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[1] In this paper we describe measurements of the Martian dayglow obtained by SPICAM
UV spectrograph on board Mars Express between October 2004 and March 2005.
Typical spectra (of more than 24,000 individual spectra) display the main features of the
dayglow already reported more than 30 years ago (Barth et al., 1971, 1972). The variations
with altitude, solar zenith angle, and aerocentric longitude of the main emissions, namely,
the CO Cameron band emissions (a’II — X'Y") from 180—260 nm,

the COj ultraviolet doublet (B*L" - X*II) emission near 289 nm, the O resonance

line at 130.4 nm, and the H Lyman a%pha line at 121.6 nm, are detailed. The average
temperature deduced from the CO3 (B*X" - X*II) emission scale height between 150 and
190 km is T, =201 + 10 K. The altitude of the peak of the dayglow emission varies from
120 km at low solar zenith angle (~30°) up to 132 km at high solar zenith angle (~75°). We
also find 24 orbits in which the individual derived exospheric temperatures do not show
significant variations with respect to solar zenith angle, aerocentric longitude, or longitude.

The presence of crustal magnetic fields appears to correlate with a significant (~100 K)
increase in exospheric temperature. We report also the first observations of emissions
associated with the N, Vegard Kaplan band system in the Martian upper atmosphere.

Citation: Leblanc, F., J. Y. Chaufray, J. Lilensten, O. Witasse, and J.-L. Bertaux (2006), Martian dayglow as seen by the SPICAM
UV spectrograph on Mars Express, J. Geophys. Res., 111, E09S11, doi:10.1029/2005JE002664.

1. Introduction

[2] The upper atmosphere/thermosphere/ionosphere
(~100-250 km) of Mars is an intermediate dynamical
region strongly coupled below to the lower atmosphere
and above (via the ionosphere) to the solar wind [Bougher
et al., 2000]. Wave coupling of the lower and upper
atmospheres of Mars is significant, with diurnal Kelvin
waves and semi-diurnal tides providing significant temper-
ature and wind perturbations in the lower thermosphere
[Bougher et al., 2000, 2001; Forbes et al., 2002; Wang and
Nielsen, 2004; Withers et al., 2004] as well as nonmigrating
tidal waves associated with the Martian topography
[Bougher et al., 2004]. Above 250 km, the solar wind picks
up newly created ions (by photo-ionization, electron impact,
or charge exchange) from the exosphere, resulting in mass
loading. Such picked up ions are accelerated by the solar
wind electric field of convection, and their resulting cycloidal
motion allows them to either escape the Martian gravity field
[Lundin et al., 1989, 2004] or reimpact the Martian atmo-
sphere, inducing additional atmospheric escape [Luhmann
and Kozyra, 1991]. The Martian exosphere plays, therefore, a
crucial role in the global escape of the Martian atmosphere,
and thus to the history of water on Mars [Chassefiere and
Leblanc, 2004].
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[3] Five methods have been used so far to probe the
Martian upper atmosphere. In situ observations have been
performed by descent probes: USSR Mars 6 [Kerzhanovich,
1977], Viking 1 and 2 [Seiff and Kirk, 1977; Nier and
McElroy, 1977] and Pathfinder [Schofield et al., 1997,
Magalhaes et al., 1999]. Accelerometer measurements of
total density versus altitude have been performed during the
aerobraking phase of Mars Global Surveyor (MGS) and
Mars Odyssey between 110 and 170 km in altitude [Keating
et al., 1998, 2003]. Measurements of the orbital decay of
MGS during its science phase orbits have been used to
retrieve the density of the Martian atmosphere between 170
and 180 km in altitude [Tracadas et al., 2001]. Radio
occultation methods have been used to explore the Mars
upper atmosphere and provide the electron density profile
between 75 and 250 km in altitude [Bougher et al., 2001,
2004; Pdtzold et al., 2005]. Finally, the fifth method is
remote sensing of the airglow emission of the upper
atmosphere [Barth et al., 1971, 1972].

[4] From Earth orbit, the Extreme Ultraviolet Explorer
(EUVE) has been used to observe He at 58.4 nm
[Krasnopolsky and Gladstone, 2005], the Hubble Space
Telescope (HST) has been used to observe D at 121.533 nm
[Krasnopolsky et al., 1998], and the Far Ultraviolet Spectro-
scopic Explorer (FUSE) has detected H,, H, O, N, C, Ar, He,
N*, C*, Ar" and bands of N, and CO [Krasnopolsky and
Feldman, 2001, 2002]. Another high-quality far-ultraviolet
(FUV) dayglow spectrum of Mars was obtained by the
Hopkins Ultraviolet Telescope [Feldman et al., 2000]. Four
missions to Mars have had a UV spectrometer or spectrograph
on board: the Mariner 6, 7 and 9 missions between 1969 and
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1971 [Barth et al., 1971, 1972; Stewart et al., 1972] and the
still-operating Mars Express mission (MEX) with SPectros-
copy for the Investigation of the Characteristics of the
Atmosphere of Mars (SPICAM) on board. The Mariner 6, 7
and 9 UV spectrometers observed for the first time the main
emission features of the Martian UV dayglow between 110
and 400 nm [Barth et al., 1971, 1972]. Analyses of the
Mariner data have shown that these airglow features are
essentially produced by photon and photoelectron excitation
of CO, between 100 and 200 km in altitude [Fox and
Dalgarno, 1979; Fox, 1992; Paxton and Anderson, 1992].
Above 200 km, the main features are associated with H and O
excited by resonantly scattered solar photons.

[5] In this paper, we present UV dayglow observations
performed by the SPICAM UV spectrograph on Mars
Express [Bertaux et al., 2000, 2006]. The first section
describes the general features of the Martian upper atmo-
sphere that can be extracted from the dayglow, provides the
coverage of the present set of observations (October 2004 to
March 2005), and compares the average spectra observed
by SPICAM with previously published observations. The
second section describes the main characteristics of the
Martian dayglow derived from this set of measurements.
In Appendix A, we present a short description of the
instrument, followed by a detailed description of the method
used to analyze the data.

2. Observations
2.1. Expected Emission Lines

[6] Figure 1 shows schematically the primary mecha-
nisms at work in the Martian UV dayglow.

[7] On the nightside, the SPICAM UVS has identified for
the first time the main source of the Martian nightglow

[Bertaux et al., 2005a] which is a chemiluminescence

mechanism:
X+Y — XY* - XY +hv

where the observed emission by SPICAM has been
identified as the recombination glow of N and O atoms
formed on the dayside and transported into the Martian
nightside by the global Martian circulation.

[8] Table 1 provides the main emissions within SPICAM
UV range (119-302 nm) that have been identified by
previous UV spectrometers on the Martian orbiters Mariner
6, 7 and 9, but also from Earth orbiters (in particular using
FUSE and HUT observatories). We also indicate the differ-
ent mechanisms thought to be responsible for each emission
(and the main authors of these identifications). We also
indicate in Table 1 the typical intensity for each of these
emissions according to previous published observations,
even if these intensities often vary with respect to Solar
Zenith Angle (SZA), Martian seasons, aerocentric longitude
(Ls) and altitude.

[9] From the identification of the main mechanisms
leading to the emissions observed in the Martian dayglow,
Barth et al. [1971] concluded that “with the exception of
the HI 121.6 nm, O I 130.4 nm lines and a portion of the
COS AT - X'S" bands, all the emissions may be and
probably are produced by action of solar photons and
photoelectrons on carbon dioxide.” Therefore the primary
information regarding the Martian atmosphere that can be
derived from these emissions is on the main constituent of
the upper Martian atmosphere, carbon dioxide. We can also
infer information about the production rate of ionospheric
constituents of the Martian atmosphere. The main ionizable
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Table 1. Dayglow Emissions Between 120 and 300 nm of the Martian Thermosphere/Ionosphere®
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Excitation Intensity
Line A, nm Processes” (Rayleigh)® References
Cco," 288.3 PI (COy), 4 x 10* at 150 km Barth et al. [1971, 1972]
BX' - X2II 289.6 EI (CO,) 2 x 10% at 220 km Stewart et al. [1972]
Fox and Dalgarno [1979]
Witasse [2000]
CcO 190 RS (CO), 2 x 10* at 200 km Barth et al. [1971, 1972]
a1l - X's" 270 EE (CO), 5 x 10° at 110 km Stewart et al. [1972]
Cameron ED (CO») Fox and Dalgarno [1979]
band PD (CO,), Conway [1981]
DR (CO,")
CcO 128 ED (CO,), 3 % 10° at 100 km, Barth et al. [1971]
Alm-X's* 280 PD (CO,), 9 x 10° at 150 km Gutchek and Zipf [1973]
4P bands DR (CO," 600 at 200 km Fox and Dalgarno [1979, 1981]
&
RS (CO) Feldman et al. [2000]
C 156.1 ED (CO,), ~50% of CI at Barth et al. [1971, 1972]
PD (COy), 165.7 nm Fox and Dalgarno [1979]
RS (O) Feldman et al. [2000]
C 165.7 ED (CO,), 800 at 100 Barth et al. [1971, 1972]
PD (COy), 1700 at 150 km Fox and Dalgarno [1979]
RS (O) 300 at 200 km Feldman et al. [2000]
(6] 297.2 PD (COy), 2 x 10* at 120 km Barth et al. [1971, 1972]
ED (CO,), 10° at 190 km Fox and Dalgarno [1979]
EE (0), Witasse [2000]
DR (0,")
(6] 135.6 ED (CO»), 300 at 100 km, 400 Barth et al. [1971]
EE (O) at 150 km 100 at Strickland et al. [1972]
200 km Fox and Dalgarno [1979]
Feldman et al. [2000]
Witasse [2000]
(6] 130.2 EE (CO, 600 at 110 km Barth et al. [1971]
130.5 <200 km), 500 at 200 km Strickland et al. [1973]
130.6 RS (O) 10 at 700 km Feldman et al. [2000]
H 121.6 RS (H) 5000 at 200 km Anderson and Hord [1971]
200 at 24000 km Barth et al. [1971, 1972]
N 120.0 RS (N) ~100 at 100 km Feldman et al. [2000]
co* 210-270 PI (COy), Small fraction of Stewart et al. [1972]
B - X?n" EI (CO,) CO Cameron band Conway [1981]

or not identified

“Thermosphere/ionosphere: 100—200 km.

The species in parentheses is the neutral atmospheric species leading to such an emission and excited by either Photo-ionization excitation (PI), Photo-
Electron Impact Ionization excitation (EI), Photo-Electron impact excitation (EE), Photodissociative excitation (PD), Resonant scattering and fluorescent
scattering (RS), Dissociative recombination (DR), or Photo-Electron impact dissociative excitation (ED).

“Integrated intensity over the wavelength range of the band for limb viewing for Mariner 6 and 7 [Barth et al., 1971]. Mariner 6 and 7: 07/31/1969 to 08/
05/1969, Ls = 200° (southern spring), zenith angle = 44°, 27°, and 0°, F10.7 = 167—188.

neutral constituent is CO,, and the CO5 ultraviolet doublet
(B*X" - X?IT) near 289 nm is produced by photoionization/
excitation of CO, by solar UV at X\ < 69 nm. Another band
system, the CO3 Fox-Duffenback-Barker system (AZII -
X°II) between 300 and 400 nm, is produced by a combi-
nation of photoionization/excitation of CO, and fluorescent
scattering of sunlight by CO; ions. The SPICAM UV long
wavelength cut-off is at 320 nm, which is enough to
measure the (4,0) and (3,0) bands of the A”IT - X*II system.
Unfortunately, above 302 nm the effective area of SPICAM
is quite small, preventing a good signal/noise ratio (S/N
ratio) for these two emission bands (Appendix A, section A2).

The H I 121.6 nm and O I 130.4 nm lines provide
information on H and O in the thermosphere as well as in
the exosphere, where these two species are thought to be
the main constituents.

2.2. Orbital Coverage and Observation Geometry

[10] The orbital coverage of the Martian dayglow by the
SPICAM UVS has been significantly limited by the need to
rotate the spacecraft for each limb mode observation. Such a
configuration is in conflict with the nadir pointed observa-
tion mode preferred by most of the instruments on MEX.
Moreover, such limb observations are preferably done
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around the pericenter of the orbit, which, for a significant
part of the first two years of observations, occurred during
Martian night.

[11] Table 2 provides the parameters for the 24 selected
orbits during which the S/N ratio was sufficient to clearly
identify most dayglow features. We exclude from this first
collection 29 other limb dayglow observations obtained
either with a low gain on the microchannel plate (MCP),
or which displayed stray light features during part of the
observation (Appendix A, section A2). Observations after
September 2004 (whereas the first observation performed
by SPICAM UVS was obtained in January 2004) have been
selected because, before then, the gain of the MCP was
never large enough to obtain a good S/N ratio for dayglow
observations. Indeed, there was a risk that an intense signal
measured when a large gain was applied might degrade the
MCP. These early observations were used to characterize
the expected atmospheric emissions and to define a dedi-
cated set of operations for routine dayglow observations.
Such special operations are defined such that the SPICAM
UVS FOV shall not point below a predefined tangent
altitude, avoiding in this way intense signals that could
saturate the MCP. Typically, this tangent altitude was set at
80 km, since the solar flux reflected by Rayleigh or Mie
scattering in the Martian upper atmosphere below this
altitude was estimated to be large enough to saturate the
detector with the high value of the gain we used.

[12] We divided the set of observations into two periods
of Solar longitude; Ls = 100.95° — 130.1° (Figure 2a) and
Ls = 138.56° — 171.02° (Figure 2b). The available obser-
vations of the Martian atmosphere at an altitude of 130 km
above the surface (the expected altitude for the peak of the
dayglow emission) cover a SZA range of 28°—-65° for the
first period and 30°—82° for the second period. As indicated
in Table 2, all the measurements presented in this paper
were obtained in the Martian afternoon.

[13] Figure 3 shows the coverage of the observations in
term of east longitude and latitude overlaid on a map of the
Martian crustal magnetic field (the radial component at
200 km altitude) as measured by Mars Global Surveyor
[Acuria et al., 2001; Purucker et al., 2000]. The trajectory
of MEX is parallel to the lines plotted in Figure 3. Since
SPICAM points perpendicular to the velocity vector of
MEX, its FOV is perpendicular to the lines plotted in
Figure 3, which represent the track of the nearest point to Mars
in the FOV. Several studies suggest the important affect of the
crustal magnetic field on the Martian ionosphere [Mitchell et
al., 2001; Brain et al., 2002; Krymskii et al., 2002]. Unfor-
tunately, so far only one orbit (orbit 983) observed dayglow
emissions above the strongest crustal magnetic field (near
~180° longitude in the southern hemisphere).

2.3. Comparison With Previous Observations

[14] The previous UV dayglow observations from Mars’
orbit were obtained more than 30 years ago. Figures 4a and 4b
show the average spectrum measured by the Mariner 9 UV
spectrometer during 120 limb observations [Barth et al.,
1972]. Using the measurements described in the previous
section, we have constructed an average SPICAM UVS
spectrum for the same altitude range (between 100 and
150 km in altitude). These observations by SPICAM and
the Mariner 9 UV spectrometers were both obtained with
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a spectral resolution of 1.5 nm (actually varying from 1
to 3 nm in the case of SPICAM UVS [see Bertaux et al.,
2006, Figure 13]). The Mariner 9 observations were taken
at a different aerocentric longitude (when Mars was closer
to the Sun than in the case of SPICAM observations), at
higher solar activity, and for generally smaller solar zenith
angles. Overall, the SPICAM instrument is several hun-
dred times more sensitive than the Mariner 9 instrument
due to its multichannel detector.

[15] Within the spectral range 190 — 305 nm,
corresponding to Figures 4a and 4c, Mariner 9 and SPI-
CAM display the same features, namely, the CO Cameron
band system (@I — X'S") between 190 nm and 270 nm,
the CO5 ultraviolet doublet (B*S" - X?IT) emission near
289 nm and the O ('S — *P) emission line at 297.2 nm.
The relative brightness distribution of the different vibra-
tional states within the Cameron band system observed by
SPICAM is in good agreement with Mariner 9 observations,
as well as the relative intensities of the CO; (B*S" - X°1II)
emission at 289 nm and the total Cameron band system
emission. Only the O ('S — *P) 297.2 nm emission appears
to be significantly less intense with respect to the other
emissions in the SPICAM data compared with the Mariner
9 data. Only one detailed analysis of the different emissions of
the Martian UV dayglow has been published [Fox and
Dalgarno, 1979]. This study was done in the conditions of
Viking 1 measurements that is, for a solar zenith angle of 45°,
low solar activity and an exospheric temperature ~200 K. In
particular, these authors concluded that up to 90% of the
O('S) in the Martian atmosphere is produced by photo-
dissociation of CO,, whereas the CO3 (B°L" - X°II) ultravi-
olet doublet emission at 289 nm is produced essentially by
photo-ionization of CO, with a small contribution due to
electron impact ionization (~15%). The CO Cameron band
system (a’II — X'2") emission is produced by photon and
electron impacts on CO, and by dissociative recombination of
CO; (less than 15%). Unfortunately, there is no theoretical
study on the way these emissions may vary with respect to the
solar zenith angle. The (4,0) and (3,0) transitions of the CO3
(AII - X°II) band system between 300 and 310 nm may also
be present in SPICAM spectrum (inside the gray part of
Figure 4c), but unfortunately (as explained in section 3.1)
with a small S/N ratio.

[16] Within the FUV spectral range of 110 — 200 nm,
corresponding to Figures 4b and 4d, the spectra observed by
the Mariner 9 UV spectrometer and SPICAM are composed
of the same emissions: namely, the CO Fourth Positive (4P)
(A'II - X'S") band system, several C emission lines
between 140 and 170 nm, the (2,0) vibrational band of
the CO Cameron system, the atomic O emissions at 130.4 nm
and 135.6 nm, and the H Lyman « emission at 121.6 nm. In
Figure 5, we also provide another example of SPICAM
measurement of the Martian dayglow between 110 and
180 nm obtained for SZA = 14 — 37°, Ls = 135 — 171°
and between 140 — 150 km in altitude. Some differences
exist between the SPICAM and Mariner 9 spectra, in
particular the distributions of the emission intensities
within 140 and 170 nm (e.g., the ratio between the
156.1 nm and 165.7 nm emission intensities). In the case
of SPICAM, calibration of the 150 — 170 nm spectral
range is complicated by the particular shape of the
effective area curve between 150 and 170 nm combined
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Figure 2. Traces of Mars Nearest Point of the FOV for the different period of observations selected

from Table 2 plotted versus SZA and altitude. (a) Ten orbits during Ls = 100.95° — 130.1°. (b) Fourteen
orbits during Ls = 138.56° — 171.02°.

the SiO, entrance window (which has an edge at should reduce this uncertainty further, thanks to a forth-

170 nm; see Appendix A, section Al). This difficulty has coming new set of star observations.
been partially resolved by the observations of several well [17] Feldman et al. [2000] published an observation of
calibrated stars. The next year of SPICAM observations the Martian dayglow from the Hopkins Ultraviolet Tele-
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scope (HUT) on board the ASTRO-2 shuttle mission in

200
East Longitude (°)

Figure 3. Traces of Mars Nearest Point of the FOV for different periods of observation selected from
Table 2, plotted versus latitude and east longitude and overlaid on a map of the radial component of the
magnetic crustal field [Purucker et al., 2000]. The horizontal scale bar plotted at the top of the figure
provides field values in nT. We also indicate, close to the end of each trace, the number of the
corresponding orbit.
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Figure 4. Comparison between SPICAM and Mariner 9 UV spectra [Barth et al., 1972]. (a and b)
Average of 120 Mariner 9 spectra obtained during solar activity F10.7 110—140 with a spectral resolution
of 1.5 nm and between altitude 100 and 150 km at Ls = 312° with SZA =7 — 23°. (¢ and d) Average of
730 SPICAM spectra obtained during solar activity F10.7 89 — 133 with a spectral resolution of 1.5 nm,
between altitude of 100 and 150 km at Ls = 100 — 118° and SZA = 14 — 32°. Gray rectangles cover
spectral region where the signal/noise ratio is small because of the size of the effective area except on the
right side of Figure 4d, where it has been included to help a visual comparison with Figure 4b. (Plots
displayed in Figures 4a and 4b are reproduced with the courtesy of C. Barth.)

1995 (close to solar minimum activity). The HUT UV
spectrograph has a spectral range between 82 and 180 nm
with a ~0.4 nm spectral resolution. Feldman et al. [2000]
concluded that the main source of the CO4P (A'Il - X'¥")
band system is fluorescence of CO in both Venus and Mars
upper atmospheres. In the spectrum of Feldman et al.
[2000] of both Mars and Venus dayglows, the brightest
feature in the spectral range 132 — 170 nm is at 165.7 nm.
However, this discrepancy with SPICAM is most probably
due to the much lower spectral resolution of SPICAM UVS.
Moreover, spectra of Venus dayglow with 1.3 nm spectral
resolution have been also measured by Pioneer Venus
OUVS at high solar activity [Durrance, 1981] as well as
from a rocket with a spectral resolution between 2.2 and 7 nm
and for moderate solar activity [Rottman and Moos, 1973].
Both spectra displayed a brighter emission at 156.1 nm than at
165.7 nm.

[18] Fox and Dalgarno [1979] concluded from the
measurement of the 165.7 nm emission in the Martian
dayglow that resonant scattering of atomic carbon (P - *P°
multiplet emission) should be the main source of the
observed emission at 165.7 nm (with an intensity up to
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Figure 5. Spectrum obtained by SPICAM UV (the 100 —
180 nm spectral range) between SZA = 14 — 37° and Ls =
135 — 171° and between 140 — 150 km in altitude; 1224
individual spectra have been averaged. Most of the plotted
error bars are smaller than the thickness of the line.
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1.7 kR at 150 km in altitude [Barth et al., 1971]).
Krasnopolsky [1982] remade an earlier calculation by
McElroy and McConnell [1971] and concluded that the
main source of the 165.7 nm emission is instead related to
the processes leading to the formation of atomic carbon (in
particular dissociative excitation of CO, below 165 km).
SPICAM UVS measured a maximum brightness for the
emission at 165.7 nm equal to 900 Rayleigh at an altitude
of 130 km for Ls = 135°-171° and equal to ~500
Rayleigh at an altitude of 120 km at Ls = 100—135°.
This measurement is therefore two to three times lower
than the intensity considered by Krasnopolsky [1982] for
high solar activity. This author calculated a maximum of
1.5x10° atoms of carbon per cm® at 155 km in order to
reproduce Mariner 6 and 7 measurements. The measure-
ment by SPICAM therefore suggests that the production of
excited carbon atoms should be up to 3 times smaller at
low solar activity than high solar activity and therefore that
the carbon density at low solar activity might be up to 3
times smaller than at high solar activity. The atomic
carbon density should be even lower since the 165.7 nm
emission is contaminated by several fourth positive bands
[Paxton, 1985], which was not taken into account in the
calculation of Krasnopolsky [1982].

3. Analysis of SPICAM UVS Measurements
3.1. Thermosphere

[19] Figure 6 provides an example of the way that the
Martian dayglow varies in altitude. Each spectrum dis-
played in Figure 6 has been obtained by averaging more
than 1000 individual spectra measured during several dif-
ferent orbits. Only the H Lyman « emission does not vary
significantly between 120 and 180 km in altitude, and in a
lesser way, the O triplet at 130.4 nm. Both emissions are
largely produced by resonant scattering of solar photons and
are optically thick at line center. In contrast, the O doublet at
135.6 nm is a forbidden transition and excited primarily by
electron impact on O or by dissociative excitation of CO, by
electron impact (Table 1). This emission decreases signifi-
cantly with respect to the resonant scattering emissions
above 130 km in altitude, since the suprathermal electron
flux is both expected [Fox and Dalgarno, 1979] and
observed [Bougher et al., 2004] to peak around 130 km.

[20] The emission of the CO Cameron band system, the
emission of the CO? ultraviolet doublet (B*X" - X*II) and
the O emission at 297.2 nm all decrease with increasing
altitude above 130 km. However, the ratio between these
three emissions also changes with altitude. The emissions of
the CO5 (B*X" - X°II) bands and the O 297.2 nm line
decrease in intensity with respect to the intensity of
Cameron band system. A simple decrease of the CO,
atmospheric density would induce a proportional decrease
of the intensity of all these emissions if these ones were
produced essentially from CO, dissociative excitation. Ac-
tually, Fox and Dalgarno [1979] calculated that between the
ionospheric peak and 200 km ~15% of the emission of the
Cameron band system is produced by dissociative recom-
bination of CO5. This estimate was based on density of CO3
in the Martian ionosphere equal to of 5x10° cm ™ at 160 km
and equal to 5x 10? cm > at 200 km for low solar activity and
asolar zenith angle 0f 45°. Fox [2004a] recently calculated for
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a solar zenith angle of 60° at low solar activity a density of
CO;3 at 160 km of ~10* cm > and at 200 km of 10> cm ™ in
good agreement with Krasnopolsky [2002]. Therefore, from
the calculation of Fox and Dalgarno [1979] and these larger
values for the CO5 density, dissociative recombination of
CO;3 could contribute up to 30% to the Cameron band
emission. Since larger densities for CO5 may be expected at
lower solar zenith angle (up to 7 x 10 CO3/cm? at 200 km and
a solar zenith angle of 0° following Ma et al. [2004]), this
contribution might be even larger than 30%. Moreover, since
the scale height of the ionosphere is significantly larger than
that of the neutral atmosphere (23 km scale height for the
COj3, from Viking 1 measurement [Hanson et al., 1977]), the
proportion of the CO Cameron band system emission due to
dissociative recombination of COj3 should increase with
altitude. It should in particular result in a slower decrease of
the CO Cameron band system emission with increasing
altitude than emissions produced solely from dissociative
or ionization excitation of CO,. The distribution of the
intensity between the bands of the CO Cameron band
system also changes with altitude. Whereas the (0,1) band
is the most intense emission below 160 km, the (1,0)
band dominates the Cameron band system above, which
is less consistent with a production of the CO Cameron
band system by photon and electron dissociation of CO,
[Barth et al., 1971]. A peak at 276 nm is present in all
the panels of Figure 6 (the origin of which is discussed
section 3.2).

[21] Figure 7 displays the CO Cameron band system total
intensity versus altitude measured by SPICAM for moderate
solar activity (Table 2) compared to Mariner 6, 7 (high solar
activity) and Mariner 9 (moderate solar activity) measure-
ments. Part of the differences in intensity between SPICAM
and Mariner 6 and 7 measurements are probably due to
calibration. Indeed, Stewart et al. [1972] suggested that the
factor of 2.5 between Mariner 9 measurements and Mariner
6 and 7 measurements (Figure 7) was due to both solar
activity (reducing by 40% the Mariner 6 and 7 intensity)
and also sensitivity overestimates in Mariner 6 and 7 cases
(~50%). In Figure 8, we plot the variation of the intensity
of the CO; (B°X" - X°II) emission versus altitude, using the
same legend as for Figure 7. We did not find any data
regarding this emission for the Mariner 9 UVS, but Mariner
6 and 7 profiles start significantly higher than the SPICAM-
measured altitudes of the maximum of the intensity of this
emission.

[22] There is a ratio of about 2 between the CO Cameron
band system intensity as measured by SPICAM and the
corrected measurements by Mariner 6, 7 and 9, as in the
case of the CO3 (B*X" - X?TI) ultraviolet doublet emission.
A first potential explanation lies in solar activity. There is a
clear dependence of the measured maximum of intensity of
the CO Cameron band system emission with respect to solar
activity (solar F10.7 index given Table 2). For solar zenith
angle below 45°, the average maximum of intensity is equal
to ~164 kR for F10.7 between 80 and 100 (F10.7 average
value equal to 89) and is equal to ~195 kR for F10.7 index
between 110 and 130 (F10.7 average value equal to 128).
Mariner 9 observed during a period with a F10.7 index
between 110 and 140, whereas the profiles displayed in
Figures 7 and 8 have been obtained from the whole set of
observations Table 2. Moreover, Mariner 9 observations
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Figure 6. Spectra obtained by SPICAM UVS between SZA = 14 — 37° and Ls = 135 — 171°. (a)
Average of 1102 individual spectra measured between 120 and 130 km. (b) Average of 1024 individual
spectra obtained between 130 and 140 km. (c) Average of 1003 individual spectra obtained between 150
and 160 km. (d) Average of 1052 individual spectra obtained between 170 and 180 km. Most of the
plotted error bars are smaller than the thickness of the line.

were done close to Mars’ perihelion, whereas the present set
of observations were obtained just after aphelion. The
variation of Martian heliocentric distance equates to a
difference of 1.4 in the intensity of the average solar flux
at Mars and therefore of the expected dayglow brightness.
Mariner 6 and 7 observations were done at Ls = 200°, that
is, only slightly closer to the Sun than the SPICAM
observations. However, they were also done during high
solar activity with a F10.7 index between 167 and 188.
Another source of variation of these emission intensities is a
solar zenith angle dependence. As displayed in Figures 7
and 8, in going from solar zenith angles between 14° and
37° to solar zenith angles between 60° and 83°, the
intensities of the CO Cameron band system emission and
the CO; (B°L" - X°II) doublet emission decrease signifi-
cantly in brightness (see also Figure 12). Mariner 9 profiles
were obtained at solar zenith angle between 7 and 23°,
whereas Mariner 6 and 7 measurements were obtained at
27° and 44° solar zenith angle, respectively. Therefore the
largest sources of variation of the CO Cameron band system

and the CO; (B*X" - X°II) ultraviolet doublet emissions are
related to the solar activity and to the solar zenith angle and
may explain the differences with Mariner 6, 7 and 9
observations.

[23] The altitude of the maximum dayglow intensity is
around 130 km in the Mariner observations, whereas it is
significantly lower in SPICAM measurements at Ls <
130.1° (Figure 7a). For the Mariner 9 observations reported
by Stewart et al. [1972], this difference could result from a
planetwide dust storm which heated the lower atmosphere
and raised the altitude of the thermosphere. Moreover, as
displayed in Figures 7 and 8, the altitude of the maximum
observed by SPICAM increases significantly with aerocen-
tric longitude: moving from 112.5 km and 117.5 km for the
CO; (B*L" - X7II) ultraviolet doublet emission and the
CO Cameron band system, respectively, for Ls < 130.1°
(Figures 7a and 8a) up to 122.5-132.5 km for the same
emissions at Ls > 138° (Figures 7b and 8b). The later (Ls >
138°) altitudes for the maximum emission of the CO Cameron
band system observed by SPICAM are in good agreement
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Figure 7. Variation of the CO Cameron band intensity versus altitude (with 4-km altitude resolution)
between 190 and 270 nm. (a) Ls = 100.95° — 130.1° with 10 orbits. (b) Ls = 138.56° — 171.02° with 14
orbits. Dotted cross line: Mariner 7, one limb observation at Ls = 200° and SZA = 44° [Barth et al.,
1971]. Dotted diamond line: Mariner 6, one limb observation at Ls = 200° and SZA = 27° [Barth et al.,
1971]. Dotted square line: Mariner 9, one limb observation taken between SZA = 7° and 23° at Ls = 312°
[Stewart et al., 1972]. Thick dark line: SPICAM between SZA = 15° and 37°. Star dashed line: SPICAM
between SZA = 37° and 60°. Gray dashed line between SZA = 60° and 83°.

band system emission cannot be explained by differences

radio occultation measurements done at SZA~80° in the conditions of the observations between the orbits at

[Bougher et al., 2004]. This apparent variation of the
altitude of the maximum intensity of the CO Cameron

Altitude (km)
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Ls=100.95° - 130.1° Ls=138.56° - 171.02°

Ls < 130.1° and those at Ls > 138°. This is particularly
true for the observations at low solar zenith angle since
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Figure 8. Variation of the CO," (B°X" - X?II) ultraviolet doublet intensity versus altitude (with 4-km
altitude resolution). (a) Ls = 100.95° — 130.1° with 10 orbits. (b) Ls = 138.56° — 171.02° with 14 orbits.
Dotted cross line: Mariner 7, one limb observation at Ls = 200° and SZA = 44° [Barth et al., 1971].
Dotted diamond line: Mariner 6, one limb observation at Ls = 200° and SZA = 27° [Barth et al., 1971].
Thick dark line: SPICAM between SZA = 15° and 37°. Star dashed line: SPICAM between SZA = 37°
and 60°. Gray dashed line between SZA = 60° and 83°.
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Figure 9. Variation of the intensity ratio between the CO Cameron band and the CO," (B*X" - X?II)
doublet as a function of altitude (with 4-km altitude resolution). (a) Ls = 100.95° — 130.1° with 10 orbits.
(b) Ls = 138.56° — 171.02° with 14 orbits. Thick dark line: SPICAM between SZA = 15° and 37°. Star
dashed line: SPICAM between SZA = 37° and 60°. Gray dashed line between SZA = 60° and 83°.
Diamonds: intensity ratio as deduced from the measurements done at SZA = 27° and Ls = 200° by
Mariner 6. Crosses: intensity ratio deduced from the measurements done at SZA = 44° and Ls = 200° by

Mariner 7.

for both periods of the Martian year, the low solar zenith
angle observations have been done close to the equator in
Mars early afternoon.

[24] Stewart et al. [1972] suggested a solar activity
dependence of the subsolar zenith intensity of the total
CO Cameron band system as I(kR) = 0.062 x (74 + F10.7).
The maximum value of the Cameron band system intensity
observed by SPICAM with limb viewing is ~150 kR for
14°-37° solar zenith angle. The zenith or overhead emis-
sion can be estimated from an optically thin limb viewing
intensity by dividing by the ratio of path lengths toward the
limb and toward the zenith, Ljjp/Lenitn ~ 2T X RM/Hs)l/ 2,
where Ry, is Mars’ radius and Hs is the scale height of the
CO, near the emission peak, which is here observed to be
between 12 and 14 km. Thus the ~165 kR subsolar limb
viewing intensity corresponds to a zenith subsolar intensity
of 4 kR. F10.7 during the SPICAM observations was
between 80 and 130 (Table 2). Following Stewart et al.
[1972], the predicted intensity for the zenith subsolar CO
Cameron band emission should be between 9.5 and 12.6 kR,
significantly above our present measurements.

[25] Stewart et al. [1972] analyzed several profiles of the
CO Cameron band system and CO% (B*X" - X°II) ultravi-
olet doublet emissions and concluded that in the Martian
upper atmosphere (above ~140 km in altitude) both emis-
sions are essentially produced by photoexcitation of CO,.
These authors also indicated that the average value of the
ratio of these two emission intensities is equal to 0.24. In
Figure 9, the ratio of the intensities of the CO5 (B*X" - X?II)
doublet emission to the CO Cameron band system signifi-
cantly decreases with altitude from a value at 110 km of ~0.2
atLs <138°and ~0.25 at Ls > 138° down to values at 170 km
~0.08 and ~0.1 for Ls < 138° and Ls > 138°, respectively.

Mean values are significantly larger than the earlier estimate
by Stewart et al. [1972]. Actually, one of the differences in our
observations of the Martian dayglow between these two
periods of aerocentric longitude is the altitude of the peak
of the maximum emission intensity, which moves ~10 km
higher at higher Ls values. If the altitude scale of Figure 9a is
changed by 10 km, we retrieve the profile of Figure 9b. No
dependence of this ratio versus SZA is evident in Figure 9. We
also plotted in Figure 9 the values of this ratio deduced from
the measurements done by Mariner 6 and 7 [Barth et al.,
1971]. The very good agreement between these values and the
ones we deduced from SPICAM observations suggests there-
fore that this ratio is only weakly dependent on the solar
activity.

[26] Asshown in Table 1, the CO (2’II — X'©") Cameron
band system emission is essentially produced by electron or
photon dissociative excitation of the CO, molecule, by
dissociative recombination of CO5 (significantly more than
15% following our previous discussion), and in negligible
way by direct photon or electron excitation of the CO
molecule. The CO; (B®X" - X?II) ultraviolet doublet
emission is produced by photon and electron ionization
and excitation of the CO, molecule [Fox and Dalgarno,
1979; Fox, 1992]. A minor part of this latter emission may
be also produced by CO5 fluorescent emission [Stewart,
1972; Hanson et al., 1977], but less than 4% according to
Fox and Dalgarno [1979]. This may be doubled following
the most recent estimates of the CO; density above the
ionospheric peak [Krasnopolsky, 2002; Fox, 2004a; Ma et
al., 2004]. The observed faster decrease above the iono-
spheric peak of the CO3 (B*X" - X?II) doublet emission
relative to the CO Cameron band system emission may be
therefore explained by an increase of the contribution of the
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CO; dissociative recombination excitation to the CO
Cameron band system emission.

[27] The exospheric temperature between 150 km and
200 km in altitude can be retrieved by a simple analysis of
the CO Cameron band system and CO; (B*L" - X°II)
doublet profiles by supposing that within this altitude range
the atmosphere can reasonably be considered to be close to
a barometric isotherm atmosphere, optically thin, and that
the main process leading to these two emissions is photo-
dissociative excitation of CO, for the CO Cameron band
system and photo-ionization of CO, for the CO3 (B°L" -
X°II) doublet emission in this region of the upper atmo-
sphere [Fox and Dalgarno, 1979]. Such a method has been
used to analyze Mariner 6 and 7 data by Stewart [1972],
who deduced a scale height for the upper atmosphere
Cameron band system equal to 19+4.5 km, corresponding
to a temperature of 315+75 K. A similar analysis of the CO5
(B>X" - X°II) doublet resulted in a best estimate for this
temperature of 350 K. The same analysis from 18 different
profiles of Cameron band emissions measured by Mariner 9
yielded scale heights of between 14.8 and 24.3 km (mean
17.8 km), implying a temperature between 270 and 445 K
with a mean of 325 K [Stewart et al., 1972].

[28] As shown in Figure 9, the ratio of the CO Cameron
band system and the CO5 (B~ - X?II) doublet emissions
changes as a function of altitude from 130—170 km, by up
to 50%. In order to define the best altitude range to calculate
a representative scale height of the atmosphere, we estimated
the altitude above which this ratio was approximately con-
stant (any remaining variation of this ratio at higher altitudes
being <1o from the mean value). We then calculated the scale
height of both emissions from this altitude up to a range of
altitude between 170 km and 190 km. The results of this
calculation from the Cameron band system emission are as
follows:

[29] 1. T~267 K (scale height = 14.2 km) at Ls = [100°,
138°] and T~257 K (scale height = 14.3 km) at Ls = [138°,
171°] for SZA = 14°-37° (black solid lines, Figure 7).

[30] 2. T~243 K (scale height = 12.6 km) at Ls = [100°,
138°] and T~257 K (scale height = 14.3 km) at Ls =
[138°, 171°] for SZA = 37°-60° (gray solid lines with
stars, Figure 7).

[31] 3. T~257 K (scale height = 14.3 km) at Ls = [100°,
138°] and T~228 K (scale height = 12.7 km) at Ls = [138°,
171°] for SZA = 60°—83° (dashed gray lines, Figure 7).

[32] The same analysis for the CO3 (B*Y" - X7*II)
ultraviolet doublet emission leads to significantly lower
temperatures:

[33] 1. T~198 K (scale height = 10.5 km) and T~219 K
(scale height = 12.2 km) at Ls = [100°, 138°] and Ls =
[138°, 171°] for SZA = 14°-37° (black solid lines,
Figure 8).

[34] 2. T~202 K (scale height = 10.6 km) and T~207 K
(scale height = 11.5 km) at Ls = [100°, 138°] and Ls =
[138°, 171°] for SZA = 37°-60° (gray solid lines with stars,
Figure 8).

[35] 3. T~191 K (scale height = 10.6 km) and T~191 K
(scale height = 10.6 km) at Ls = [100°, 138°] and Ls =
[138°, 171°] for SZA = 60° — 83° (gray dashed lines,
Figure 8).

[36] The mean value of the temperature is equal to 252 +
13 K when calculated from the CO Cameron band system
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emission and equal to 201 + 10 K when calculated from the
CO; (B’L' - X?II) doublet emission. There is no evident
dependence of these temperatures on SZA (see also
Figure 10) or Ls (see the end of this section for further
discussion). More interestingly, there is an obvious system-
atic lower scale height associated with the CO, (B*2" - X°II)
doublet (~11.2 km) than the scale height associated with the
CO Cameron band system (~14 km). As discussed
previously, the Cameron band emission might be pro-
duced in a significant proportion by dissociative recom-
bination of CO3 in particular above the ionospheric peak.
On the other hand, the contribution of the CO; fluores-
cent scattering to the CO, (B*L" - X’I) ultraviolet
doublet emission should remain smaller than 10%. Therefore
the scale heights deduced from the CO3 (B*X" - XZII)
ultraviolet doublet are probably closer to the neutral atmo-
spheric scale heights than the scale heights deduced from the
Cameron band emission. The range of temperature we found
by this analysis is in agreement with MGS accelerometer
experiment results of between 220 and 230 K (during a Full
Martian year) and with the Martian Thermospheric Global
Circulation Model which predicts solar minimum temper-
atures of 200 and 220 K between aphelion and perihelion
[Bougher et al., 2000]. Viking 1 and 2 descent probes at low
solar activity, Ls ~100° and SZA~41° also derived temper-
atures below 200 K, which are not far from the values we
derived from the profile of the emission intensity of the CO5
(B*X" - X?II) ultraviolet doublet.

[37] We also performed the same analysis of these emis-
sions for each individual orbit. The results of this analysis
are given in Table 2 for the CO Cameron band system and
CO5 (B*X" - X?1T) doublet emissions. On average, T~246 K
with a standard deviation equal to 47 K when deduced
from the CO Cameron bands and T~191 K with a
standard deviation equal to 46 K when deduced from
the CO3 (B*X" - X?IT) doublet emission. The scale height of
the Cameron band varies between 10.6 and 20.5 km. As noted
above, we do not observe any systematic trends of the derived
temperatures with SZA, aerocentric longitude Ls, longitude
(i.e., no apparent atmospheric tide effect) or latitude.

[38] We also display in Table 2 (also Figure 11) the
altitude of the peak intensity of the CO Cameron band
observed during each orbit (therefore, for most of the cases,
two values, one for downleg and one for upleg). The peak
altitude varies with solar zenith angle, moving from 120 km
at SZA~30° up to 132 km at SZA~75° (in good agreement
with radio occultation measurements [e.g., Bougher et al.,
2004]). Likewise, we observed a dependence of the peak
altitude with aerocentric longitude, the average peak altitude
being ~115 km for Ls = [100°, 138°] and ~130 km for Ls =
[138°, 171°] (Figure 11c). Chapman layer theory predicts a
variation of the peak altitude versus SZA following a law in
H X In(sec(SZA)) [Hantsch and Bauer, 1990] where H is
the scale height of the atmosphere (between 11.2 and 14 km
according to this present analysis) and SZA is the local solar
zenith angle. We did not find any apparent relation of this
type which may be due to the small available sample
(Figure 11a). No dependence of the altitude of this peak
is found versus longitude (Figure 11b, even when binned in
different solar zenith angle ranges), solar zenith angle or
latitude. The rather small size of our present sample (only
45 points distributed in longitude) may explain this lack of
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Figure 10. Variation of the temperatures versus SZA (Table 2). Crosses and diamonds are for downleg
and upleg of the orbit, respectively. The vertical bar represents the maximum and minimum value of the
temperature retrieved using the method described in section 3.1. The solid line represents the mean
temperature, and the two dotted lines represent the mean temperature plus or minus one standard
deviation. (a) As deduced from CO," (B?Y" - X°II) ultraviolet doublet intensity. (b) As deduced from the

CO Cameron band intensity.

observation of any migrating wave effect [Bougher et al.,
2004]. The last column of Table 2 provides the maximum
intensity of the Cameron band emission for each of the
analyzed orbits. The only significant variation of this
maximum intensity is with respect to SZA (Figure 12),
with a peak intensity decreasing from roughly 200 kR at
SZA = 30° down to 50 kR at SZA = 75°. This intensity
variation should follow a cos"*(SZA) dependence accord-
ing to Chapman layer theory [Hantsch and Bauer, 1990;
Breus et al., 2004]. Again, we failed to find any variation
following such a law (even excluding measurements made
during high solar activity). Actually a cos(SZA) law pro-
vides the best fit.

3.2. Potential Explanation for the 276 nm Feature
in the SPICAM Spectra

[39] As noted in the previous section, a significant feature
is apparent in most of the spectra recorded by SPICAM
around 276 nm. It is interesting that this feature was also
observed in the spectrum of the auroral event reported by
Bertaux et al. [2005b]. A possible explanation for this
feature is illustrated in Figure 13, which displays the
average of 2970 individual spectra taken during more than
10 different orbits. As shown in this figure, we tentatively
identify this feature as the (0,6) band of the N, Vegard-
Kaplan (A* " - X'¥") band system which is at 276.2 nm.
Actually, other bands may also be present in the Figure 13
spectrum, but with small S/N ratio, e.g., the (0,7) band at
293.6 nm and the (0,5) band at 260.4 nm. In Mariner 9
spectra (Figure 4a), a feature at 293.6 nm is also visible and
actually more distinct from the two much brighter emissions
at 289 nm and 297.2 nm than in the SPICAM spectrum
(Figure 13).

[40] Fox et al. [1977] and Fox and Dalgarno [1979]
predicted that the (0,5), (0,6) and (0,7) bands should
correspond to the most intense emissions within the
Vegard-Kaplan band system, and they are expected to be

the most intense features associated with N, emission within
the spectral range of SPICAM. The Vegard-Kaplan bands
have been described by these authors as produced by
electron impact excitation on N, and associated with an
overhead intensity of ~20 Rayleighs for the (0,6) and (0,7)
bands and ~16 Rayleighs for the (0,5) band. Other bands
exist at 313.2 nm (14 Rayleighs for band (0,8)), at 299.8 nm
(10 Rayleighs for band (1,8)) and at 319.9 nm (15 Rayleighs
for band (1,9)). However, these four bands are either at the
limit of the sensitivity of SPICAM or else are overlapped by
other, more intense emissions.

[41] The intensity of a limb viewing emission can be
estimated from the zenith intensity by scaling by the ratio of
path lengths Linp/Loenin ~ (27 X Ry/Hs) 2 where Ry is
Mars’ radius and Hs is the scale height of N,. Since we find
the typical scale height for CO, in Mars’ thermosphere is
between 11.2 and 14 km, the N, scale height should be
between 19 and 22 km. Therefore the ratio of path lengths is
~30, which implies that the overhead intensities calculated
by Fox and Dalgarno [1979] correspond to limb viewing
peak brightnesses of 600 Rayleigh for the (0,6) and (0,7)
bands and 480 Rayleigh for the (0,5) band.

[42] Figure 14 displays the profiles of the SPICAM-
measured intensities for the three features at 260.4 nm,
276.2 nm and 293.6 nm. The maximum observed values for
these intensities are ~300 Rayleighs for the 276.2 nm (0,6)
band, 110 Rayleighs for the 260.4 nm (0,5) band and ~40
Rayleighs for the 293.6 (0,7) band. For this latter band, the
emission is unfortunately sandwiched between two much
more intense emissions at 289 nm and 297.2 nm. This band
therefore has a large uncertainty when extracted from
SPICAM spectrum by the direct integration method (Ap-
pendix A, section A2). Our estimates for the intensity of
these three bands, in particular of the (0,6) band, are in
surprisingly good agreement (only two times less intense)
with the Fox and Dalgarno [1979] predictions, despite the
fact that we used a very simple method to extract these
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intensities. Moreover, Fox and Dalgarno [1979] neutral
model at low solar activity predicted mixing ratios of Ny/
CO, between 8 and 15% at 140 and 160 km in altitude,
which has been more recently estimated to be less than 10%
[Fox, 2004b; Krasnopolsky, 2002].

[43] The variation with altitude of the intensity of these
three features behaves like typical electron impact generated
dayglow emissions, with a peak around 115 — 140 km and a
quick decrease above 140 km in altitude (Figure 14). The
maximum intensity is reached slightly above the peak of the
CO Cameron band emission, in good agreement with the
prediction of Fox et al. [1977] when considering the quench-
ing of the A*Y" excited state with CO, molecules [Dalgarno
and McElroy, 1970]. Such a dependence with altitude rules
out any possibility that the features are due to stray light, and
confirms that they are real dayglow emissions.

[44] Although we favor the N, Vegard-Kaplan band
explanation, other possibilities exist for the feature at
276 nm, even though we consider them less probable. For
example, it could correspond to the O, Herzberg 1 (6,2)
band emission resulting from O+O recombination [Eastes et
al., 1992], similar to NO recombination emission [Bertaux
et al., 2005a]. Another possibility is an emission associated
with CO" excitation by electron impact ionization/excitation
of CO molecules [Cossart and Cossart-Magos, 1996].

3.3. Exosphere

[45] Above 180 km in altitude, the dayglow is dominated
by Lyman « emission, associated with resonant scattering of
sunlight by H atoms in the Martian exosphere. Above 200 km,
the second most intense emission is the 130.4 nm triplet of O,
which is predicted to be the dominant species from 200—
400 km during solar minimum activity [Krasnopolsky, 2002].

[46] Figure 15 displays the intensity of the Lyman «
emission from 105 km up to 400 km in altitude. This figure
also indicates the dependence of this emission versus SZA
(roughly following a cosm(SZA) law). In Figure 15, we
have not subtracted the interplanetary Lyman « emission
estimated to contribute ~0.3 kR in the case of Mariner 6
and 7 observations [Barth et al., 1971]. A comparison
between Figures 15a and 15b also suggests a significant
variation of the Lyman « emission with respect to aero-
centric longitude (essentially due to variation of the distance
to the Sun). The maximum intensity is in good agreement
with the measurement of Barth et al. [1971], who reported
close to the planet an intensity for the Martian exospheric
Lyman « emission equal to 4—5 kR as observed by Mariner
6 for SZA = 0° and 27° and to 3—4 kR as observed by
Mariner 7 for SZA = 0° and 44° (with a 300 Rayleigh
Lyman « sky background contribution subtracted). These
measurements were measured during solar maximum activ-
ity, whereas a measurement of 3.3 kR £ 0.8 kR intensity for
the Martian exospheric Lyman « emission was obtained

Figure 11. Altitude of the maximum of the Cameron band
emission intensity (Table 2). (a) Versus solar zenith angle.
(b) Versus longitude. (c) Versus aerocentric longitude.
Crosses and diamonds are for downleg and upleg of the
orbit, respectively. The solid line represents the mean
altitude, and the two dotted lines represent the mean altitude
plus or minus one standard deviation.
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Figure 12. Maximum measured intensity of the Cameron
band emissions (Table 2). Crosses and diamonds are for
downleg and upleg of the orbit, respectively. The solid line
represents the mean intensity, and the two dotted lines
represent the mean intensity plus or minus one standard
deviation.

using the Copernicus Orbiting Astronomical Observatory
[Levine et al., 1978] during solar minimum activity.

[47] InFigure 16, we plot the oxygen emission at 130.4 nm
measured by SPICAM between 120 and 400 km in altitude.
The 130.4 nm emission is thought to be primarily produced by
resonant scattering of sunlight by O atoms. Strickland et al.
[1973] suggested that below 200 km one fourth of the
observed intensity may be due to dissociative excitation of
CO,. Figure 16 clearly shows that the 130.4 nm dayglow
emissions during SPICAM observations were significantly
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Figure 13. Spectrum of the Martian dayglow between 145
and 150 km in altitude, averaged from 2970 individual
spectra measured by SPICAM (i.e., the whole set of
observations described in this paper). The solar zenith angle
range is between 14° and 105°, and the aerocentric
longitude range is between 100.95° and 171.2°. Most of
the plotted error bars are smaller than the thickness of the
line.
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Figure 14. Variation of the intensity versus altitude (with
4-km altitude resolution) of the 260.4 nm emission feature,
the (0,5) Vegard-Kaplan band (solid gray line with star), the
276 nm emission feature, the (0,6) Vegard-Kaplan band
(solid gray line), and the 293.6 nm emission feature, the
(0,7) Vegard-Kaplan band (solid dark line with diamond)
for the entire set of observations described in this paper.

less bright than during Mariner 6 (diamond black dotted line),
Mariner 7 (cross dotted line) and Mariner 9 (square dotted
line). Figure 16 also indicates a more significant dependency
of the 130.4 nm emission on SZA than on aerocentric
longitude. Strickland et al. [1973] observed that the
Mariner 7 observations of this emission were 20 to
30% lower in intensity than observed by Mariner 9 and
attributed these differences to a calibration error in the
Mariner 6 and 7 UV spectrometers, as already discussed,
or to a larger solar flux during Mariner 9 observations.
According to these authors, a 20 to 30% lower intensity
for the 130.4 nm emission implies an oxygen density
smaller by around one order of magnitude (because the
130.4 nm emission is optically thick). Therefore, in order
to explain the observed variations of the oxygen emission
with respect to SZA, the density of oxygen within Mars’
atmosphere should decrease by one order of magnitude
from a solar zenith angle between 14 — 37° to a solar
zenith angle of 37 — 60°. There is also a significant
increase of the scale height of the oxygen 130.4 nm emission
with larger SZA which can be explained either by the decrease
of the optical thickness or by the increase of the proportion of
nonthermal oxygen atoms with increasing SZA.

[48] All these elements will be analyzed in a future paper
using a 3D model of the hydrogen and oxygen upper
atmosphere and exosphere combined with a resonance line
radiative transfer analysis which accounts for the scattering
optical thickness of these two emissions, as well as absorp-
tion by CO,.

3.4. Martian Crustal Magnetic Field Influences
on the Upper Atmosphere Structure
[49] Table 2 indicates a large increase during Orbit 983 of

the upper atmosphere temperatures deduced from the CO
Cameron band system and the CO3 (B*X" - X?II) doublet
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Figure 15. Variation of Lyman « intensity versus altitude (with 4-km altitude resolution). (a) Ls =
100.95° — 130.1° with 10 orbits. (b) Ls = 138.56° — 171.02° with 14 orbits. Thick dark line: SPICAM
between SZA = 15° and 37°. Star dashed line: SPICAM between SZA = 37° and 60°. Gray dashed line

between SZA = 60° and 83°.

emissions. As mentioned in section 2.2, orbit 983 is the only
orbit during which the SPICAM FOV passed above the
strongest crustal magnetic field structure (Figure 3). The
crustal field is now recognized as inducing significant
changes in the Martian upper atmosphere/ionosphere

Ls=100.95° - 130.1°

[Krymskii et al., 2002; Breus et al., 2004], as well as being
related to aurora phenomena at Mars [Bertaux et al.,

2005b].
[s0] The temperatures determined during orbit 983 are

336 K and 246 K (from the CO Cameron band system and
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Figure 16. Variations of the OI 130.4 nm intensity versus altitude (with 4-km altitude resolution). (a) Ls =
100.95° — 130.1° with 10 orbits. (b) Ls = 138.56° — 171.02° with 14 orbits. Dotted cross line: Mariner 7,
one limb observation at Ls = 200° and SZA = 44° [Barth et al., 1971]. Dotted diamond line: Mariner 6,
one limb observation at Ls =200° and SZA =27° [Barth et al., 1971]. Dotted square line: Mariner 9 SZA =
31 — 36° [Strickland et al., 1973]. Thick dark line: SPICAM between SZA = 15° and 37°. Star dashed line:
SPICAM between SZA = 37° and 60°. Gray dashed line between SZA = 60° and 83°.
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CO; (B*X" - X°II) ultraviolet doublet emissions, respec-
tively) during the period when the FOV was passing
through region between 20°N and 16°N latitudes (at an
almost constant longitude of 180°), and 332 K and 328 K
between 16°S and 21°S latitudes (at an almost constant
longitude of 190°). These temperature values are greater
by 1-3 standard deviation values than the average
corresponding temperatures. The altitude of the maximum
intensity of the Cameron band system emission is slightly
below the average one, but not significantly so. The peak
brightness does not display any significant difference with
respect to the average value.

[51] During this period, no apparent increase of the
visible atmospheric opacity was observed (P. Rannou,
personal communication, 2006). This was checked, since
dust storms have been observed to increase the altitude of
the electron density peak [Keating et al., 1998] and, as
suggested by Stewart et al. [1972], to potentially affect the
upper atmosphere temperature [Bougher et al., 2000].
Actually, what we observed during orbit 983 was, to the
contrary, a slight decrease of the altitude of the peak of
intensity of the CO Cameron band system emission. More-
over, orbit 981 which occurred 15 hours earlier than orbit
983, does not display any increase of either the peak altitude
or the temperature. Atmospheric tides have been studied
using MGS radio occultation and accelerometer measure-
ments [Keating et al., 2003; Bougher et al., 2004]. In
particular, Bougher et al. [2004] reported strong wave
number 2-3 oscillations in electron density peak heights
as a function of longitude. No influence of these atmospheric
tides on the upper atmosphere temperature has been
reported. A short time variation of solar activity (by less
than the daily average measurement of Table 2) could
produce a temporary increase of the upper atmosphere
temperature. However, such an increase in solar activity
should also result in an increase of the CO Cameron band
system emission brightness during orbit 983, which is not
observed (see Table 2).

[52] Breus et al. [2004] have observed 50 to 60% higher
electron temperatures correlated with the crustal magnetic
fields. These authors associated this electron temperature
increase with a population of hot electrons trapped at higher
altitudes. This could explain the origin of the observed
temperature increase of orbit 983, which would then be due
to a change in the sources of the observed emission, rather
than a true increase in neutral temperature. Indeed, we
assumed in estimating these temperatures that photodisso-
ciative excitation of CO, was the main source for the CO
Cameron band and the CO; (B*X" - X?II) doublet emis-
sions. If a significant population of hot electrons is present
at higher altitudes, it may imply that electron impact
dissociative excitation may also contribute to the observed
emissions at high altitudes. Therefore it is better to consider
these changes in the Martian dayglow in terms of variation
of the scale heights of the emission, rather than of actual
atmospheric temperatures. The measured scale height of the
CO Cameron band system emission during orbit 983 is
~18.3 km, compared to the ~14 km average for all the
orbits.

[53] It is somewhat surprising that the increase of the
scale height of these emissions also occurs in the northern
hemisphere at 180° east longitude, where no significant
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crustal field at 140 km is thought to be present (Figure 3).
This suggests that the topology of the magnetic field (on the
dayside) may be different than deduced from the mapping
phase orbit of MGS (on the nightside) and be significantly
extended at higher latitude than displayed Figure 3. In
particular, the draping of the interplanetary magnetic field
lines around the crustal fields could change significantly the
motion of photoelectrons inside the Martian atmosphere at
this particular local time and latitude region. New observa-
tions of the dayglow in the same conditions as orbit 983 are
needed to resolve these questions, hopefully in coordination
with ASPERA 3 in situ particle measurements.

4. Conclusion

[s54] The SPICAM experiment on Mars Express is com-
posed of UV and IR spectrographs dedicated to the obser-
vation of the Martian atmosphere and surface by stellar and
solar occultations, nadir viewing, and limb viewing [Bertaux
et al., 2006]. Limb viewing observations are used to observe
the Martian airglow [Bertaux et al., 2005a, 2005b]. In this
paper, a set of observations of the Martian dayglow obtained
by SPICAM UV spectrometer between October 2004 and
March 2005 are described and analyzed.

[s55] The present coverage by this first major set of
SPICAM dayglow measurements remains unfortunately
rather sparse in terms of solar zenith angle, longitude,
aerocentric longitude and latitude. Indeed, limb viewing
observations of the dayglow imply a particular orientation
of the spacecraft, and a special operational mode of SPI-
CAM in order to get the best S/N ratio. The observations
presented here constitute only 24 orbits, but represent more
than 24,000 individual spectra with good S/N ratio for the
most prominent emissions of the Martian dayglow.

[s6] The main characteristics of the Martian dayglow are
reevaluated 30 years after their last observation. In partic-
ular, a detailed comparison of these new observations with
observations by Mariner 6 and 7 [Barth et al., 1971] and
Mariner 9 [Barth et al., 1972] is performed. The CO (a’Il —
X'2*) Cameron band system emission is significantly lower
in intensity than measured by the earlier space missions.
Moreover, the thermosphere temperature of 201 K derived
from an average profile of the CO; (B*X" - X?II) doublet
emissions is significantly lower than the temperature de-
rived in a similar way from Mariner 6, 7 and 9 observations,
but are in reasonable agreement with more recent radio
occultation and accelerometer measurements. The average
scale height (~11.2 km) of the CO3 (B*L" - X°II) doublet
emission is significantly lower than the scale height (~14 km)
of the CO Cameron band system, which is likely due to a
significant contribution of dissociative recombination of CO5
to the Cameron band system emission above the peak
emission altitude.

[57] The spectra measured by SPICAM display a feature
at 276 nm that we suggest is the (0,6) band of the N,
Vegard-Kaplan (A* ©* - X'©") system. The intensity of this
band is in good agreement with the calculations done by
Fox and Dalgarno [1979] and Fox et al. [1977] as well as
the N,/CO, mixing ratios calculated by Krasnopolsky
[2002] and Fox [2004Db].

[s8] The dominant emissions above the Martian exobase
are Lyman a (due to the resonant scattering of sunlight by H

17 of 21



E09S11

atoms) and 130.4 nm (due to resonant scattering of sunlight
by O atoms). Both emissions vary with solar zenith angle
and aerocentric longitude, which will be analyzed further in
forthcoming investigations of the Martian corona.

[s9] Finally, the orbit by orbit analysis of the scale height
of the CO Cameron band system and the CO5 (B*2" - X°II)
doublet indicates a potential effect of crustal magnetic fields
on the Martian dayglow. During the only orbit in which the
field of view of the SPICAM UVS passed above a large
crustal magnetic field, a significant increase in the scale
height of the CO Cameron band system emission is ob-
served. We attribute this change to the influence of the
crustal field on the transport of hot electrons within the
Martian upper atmosphere [Breus et al., 2004].

[60] A 2-year extension of the Mars Express mission has
been recently approved. These new years of observation
will allow us to test several tentative conclusions described
here regarding the Martian dayglow, and, in particular, will
significantly increase our present coverage of the Martian
year.

Appendix A

Al. Description of the SPICAM UVS

[61] The optical scheme of the UV channel is displayed
Figure 1 of Bertaux et al. [2006]. The light enters through a
baffle, reflects from an off axis parabolic mirror, and is
diffracted by a toroidal grating onto the intensifier and
CCD. The CCD has 404 pixels along the spectral direction
and 289 pixels along the spatial direction. A slit can be
mechanically placed (or not) at the focal plane of the
primary mirror. This slit was in place for all the dayglow
measurements discussed in this paper. It is composed of two
parts:

[2] 1. A 50 pm X 4.6 mm narrow part with a field of
view (FOV) 0.02° wide by 1.9° long, projecting onto 200
lines of the CCD (a line of the CCD is defined as parallel to
the spectral direction). The filled slit spectral resolution is
equal to 1.5 nm (actually varying from 1 to 3 nm [see
Bertaux et al., 2006, Figure 13]).

[63] 2. A 500 pm x 2.2 mm wide part with a FOV 0.2°
wide by 0.98° long, projecting onto 88 lines of the CCD.
The filled slit resolution is only 6 nm, but this wide part
provides 8 times the sensitivity of the narrow part of the slit.

[64] The scheme of the intensified CCD detector is
displayed in Figure 2 of Bertaux et al. [2006]. The light
reflected from the grating through the input windows which
are composed of MgF,, which is transparent at wavelengths
>115 nm, and SiO,, which is transparent at wavelengths
>160 nm. The SiO, window covers only the portion of the
CCD above 160 nm, in order to suppress the second order
of the intense Lyman « emission line. The intensifier is
composed of a photocathode, a microchannel plate (MCP),
and a phosphor screen. The MCP high voltage can be
adjusted such that its gain can vary by a factor ~500. Fiber
optics have been placed between the exit of the phosphor
screen and the CCD. The CCD is divided into three parts
along the spectral direction:

[65] 1. The center of the CCD receives the intensified
light (between the 8th and the 391st pixels). The pixels are
ordered from the largest wavelength (320 nm) down to the
smallest wavelength (118 nm).

LEBLANC ET AL.: SPICAM MARTIAN DAYGLOW MEASUREMENTS

E09S11

[66] 2. The 1stup to the 6th pixel do not receive any light
from the intensifier and are used to measure the bias offset.

[67] 3. The pixels between the 398th and the 403rd
measure the signal coming from a blind part of the detector
and are used to measure the dark current from the detector.

[68] For telemetry limitations but also because of the time
needed to read all the lines of the CCD, in normal
observations only 5 adjacent parts of the CCD are read
out. Each part is called a “spatial bin” and is constituted of
1,2,4,8, 16 or 32 lines of the CCD following a preselected
mode. For 10 of the observations described in this paper, the
read part of the CCD was roughly centered on the spatial
range, with two 32-pixel-line spatial bins corresponding to
light from the narrow part of the slit, one 32-pixel-line
spatial bin corresponding to light from both narrow and
wide parts of the slit, and two 32-pixel-line spatial bins
corresponding to light from the wide part of the slit. Thus
each spatial bin covers a different region of the atmosphere,
with a different spectral resolution and a different sensitiv-
ity. The rest of the observations use a binning of 16 pixel
lines, with all the spatial bins receiving light from the
narrow part of the slit. A typical observation of the dayglow
during one MEX orbit lasts ~20 min centered on the time
when MEX is at the pericenter of its 259 km by 11,559 km
(3.4 Mars Radii) polar orbit. This period is decomposed into
~1200 consecutive individual sequences, each lasting one
second, which are composed of 640 ms integration time and
360 ms reading and processing time. The length of the
integration can be shortened if necessary, but was 640 ms
for all the observations discussed here.

A2. Data Treatment

[69] The 5 spatial bins are read “spectel” (defined here as
the sum of 32 or 16 pixels along the spatial direction at one
spectral position along the CCD) by spectel, that is, 384
centered spectels, plus 6 spectels dedicated to the bias
offset, plus 6 spectels dedicated to the dark current. During
the reading, a supplementary voltage is applied, which is
equivalent to adding a certain number of ADU (Analog to
Digital Unit) to the measured signal. This offset ADU is
variable from one spatial bin to another but can be reason-
ably supposed as constant for all the spectels along a given
spatial bin. The average measured on the 6 bias offset
spectels is then subtracted from all the centered and masked
spectels of the spatial bin. The typical offset value is 34.1 £
2.1 ADU/spectel.

[70] The main difficulty related to a good estimate of
the dark current (DC) is its nonuniformity (DCNU)
within the CCD. Dedicated observations to obtain a good
image of the DCNU in the same conditions as airglow
observations have been performed. During such observa-
tions the gain on the MCP is set to zero and the same
region of the CCD with the same binning is used. Four
observations of that type have been done for a binning of
16 lines and one for a binning of 32 (each observation
being composed of 1200 consecutive spectra). The aver-
age DC intensity on the used pixels evolves linearly with
respect to the average DC intensity measured on the
masked pixels [see Bertaux et al., 2006, section 4.3].
Therefore it is possible to normalize the DCNU measured
on the used pixels by the DC measured on the masked
pixels in order to obtain an idea of the non uniformity of
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the DC on the CCD. It has been checked that this
nonuniformity does not change significantly with time
as well as with respect to the intensity of the DC by
comparing the spectra obtained during each of these five
dedicated observations as well as by comparing the
DCNU measured during the four dedicated and similar
observations (done within a period of 8 months). In the case
of'a 16 lines binning, an image of the normalized DCNU has
been constructed by averaging the normalized DCNU mea-
sured during the 4 x 1200 sequences of observation of the four
similar dedicated observations. In the case of a 32 lines
binning, the image of the DCNU is built by averaging the
1200 spectra of the normalized DCNU obtained during the
only dedicated observation with a binning of 32. For each
observation of the airglow considered in this paper, we then
subtract the corresponding image of the DCNU multiplied by
the DC measured on the masked pixels during the integration
time to be treated.

[71] During cruise phase, observations of stars indicated
the presence of electronic noise generated by the reading of
the CCD. This electronic noise is now relatively well
characterized and has a peak intensity of only few ADU.
We have developed several methods to subtract it. However,
it appears that correcting typical dayglow measurements
leads to the introduction of substantial errors in the resulting
signal. Therefore no subtraction of this electronic read noise
has been performed on the data analyzed here.

[72] Spectral calibration is done using an experimental
calibration measured before the launch. This calibration has
been successfully checked with respect to the thinnest and
most intense emissions of the Martian dayglow (e.g., Lyman
alpha at 121.6 nm and the CO; (B°L" - X°II) ultraviolet
doublet near 289 nm).

[73] The brightness calibration is done using a model
curve for the number of ADU generated per photo-event
with respect to the gain applied to the MCP. A photo-event
is defined as a pulse of light in the phosphor of the
intensifier following the creation of a photoelectron at the
cathode of the intensifier. The assignment of the number of
photo-events resulting from a given number of photons at
the entrance of the spectrograph as a function of wave-
length, is based on stellar calibration. Observations of stars
well observed by other calibrated instruments (in particular,
the IUE telescope) are regularly performed with the SPI-
CAM UVS. The stellar signal measured is expressed in
ADU as

NADU(>\) = FS(>\) X Scff(>\) x G x d\ x dt/0‘9, (Al)

where X is the wavelength, Nopy(N\) is the number of ADU
measured at X (in one spectel), Fs(\) is the observed signal
at \ (in photons/cmz/s/nm), G the gain of the MCP, S () is
the effective area at X (in cm?), d\ = 0.543 nm is the
wavelength interval covered by one spectel and dt is the
time of integration. The coefficient 0.9 is here to take into
account that the star is a point source, whereas the airglow is
an extended source [see Bertaux et al., 2006]. From
equation (Al) and the observations of several bright UV
stars (Zeta Puppis, Bet Cen, Eta Uma and Zeta Oph), we
deduce S.g, which is the blue curve in Figure 11 of Bertaux
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et al. [2006]. A measurement above 302 nm and below 119
nm will have small signal/noise (S/N) ratio. The uncertainty
on S is less than 15%.

[74] The intensity for an extended source like the Martian
dayglow can be expressed in photons/(cm” s sr nm) and the
relation between the number of ADU per spectel and the
spectral intensity is here expressed as

NADU(>\) = Io\) X Seff(>\) X G x d\ x dt x dw (AQ)
I(N) is the spectral intensity of the extended source and dw
is the solid angle of one spectel of one spatial bin. Airglow
intensity is usually exgressed in Rayleighs, where one
Rayleigh is equal to 10° photons/(cm?® s ster) emitted into
4r steradians. Following equation (A2), the knowledge of
Sere from star calibration is sufficient to calibrate any
dayglow observation.

[75] The result is a calibrated spectral signal in
Rayleigh/nm versus wavelength. The extraction of the bright-
ness of different emission lines can be done following two
different approaches:

[76] 1. Using the Point Spread Function (PSF) of the
instrument, which is the spectral form of an ideally spec-
trally thin signal observed by SPICAM. Such a PSF is
convolved with a theoretical spectrum to fit the measured
signal. So far, we have not obtained an instrumental
measurement of the PSF for the whole wavelength range
and therefore cannot safely use this method of analysis.

[77] 2. Directly integrating the measured signal between
two wavelengths chosen in order to fully cover the spectral
range in SPICAM of the emission line. This method is
robust, but does not allow the separation of two emission
lines spectrally too close together.

[78] For both methods of integration, we also estimate a
background due to scattered light inside the spectrograph
and to overlap by nearby emission lines. The method used
to evaluate this background is a simple interpolation of the
measured signal around the spectral range of the targeted
emission line. For the results presented here, we provide the
result of the second method and therefore consider only
clearly separated emission lines and band systems.

[79] During each orbit ~1200 individual and consecutive
spectra are recorded. The integration of emission intensity
has been done either by averaging consecutive spectra
during one orbit (e.g., within a chosen altitude range) or
by averaging all spectra constrained in other ways (e.g.,
from all orbits within a certain range of Solar Zenith Angle
(SZA), Solar longitude (Ls) or altitude). The second method
typically provides a much better S/N ratio (a spectrum can
be obtained from 1000 individual spectra) but has limited
latitudinal and longitudinal resolution. In the following, the
dependencies of key emissions with respect to SZA, Ls and
altitude are deduced using the second method, whereas
dependencies of the emissions with respect to latitude and
longitude are derived using the first method.

[so] Brightness uncertainties are estimated in the follow-
ing way:

Sapu = DCapu + Lapu + Offset,

where Sapy is the total observed signal, DC4py is the dark
current (DCapy = Ng/G, where Ng. is the number of
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electrons due to the dark current), Lopy is the dayglow
signal (Lopy = Kxnppe where K is the number of ADU per
photo-event and n,p is the number of photo-events), and
Offset is assumed to be a well-known constant without any
variance. The uncertainty (in ADU) of one measured
atmospheric signal for one spectel is then: o(Lapy) =
(DCApy/G+2 X K X Laopy + Rﬁ)” 2 where Ry is associated
to the electronic noise (Rg = 1 ADU). The factor 2 in front
of K x Lpu is here to take into account the particular pulse
height distribution of the photo-events [Sandel and
Broadfoot, 1986].

[s1] During some observations we occasionally notice
strong signals associated with stray light. In particular, some
spectra obtained in narrow part of the slit display two very
intense peaks with respect to dayglow emission intensities
centered on 132 and 143 nm or a very broad peak centered
on 250 nm [see Bertaux et al., 2006, Figure 17]. Such
features are clearly not associated with atmospheric emis-
sions because of their intensity and their variation with
altitude and Solar Zenith Angle. The origin of this stray
light is thought to be due to light diffusing inside the input
windows (see explanations section 4.4 of Bertaux et al.
[2006]). This light enters through the wide part of the slit and
therefore may be 10 times more intense than the one passing
through the narrow part of the slit. In some cases, the wide
part of the slit can observe a region of the Martian atmo-
sphere which is much brighter than the atmosphere observed
by the narrow part of the slit, so that the relative contribution
is even larger. We believe that light passing through the wide
part of the slit and diffusing through the MgF, window
produces the large bump centered at 250 nm. Such a spectral
feature corresponds to the diffused image of the solar flux
reflected by Rayleigh scattering in the low Martian atmo-
sphere [Bertaux et al., 2006, Figure 17]. In the same way, the
two features at 132 and 143 nm would be due to specular
reflections inside the SiO, window and in particular at the
edge of the window. We chose to exclude all orbits during
which one of these features is clearly identified during at least
one sequence obtained with a FOV above 100 km in altitude.
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