¼ k1 b½O½O½CO2   ½O2 ða1 Dg Þ  k2 ½O2 ða1 Dg Þ½CO2 
dt
s
The steady state is reached, when photochemical equilibrium
exists:

d½O2 ða1 Dg Þ
0
dt
1

k1 b½O½O½CO2  

s

½O2 ða1 Dg Þ þ k2 ½O2 ða1 Dg Þ½CO2 

where [] designates the number density for a given species.
Let’s deﬁne the emittance e through the number of deactivations of excited state O2(a1Dg) per second per cm3.

e¼

½O2 ða1 Dg Þ

s

or

e¼

k1 b½O½O½CO2 
1 þ sk2 ½CO2 

ð4Þ

If sk[CO2]  1 then the deactivation by collisions dominates. In
that case [CO2]  1016 cm3 that corresponds to altitudes below
10–15 km for polar night on Mars when a signiﬁcant fraction of
the atmospheric CO2 is condensed. It means the emission depends
only on oxygen atoms and should be very small as the atomic oxygen density quickly decreases in the lower atmospheric layers. If sk
[CO2]  1 ([CO2] < 1016), deactivation by collisions can be
neglected and the emission is proportional to concentration of
oxygen and carbon dioxide in the atmosphere (>30 km) e  k1b[O][O][CO2] and a position of emission maximum will mirror an
oxygen maximum.
Krasnopolsky (2003) has indicated that one more reaction can
potentially give the contribution to the O2 emission at the nightside of Mars. It is a reaction of HO2 + O ? OH + O2 + 2.29 eV. But
he has pointed there is no information on the effective yield of
the reaction to form the excite (a1Dg) state.
The emittance cannot be measured by a remote spectrometer. It
registers the intensity of the emission, i.e. the integral over the line
R
of sight I ¼ e4ðzÞ
p dz where the intensity I is measured in photons/
2
cm /s/ster.
The intensity of an emission is measured in Rayleigh: 1R = 106/
photon cm2 s1 (4p ster)1.

I ðMRÞ ¼ 1012

Z

eðzÞ
dz
4p

ð5Þ

3. The instrument description, observations and dataset
Infrared acousto-optical spectrometer SPICAM IR works in the
range of 1–1.7 lm with a spectral resolution varying from

Dk  0.5 nm for k = 1 lm to Dk  1.2 nm for k = 1.7 lm (corresponding to 3.5 cm1 throughout the range). At k = 1.27 lm the
resolving power is 2200. The ﬁeld-of-view of the spectrometer
for nadir and limb measurements equals to 1° that corresponds
to 20 km on the limb if observed from the pericenter of Mars-Express orbit (300 km). The SPICAM experiment works in several
observation modes: solar and stellar occultations, limb and nadir.
The primary goal of SPICAM IR is the measurement of H2O in the
martian atmosphere in 1.38 lm band (Fedorova et al., 2006b).
The O2 dayglow (result of ozone photodissociation), monitoring
of carbonic and water ices in the spectral range from 1.3 to
1.7 lm are also a part of scientiﬁc subjects of the infrared channel.
The detailed description of the instrument, procedure of spectral
scanning, calibration process and observation modes can be found
in papers of Korablev et al. (2006a,b).
The spectrometer works on a principle of consecutive scanning
of a spectrum. Recording of a full spectrum requires 24 s. To obtain
faster operations at nadir and on limb, spectra are recorded in several ‘windows’ corresponding to the most interesting area of the
SPICAM spectral range (see Fig. 7 in the paper of Korablev et al.
(2006b)). The main mode of spectrum record consists of three windows, 996 spectral points of total length with an integration time
of 5.6 ms for every point and 6 s for the complete spectrum (below
mentioned as ‘standard mode’). The ﬁrst window corresponds to
1435–1648 nm and contains the strongest CO2 bands of in the SPICAM IR spectral range. The second window at 1340–1440 nm is devoted to the H2O measurement in 1.38 lm band. The third window
in the range of 1258–1287 nm is dedicated to the O2 emission in
1.27 lm band.
The ﬁnal calibration of the absolute sensitivity is made comparing SPICAM counts with the OMEGA/Mars Express data and the reported accuracy of OMEGA spectral calibrations is superior to 15 %.
The signal is registered by two detectors in two orthogonal polarizations. The ﬁrst detector is characterized by lower noise and
more stable dark signal, and only this detector is used in the present study. The noise equivalent brightness for the ﬁrst detector is
0.15 W/m2/lm/ster (1.2 MR/nm) in the range of 1250–1300 nm
(the O2 emission) for the standard mode of observations. For dayside observations of the O2 emission at nadir, we averaged data by
16–20 spectra to increase a signal-to-noise ratio by a factor of 4.
The intensity of the oxygen dayglow on Mars reaches 6 MR/nm
in a maximum of the band making it readily measurable for SPICAM (Fedorova et al., 2006a).
SPICAM IR is not sensitive to stellar light, but in the beginning of
the mission it was maintained on during stellar occultation measurements of SPICAM UV. Since January 2004 till December 2010
SPICAM IR performed 341 observations on night limb of the planet.
First 306 observations performed in 2004 up to the orbit 1065 in
the standard observation mode of the instrument (three windows,
6 s, see above) made the emission detection difﬁcult. After that SPICAM IR has not been operated in the stellar occultation mode until
2010. Owing to complicated interpretation, the early observations
(orbits 134–1065) are out of the scope of the present paper.
The ﬁrst detection of the O2 nightglow on Mars in the OMEGA
experiment on Mars-Express in April 2010 shows a vertically integrated intensity of the emission in order of 0.24 MR (Bertaux et al.,
2012). Therefore we implemented a new observation mode making
possible the observation of the nightglow by SPICAM IR at limb and
stellar occultation modes. It employs a maximal integration time of
11.2 ms instead of 5.6 ms in thepstandard
mode described above to
ﬃﬃﬃ
increase the SNR by a factor of 2 (NEB  0.85 MR/nm) and a single spectral window zoomed on the range of the emission, 1259–
1287 nm. The spectrum record takes only 2 s that allows to average
on limb of the planet and to increase the SNR in 2–4 times for limb
so the estimated resulting NEB is 0.24–0.5 MR/nm. The new observation mode was implemented since June 2010 there starting the
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For the identiﬁcation of the O2 band we used the HITRAN 2004
database (Rothman et al., 2005). The lines of a1Dg  X3Rg transition are located in the range from 1250 to 1290 nm (Fig. 3a, Fedorova et al., 2006a). To estimate the emission, we have converted the
absolute units in MR/nm.
4pI (MR/nm) = 4p  0.503  F (W/m2/lm/ster)  k (lm), where
k (lm) is a wavelength, F (W/m2/lm/ster) is the measured
intensity.
The noise equivalent brightness in the range of 1.27 lm band
for the current command equals 0.11 W/m2/lm/ster that corresponds to 0.85 MR/nm. As can be seen from Fig. 4b in Fedorova
et al. (2006a), for an emission with an spectrally integrated value
of 2 MR, the maximum monochromatic emission is about 0.5 MR/
nm. Such signal-to-noise ratio would not allow to detect an emission value less than 2.5 MR for SPICAM IR. An expected value of the
nightglow at limb equals about 10 MR according to OMEGA observations that can be enough to observe it by SPICAM. Meanwhile, to
reduce a signal to noise, it is necessary to average at least over four
spectra.
CO2 absorption lines (mostly in range of 1250–1268 nm, see
Fig. 3 at Fedorova et al. (2006a)) can introduce an error in the computation of the spectrally integrated emission at nadir. But during
the limb observations at altitudes of 50 km when the atmospheric
density falls in approximately 2.5 order of a magnitude, their contribution is not large, therefore for estimation of the emission all
accessible spectral range from 1260 to 1280 nm has been used.
At ﬁrst the slant proﬁle of the emission (Fig. 3a and d) has been
obtained. The vertical resolution for chosen orbits varies from 22 to
40 km that requires to take into account a ﬁeld of view of the
instrument. Removing a spatial response from the measured limb
radiance proﬁle by a deconvolution process before inversion has
the potential advantage of computational efﬁciency and has been
successfully used on previous limb experiments (Bayley and Gille,
1986). The deconvolution can be implemented efﬁciently using a
fast Fourier transform technique and performed only once during
the pre-processing step. Bayley and Gille (1986) used a Wiener
deconvolution function for the limb measurements. Assuming
the SPICAM FOV distribution as known we can obtain the deconvolved proﬁles using the Richardson–Lucy algorithm (Richardson,
1972; Lucy, 1974). FOV of SPICAM IR corresponds to 1° and we
can estimate a vertical resolution RFOV at limb for every orbit based
on this value. Actually the exact FOV function for SPICAM IR is not
well known and we used the cos2((z  zo)/RFOV(zo)/2p) function as
a ﬁrst approximation, where zo is a tangent altitude above the surface. To keep information of original data we provide an inversion
of the O2 volume emission rate in MR/nm for both deconvolved
proﬁles of slant emission (Fig. 3c and f) and proﬁles with the SPICAM original resolution (Fig. 3b and e).
Vertical distribution of the O2(a1Dg) volume emission rate in
MR/km can be retrieved from the slant emission. The integrated
emission represents an integral of volume emission rate nO2(z)
on a line of sight,

new campaign of observations in stellar observation mode. During
2010 35 measurements have been performed starting from the orbit 8303. The parameters of the observations, where the nightglow
has been detected, are listed in Table 1.
The location of the peak intensity is an important part of the
nightglow measurement due to it is sensitive to the atmospheric
motions in the upper mesosphere and thermosphere. The pointing
accuracy of Mars Express is usually much better than the 0.1°
which is the spacecraft speciﬁcation. For SPICAV UV there is some
offset between the center of the CCD detector and +Z spacecraft
axis, which are bore sighted: 0.17° in one direction (along the
wavelength axis, parallel to the Y spacecraft axis), and <0.01° in
the perpendicular direction along the X axis, as determined by star
spectra during the cruise and outside the atmosphere with the
alignment mode. This pointing is used currently for the calculation
of the FOV direction both for UV and IR. Unfortunately there was
no any way (like a star signal for UV) to determine a pointing quality for IR. We believed that IR’s and UV’s FOVs are well codirectional. But we do not exclude any discrepancy and we put an
uncertainty of 0.1° to estimate our maximal error in the altitude
of the peak intensity for the slant emission.
In Fig. 1 a seasonal and diurnal distribution of observations for
2010 is shown. Observations before and after midnight are
marked by squares and circles respectively. The emission on limb
was retrieved from 9 orbits marked in the ﬁgure by black color. As
can be seen from the diurnal distribution of the emission, only 7
orbits conﬁdently concern the oxygen nightglow as a result of
atomic oxygen recombination: 8308, 8340, 8374 (Ls  115°) and
8598, 8628, 8654, 8679 (Ls  160°) on the southern polar cap, latitudes of 82–83°S. The geometry of observations for these orbits is
presented in Table 1. Two other orbits observed in the evening at
latitudes of 50–60°S have been excluded from the analysis because of their proximity to the day–night terminator. They are
most likely an afterglow of singlet oxygen, as a result of ozone
photolysis.
A representative detection of the O2(a1Dg) emission by SPICAM
at night limb is shown in Fig. 2. The spectra have been recorded
during the orbit 8340 (Ls = 111.2°, latitude of 83.3°S). The top panels show the evolution of spectra with time (i.e. the altitude above
the surface) for both detectors. Example spectra recorded at different altitudes (eight spectra averaged) are shown in bottom panel.
The maximum of the emission is located at altitudes of 45 km.
4. The retrieval method
The data treatment of the O2 dayglow for nadir geometry was
described in the paper by Fedorova et al. (2006a). In contrast to
dayside observations, the measurements of the oxygen nightglow
is devoid of some difﬁculties related to the absorption lines of solar
spectrum, an altitude variations of reﬂected sunlight intensity (in
case of dayside limb observations), absorption bands of CO2 and
water ices (Fedorova et al., 2006a).

Table 1
The geometry of limb observations performed by SPICAM in stellar occultation mode where vertical proﬁles of the nightglow have been obtained.
Orbits

Longitude

Latitude

Local time

l0

Ls

Dlimb, km

Topo, km

Altitude, km

O2, MR

8308
8340
8374
8598
8628
8654
8679

103.35
72.60
197.04
333.19
145.72
7.58
333.17

83.32
83.17
83.01
82.40
82.32
82.20
82.08

8.11
7.93
7.69
5.84
5.59
5.40
5.32

109.81
109.22
108.53
101.69
100.42
99.23
97.84

111.19
115.49
120.09
152.09
156.63
160.62
164.51

2309.7
2167.9
2024.8
1378.6
1347.2
1349.4
1393.5

1.05
1.30
1.47
0.82
1.41
1.13
0.87

45.2 ± 4.0
46.1 ± 3.8
44.5 ± 3.5
42.3 ± 2.4
48.8 ± 2.3
37.2 ± 2.3
47.3 ± 2.4

0.220 ± 0.010
0.250 ± 0.010
0.194 ± 0.011
0.344 ± 0.010
0.391 ± 0.010
0.277 ± 0.010
0.385 ± 0.009

where l0 is a solar zenith angle in the target point; Dlimb is a distance from the spacecraft to limb of the planet; Topo is a topographic altitude above the martian ellipsoid;
altitude is an altitude of a peak of the O2 slant emission; O2, MR is a vertically integrated total emission rate.
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Fig. 1. Distribution of observations with season, local time and solar zenith angle (SZA) for sequence of orbits in stellar occultation mode starting with orbit 8300 (martian
year 30). The black signs mark orbits where the emission on limb has been detected. The squares marks observations before midnight, circles marks observations after
midnight.

Fig. 2. An example of observations recorded by SPICAM IR for orbit 8340 (Ls = 111.2°, latitude of 83.3°S) for two detectors. The distribution of signal with wavelength and time
of observation (that is equivalent to altitude above the surface at the ﬁgure) is shown. Color determines the instrumental response in ADU (Analog–Digital units returned by
the spectrometer). The bottom panel shows an example of spectra recorded at different altitudes for detector 0. The maximum of emission is located at altitudes 40–45 km.
Eight spectra have been averaged. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

NO2 ðRo Þ ¼

Z

1

1

nO2 ðlÞdl ¼ 2

Z

þ1

Ro

z
nO2 ðzÞ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dz
z2  Ro2

ð6Þ

where z there is a distance from the given point to the planet center,
Ro is a tangent height for each observation from the planet’s center.
Distribution was supposed spherically symmetric.
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Fig. 3. Left (a and d): vertical proﬁles of the emission at the line of sight obtained for orbits 8308, 8340, 8374 (Ls  115°, top, a) and 8598, 8628, 8654, 8679 (Ls  160°, bottom,
d) at the South Pole, latitudes of 82–83°S. The example of a proﬁle received for orbit 8337 at latitude of 38N is shown, where the emission has not been observed. Middle (b
and e): the retrieved vertical proﬁles of the exited O2 in MR/km for the same orbits (without FOV deconvolution). Right (c and f): the retrieved vertical proﬁles of the exited O2
in MR/km for the same orbits (with FOV deconvolution).

To inverse the observed slant emission we have applied the
Tikhonov regularization (Rodgers, 2000). The idea of the method
is to introduce a smoothness constraint which will decrease the effect of the noise in the retrieved proﬁle. The regularization reduces
the retrieval errors at the expenses of the vertical resolution and
the regularization parameter controls the trade-off between these
two quantities.
The Tikhonov regularized solution is a state vector x that minimizes the cost function:

regularization, R is a regularization matrix, which accounts for the
deviation of the a priori state vector xa with respect to height z:
in our case R = LTL, and the matrix L corresponds to the second
derivative operator (Quémerais et al., 2006; Rodgers, 2000).
At each Gauss–Newton iteration x is given by:

T
f ðxÞ ¼ ðy  FðxÞÞT S1
y ðy  FðxÞÞ þ kðx  xa Þ Rðx  xa Þ

1 T 1
^x ¼ ^xo þ ðK T S1
^
y KÞ K Sy ðy  Fðxo ÞÞ

where y is a measurement vector (in our case, the slant integrated
emission NO2(Ro)), Sy is error matrix associated with the slant emission vector (y), F(x) is a forward model that is presented by Eq. (6),
vector x is a volume emission rate nO2(z); xa is a priory state vector,
k is a regularization parameter that drives the strength of the

1
S^x ¼ ðK T S1
covariance matrix associated with estimator ^x.
y KÞ
K is a Jacobian of F(x) calculated in ^
xo ; ^
xo is initial guess of the
iteration.
The local emission rate x is characterized by the following
covariance matrix:

1 1
x ¼ ðS1
x þ kRxa Þ
^x þ kRÞ ðS^x ^

where non-regularized proﬁle is:
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1 1 1
1
Sx ¼ ðS1
^x þ kRÞ S^x ðS^x þ kRÞ

The retrieved O2 volume emission rate are presented in Fig. 3c, f, b,
and e (for case of non-applied IFOV deconvolution).
5. Results
Observed vertical proﬁle of the O2 emission on the line of sight
and the retrieved proﬁles of vertical distribution of the excited
oxygen in units of MR/km for all orbits are presented in Fig. 3. In
spite of a wide ﬁeld of view, the detected proﬁles allow to estimate
an integrated total vertical emission rate for two sequences of
observations at Ls = 111–120° and Ls = 152–164° performed at the
same latitude.
For the ﬁrst sequence of observation around Ls = 115°, the
O2(a1Dg) emission integrated along the slant tangent line of observation has a maximum at 44–46 km (Fig. 3, top panels and Table
1). An errorbar for the altitude is based on the IR pointing accuracy
(see discussion in Section 3). The altitude of the maximum does not
vary much from one orbit to the other. The vertical distribution of
local O2(a1Dg) emission rate calculated from the slant emission
shows a maximum at 52–58 km. The same panels include the orbit
8337 at latitude of 38°N that does not show any marked signature
of the O2 emission. On the contrary, a season of Ls = 152–164° has
shown considerable variations of the peak altitude. The altitude of
the slant emission maximum varies from 37 to 49 km, and distributions of excited oxygen molecules vary from 45 to 57 km. The
deconvolved proﬁle for orbit 8654 shows a possible double structure with two layers at altitudes of 40 and 55 km. It could reﬂect
as a real distribution of the exited oxygen but also an artifact of
the FOV deconvolution which is more than 25 km for the orbit.
The intensity peak of the slant emission at Fig. 3a and d varies
from 5 MR (Ls = 111.2°, orbit 8308) to 11 MR (Ls = 164.5°, orbit
8679) that could reﬂect a real variation of intensity but it also relates to different vertical resolution from 40 km (8308) to 24 km
(8679). We calculated also a total vertical emission rate that is
not sensitive to the vertical resolution (Table 1, last column). The
data show an increase of the emission in 1.6 from the average value of 0.22 MR on Ls = 111–120° to 0.35 MR on Ls = 152–164°.
We compared our results with available observations. OMEGA
on Mars-Express provided three proﬁles for orbit 1084 (Ls = 120,
latitude 76.5°S), 1619 (Ls = 197, latitude 10°N), 2623 (Ls = 3, latitude = 85°S) (Bertaux et al., 2010, 2012). Orbit 1084 is very close
to our observations even it was done in MY 27 and our observations are related to MY30. A peak intensity of the slant emission
for this orbit is 12 MR and higher than our values of 5–6 MR. But
a FOV of OMEGA is 4.1 arcmin that is in 15 times better than the
SPICAM IR ﬁeld-of-view. The peak altitude of the OMEGA’s proﬁle
is 42 km that is lower than our observations at Ls = 111–120°
(45 km on average) but taking into account uncertainties of the
IR pointing (see Section 3 and Table 1) it is a good agreement. In
spite of it, the comparison of volume emission rate shows a huge
disagreement. The OMEGA proﬁle at Ls = 120° shows a peak emission of 25 kR/km. This is much more than SPICAM at the same time
(<10 kR/km). Also, the OMEGA volume emission proﬁle peaks at a
lower altitude than SPICAM (42 km versus 52–55 km). But we believe it relates to the large FOV of SPICAM that is difﬁcult to deconvolve to vertical resolution of 0.5–2 km that is typical for OMEGA.
Fortunately, the vertically integrated intensity rate has to be free
from this problem. The total emission rate for orbit 1084 observed
by OMEGA is 0.24 MR and it is well consistent with our average value of 0.22 MR for Ls = 111–120°.
The night emission is a result of atomic oxygen recombination
in the descending branch of the Hadley cell, it should be strongly
sensitive to a transport of these atoms to the polar region of Mars.

A comparison of measured proﬁles with three-dimensional general
circulation model of Mars including photochemistry can provide
further insight into this process. We have compared the O2(a1Dg)
vertical proﬁles retrieved from SPICAM data to those calculated
by the LMD general circulation model (GCM) with interactive photochemistry (Lefèvre et al., 2004, 2008). In the conﬁguration used
here the model extends from the surface up to about 150 km,
and the horizontal resolution is 3.75° latitude  5.6° longitude.
The GCM uses a solar ﬂux measured in November 1994, which is
representative of the low solar activity of 2010 (Thuillier et al.,
2004). The photochemical module includes 16 chemical species
and provides a comprehensive description of the CO2, oxygen,
and hydrogen chemistries. It also computes the O2(a1Dg) emission
produced either by the ozone photolysis of the termolecular association of O atoms in (1). For this latter process, the model adopts
the rate coefﬁcient k1(T) = 9.46  1034 exp(485/T) (hereafter referred as R2) determined from the laboratory measurements of
Campbell and Gray (1973) at 298 K and 196 K. This expression predicts a reaction rate which is 20% slower but within the domain
of uncertainty of the recent measurement of k1(T) carried out at
171 K by Smith and Robertson (2008). In the LMD GCM, the reaction rate for (1) is further multiplied by a factor of 2.5 to take into
account a larger efﬁciency of CO2 as a third body, and the net effective yield for the production of O2(a1Dg) is set to 0.75, as suggested
by theoretical studies (Crisp et al., 1996; Krasnopolsky, 2010,
2011). The GCM results extracted in coincidence with the seven
proﬁles of O2(a1Dg) emission measured by SPICAM in the southern
polar night are shown in Fig. 4. For the seven cases considered here
the model predicts a prominent layer of O2(a1Dg) emission between 40 and 60 km. The maximum intensities are calculated at
about 50 km and are of the order of 0.03–0.04 MR/km. These raw
values are larger than those retrieved from SPICAM by at least a
factor of two. However, most of this overestimation can be attributed to the stronger vertical resolution of the model. Once convolved by the SPICAM vertical resolution, the peak of O2(a1Dg)
emission calculated by the model is largely reduced (Fig. 4) and
is in most cases in fairly good agreement with observations. In
the light of the uncertainties in the retrieval and in the kinetics
of the O2(a1Dg) emission, this result is promising and is also in line
with comparisons at the same seasons between the LMD GCM and
other observations of O2(a1Dg) nightglow by OMEGA at Ls = 120°
(Bertaux et al., 2012) and CRISM at Ls = 166° (Clancy et al., 2011).
Fig. 5 compares the seasonal variations of the vertically integrated O2(a1Dg) emission for seven orbits to those calculated by
the GCM. Model values are larger by a factor of 1.5. In 2010 we
observed the emission at different seasons but near the same latitude of 83°S. Presented dataset is insufﬁcient to search longitudinal variations and the latitude distribution, which are important
to study the meridional transport. Two other observations near
Ls = 115° and latitude 60 °S (Fig. 1) do not show any emission
exceeding our detection limit. Fig. 6 demonstrates zonally-averaged O2(a1Dg) emission (kR km1) calculated by the LMD GCM
with photochemistry (Lefèvre et al., 2008). The production of
O2(a1Dg) by the recombination of atomic oxygen is visible above
40 km in the southern polar region at Ls = 115–120° (left) and in
both polar regions at Ls = 155–160° (right). At lower altitudes and
solar illuminated latitudes, a stronger O2(a1Dg) emission is produced by the photolysis of ozone. For Ls = 115–120° the model
shows a strongly enhanced emission close to the pole (latitude
>75°S), the altitude of the peak is stable and there is no prominent
emission layer near 60°S. in agreement with SPICAM results.
Knowing the vertical distribution of the molecular singlet oxygen and using Eq. (4), we can easily estimate the density of atomic
oxygen at altitudes where the O2 emission has been observed,
within the accuracy of kinetics chemical coefﬁcients used:
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Fig. 4. Comparison of the O2(a1Dg) volume emission rate with the martian general circulation model. Lines with errorbar are the SPICAM IR observations (black); the solid
lines are model proﬁles; dashed lines are model proﬁles convolved with the SPICAM vertical resolution (blue). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1

þ k2 ½CO2 
½O ¼ ½O2 ð1 DÞ s
k1 b½CO2 

ð7Þ

In Section 2 we discussed various coefﬁcients used in this equation. As the basic values we have taken the kinetics rate coefﬁcient
of reaction (1) k1(T) = 9.46  1034 exp(485/T) cm6 molecule1 s1
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Fig. 5. Vertical intensity of the O2(a1Dg) vertically integrated nighttime emission
versus the areocentric longitude of the Sun. The stars mark observations, squares
mark modeling values.

(R2) as in the GCM (Campbell and Gray, 1973), the effective yield b
= 0.75, deactivation rate k2 = 1020 cm3 molecule1 s1, radiative
lifetime of the excited state s = 4470 s. Temperature and atmospheric density vertical proﬁles were taken from the LMD general
circulation model.
In Fig. 7 the obtained atomic oxygen proﬁles are presented. The
vertical resolution of observations does not allow to deﬁne the position of the emission maximum with conﬁdence. Still it is possible
to make quantitative estimations at the altitude of 50–70 km. The
O density varies from 1.5  1011 cm3 at altitude of 50 km to
2–2.5  1011 cm3 at altitude of 60 km. These values are in 1.3
times lower than the modeling values at altitudes of 50–60 km.
The observations conﬁrm strong variations in the oxygen abundance at these heights.
The main uncertainty in the estimation of atomic oxygen comes
from uncertainties of three-body reaction rate and kinetic parameters, and also from unknown temperature and CO2 density
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Fig. 7. Oxygen proﬁles obtained for fourth listed orbits at Ls = 152–165°. Solid lines
are data; dashed lines are the GCM proﬁles.

proﬁles. The sensitivity of the O2 airglow to these parameters at
night and day has been considered in work of Gagné et al. (2011).
We tried to estimate the uncertainty based on the available
data. One source of uncertainties is the reaction coefﬁcient k1 as
was discussed in Section 2. The measurements by Campbell and
Gray (1973) provided data for temperature range from 196 to
300 K. Recently this range was extended to 177 K (Smith and
Robertson, 2008). Atmospheric science community widely uses
the rate coefﬁcient of reaction (1) as 4.7  1033(300/T)2 cm6 s1
(Slanger and Copeland, 2003) (R1). The NIST dataset (http://kinetics.nist.gov/kinetics/Detail?id=1973CAM/GRA607:1) for this reaction proposed the relation R2 based on the same measurements
by Campbell and Gray (1973) (R2). Another reaction rate to consider is the one recommended by Tsang and Hampson (1986):
k = 5.2  1035 exp(900/T) (R3) which gives a quite different O2
emission rate, especially at temperatures >160 K (Fig. 8, left). We
do not consider the R3 coefﬁcient here due to it is far from the laboratory measurements. The revision of the rate coefﬁcient in 2008
gave a value of 2.76  1034 exp(720/T) (R4) (Baulch et al., 1976;
Smith and Robertson, 2008). We consider the reaction rates R1,

Fig. 6. Zonally-averaged O2(a1Dg) emission (kR km1) calculated by the LMD general circulation model with photochemistry (Lefèvre et al., 2008). The production of O2(a1Dg)
by the recombination of atomic oxygen is visible above 40 km in the southern polar region at Ls = 115–120° (left) and in both polar regions at Ls = 155–160° (right). At lower
altitudes and solar illuminated latitudes, a stronger O2(a1Dg) emission is produced by the photolysis of ozone.
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Fig. 9. The sensitivity of the oxygen proﬁle to kinetic rate coefﬁcients (a and b), the radiative lifetime (c) and the effective yield (d) by the example of orbit 8628 (Ls = 156.6°,
longitude 145.7°, latitude 82.3°, LT = 5.6 h, SZA = 100.4°). Standard model assumes the next kinetics parameters: the rate coefﬁcient of reaction (1) R2, the effective yield
b = 0.75, the deactivation rate k2 = 1020 cm3 molecule1 s1, the radiative lifetime of the excited state s = 4470 s.

R2 and R4 are more established and well consistent for temperatures higher 180 K (Fig. 8, left), but they diverge for T < 180 K. Following to the GCM predictions the polar temperatures at these
altitudes vary from 120 to 160 K (Fig. 8, right). The sensitivity of

the retrieved atomic oxygen proﬁle to the reaction rate (1) is
shown in Fig. 9a.
The deactivation rate k2 is poorly constrained: it falls between
0.5  1020 to 2  1020 cm3 molecule1 s1. But due to the fact
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Fig. 11. Comparison of atomic oxygen retrieval to the temperature–pressure
proﬁle. Solid line is the atmospheric structure assuming the LMD GCM; dashed line
is the p–T from SPICAM UV observations (orbit 8374, Ls = 120.1°, longitude 197°,
latitude 83°, LT = 7.69 h, SZA = 108.5°). The next kinetics parameters were used for
this ﬁgure: the rate coefﬁcient of reaction (1) R2, the effective yield b = 0.75, the
deactivation rate k2 = 1020 cm3 molecule1 s1, the radiative lifetime of the excited
state s = 4470 s.

that the deactivation is directly linked with the CO2 density, reaction (3) is important only at altitudes <15 km in polar regions of
Mars (Fig. 9b). The same consideration is applicable to the lifetime
s of the excited state (Fig. 9c). The main uncertainty results from
two coefﬁcients: the effective yield (Fig. 9d) and the reaction rate
for oxygen recombination k1. The density varies as the inverse
square root of their product.
One more uncertainty comes from the assumptions on the
atmosphere temperature and density. SPICAM routinely measures

the atmospheric density and temperature proﬁles in stellar occultations by means of the UV channel using the 110–200 nm CO2
band (Quémerais et al., 2006; Forget et al., 2009). For calculation
of oxygen abundance, we use when possible the simultaneous proﬁles from UV observations to minimize the error coming from the
model. Unfortunately most of our orbits do not allow the CO2 retrieval. Only the orbit 8374 is suitable to check the temperature–
pressure proﬁle from simultaneous observations. The comparison
of retrieved and modeling proﬁles shows a disagreement
(Fig. 10) of 20–30 K at 50 km that is substantial difference. The
resulting oxygen proﬁles are shown in Fig. 11. In fact the increase
of observed density at altitudes of 40–100 km and the decrease of
temperature at 40–80 km are compensated in formula (7) and results in decreasing of the retrieved oxygen density by 20%.
The observations of Mars Climate Sounder instrument on the
Mars Reconnaissance Orbiter showed an intense warming of the
middle atmosphere (40–60 km) over the south polar region in winter, at least 10–30 K warmer than predicted by model simulation
(McCleese et al., 2008). These MCS results are consistent with SPICAM UV measurements. This suggests that even though the LMD
GCM has been signiﬁcantly improved since 2008, the intensiﬁed
Hadley circulation and the temperature warming at the South Pole
latitude >80°S is still not well reproduced. The intense circulation
and higher vertical speed are expected to decrease the emission
peak altitude. Although this is not conﬁrmed by most of SPICAM
observations, it was seen by OMEGA (Bertaux et al., 2010, 2012).
The difference might be due to the large FOV of SPICAM, that does
not allow to obtain an accurate altitude.
6. Conclusions
The paper presents the ﬁrst observations of the O2 emission at
1.27 lm band at the night side of Mars by SPICAM IR spectrometer
on Mars Express. This emission has been predicted a few years ago
(Krasnopolsky, 2003; Garcia Munoz et al., 2005), but was ﬁrst
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detected in 2010 by OMEGA at high southern and northern latitudes during the polar night (Bertaux et al., 2012). This polar nightside emission is a product of atomic oxygen recombination formed
on the dayside of the planet as a result of CO2 photolysis and their
further transport on the night side of polar regions by meridional
circulation of the Hadley cell, where they recombine at altitudes
of 50–60 km. Thus, the O2 nightglow can be the effective indicator
of atmospheric dynamics.
Seven proﬁles of the emission at latitudes of 82–83°S for Ls
= 111–120° and Ls = 152–165° have been out of 35 observations
where it was not detected in 2010. The altitude of slant nightglow
maximum varied from 45 km on Ls = 111–120° to 37–49 km on Ls
= 152–165°. Vertically integrated intensity of the emission at these
latitudes has shown signiﬁcant increase from 0.22 MR on Ls = 111–
120° to 0.35 MR on Ls = 152–165° that well consists with OMEGA
observations of the O2 nightglow (Bertaux et al., 2012). The peak
intensity of the emission in MR/km from SPICAM and OMEGA
shows a disagreement that could be explained by the large FOV
of SPICAM. In spite of it, the emission has allowed to estimate a
density of oxygen atoms at altitudes from 50 to 65 km which varied for the current observations from 1.5  1011 to 2.5  1011 cm3.
Comparison with the LMD general circulation model with photochemistry shows that modeled O2(a1Dg) nightglow reproduces
fairly well the SPICAM observations, even though the verticallyintegrated emission appears to be overestimated in the model.
For Ls = 152–165° the altitude of the nightglow maximum for volume emission rate varies from 45 to 55 km, which corresponds on
average the model values. A possible double maximum of the
emission proﬁle has been tentatively observed at Ls = 160°.
The SPICAM IR nightglow observations are very rare events and
the detection statistics is poor. Nevertheless, they have already allowed to make estimations of seasonal variations of the emission
and to compare with model predictions. The comparison of retrieved results with the LMD GCM shows both similarities and discrepancies. The differences may reﬂect the current uncertainties in
the kinetics of the production of O2(a1Dg), or can be due to an inaccurate downward transport of O atoms by the GCM in the polar
night region. In any case this emission is an effective indicator of
downward ﬂow of air from the altitudes where the CO2 photodissociation occurs (i.e. above 70 km). Further observations of the
temporal and spatial variations of the O2 nightglow with SPICAM
IR that was done in 2011 and plans now for 2012 will help quantifying the poorly constrained meridional transport in the polar
atmosphere of Mars and provide a mapping of the nightglow for
the northern and southern polar night.
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