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[1] Several observations of the O I 130.4-nm triplet have been analyzed to determine the
oxygen density in the Martian upper atmosphere using a three-dimensional Monte
Carlo radiative transfer model describing each line of the triplet. Solar resonant scattering
is the dominant source of excitation of the O I 130.4-nm triplet in the upper atmosphere of
Mars. The atomic oxygen density at the exobase is found to be 1.2�0.5

+1.2 � 107 cm�3

for solar zenith angles between 20� and 55� and to decrease by a factor of 2 for solar
zenith angles between 55� and 90�. Although the major contribution to the observed
brightness is produced above the exobase, it is possible to extrapolate the density profile
below the exobase and to estimate the [O]/[CO2] mixing ratio as 0.6–1.2% at 135 km. The
major source of uncertainty comes from the uncertainty in the absolute calibration, as
expected for an optically thick emission, and also, to a lesser degree, from the temperature
at the exobase. The profiles are better reproduced by a large exospheric temperature
(>300 K), which may suggest the presence of a hot oxygen population.

Citation: Chaufray, J. Y., F. Leblanc, E. Quémerais, and J. L. Bertaux (2009), Martian oxygen density at the exobase deduced from

O I 130.4-nm observations by Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars on Mars Express,

J. Geophys. Res., 114, E02006, doi:10.1029/2008JE003130.

1. Introduction

[2] The 130.4-nm oxygen triplet is a common UVairglow
emission of the terrestrial planets. It was observed for the first
time in Earth’s upper atmosphere through rocket measure-
ments [Chubb et al., 1958] but was also seen in the Venusian
upper atmosphere [Moos and Rottman, 1971; Broadfoot et al.,
1974; Bertaux et al., 1981] and in the Martian upper atmo-
sphere [Barth et al., 1971; Feldman et al., 2000]. The first
analyses of the Martian O I 130.4-nm triplet observed by the
Mariner missions during high solar activity concluded that
two mechanisms contribute to this emission: resonant scat-
tering of solar photons and photoelectron impact excitation
of atmospheric oxygen atoms [Strickland et al., 1972, 1973;
Fox and Dalgarno, 1979]. The resonant scattering of the
solar photons was shown to be the major source of excitation.
Twenty years later a reanalysis of this emission was done
[Stewart et al., 1992] using a more accurate radiative transfer
model [Meier and Lee, 1982]. The photoelectron impact
frequency was revised using the updated cross sections from
Zipf and Erdman [1985] as well as an analytical relation
between the F10.7 solar activity index and the solar flux at
130.4 nm. Two thermospheric models were used in the study
by Stewart et al. [1992]: an empirical thermospheric model

[Stewart, 1987] and aMars ThermosphereGeneral Circulation
Model (MTGCM) [Bougher et al., 1990]. The first model was
used to reproduce the intensity by fitting the oxygen density,
and the second model was used in order to reproduce the lati-
tude and local time distribution. A mixing ratio [O]/[CO2] of
0.7% at the 1.2-nbar level was found to provide the best fit of
the measured intensity profile, while a ratio equal to 0.2%
was found to provide the best fit of the latitude and local time
variations. These ratios were slightly smaller than the earlier
estimate of 1% by Strickland et al. [1972, 1973]. Another
estimate of this ratio was made using Viking descent probe
data obtained at low solar activity. Using a simple photo-
chemical model, Hanson et al. [1977] calculated the best
oxygen density profile able to reproduce the ion profiles
measured by Viking and deduced a ratio [O]/[CO2] equal to
1.25% at 130 km. The [O]/[CO2] ratio is an important
element in the global heat budget of the thermosphere.
Indeed, atomic oxygen collisions with CO2 molecules are
known to be effective in exciting the CO2 (n2) vibrational
state, resulting in an enhanced CO2 15-mm emission, which,
in turn, leads to an enhanced cooling rate in the thermosphere
[Bougher et al., 1994, 1999, 2000]. For example, a higher
[O]/[CO2] mixing ratio was suggested byKeating et al. [1998]
in order to explain the discrepancy between the temperature
deduced from Mars Global Surveyor (MGS) aerobraking
data and the temperature calculated by the MTGCM model
of Bougher et al. [1997] (120 K versus 150 K at 130 km).
[3] In this paper we present an analysis of the 130.4-nm

triplet measured by the Spectroscopy for the Investigation of
the Characteristics of the Atmosphere of Mars–ultraviolet
spectrometer (SPICAM-UVS) instrument [Bertaux et al.,
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2006] on board Mars Express in the Martian upper atmo-
sphere. The observations presented in section 2 were obtained
during moderate solar conditions [Leblanc et al., 2006]. The
models of oxygen density, excitation sources, and radiative
transfer are described in section 3. The best oxygen density
profiles and the uncertainties derived from a fit of the model
to the observations are described in section 4, and the results
are discussed in section 5.

2. Observations

[4] The SPICAM-UVS instrument is described in detail
by Bertaux et al. [2006]. The observations used here are of

Martian limb [Bertaux et al., 2006] as seen nearMars Express
pericenter from October 2004 to February 2005. The general
data processing (dark current subtraction and integrated
intensity calculation) is described by Leblanc et al. [2006].
Contrary to the approach of Leblanc et al. [2006, 2007] for
the optically thin emissions, the oxygen 130.4 nm being
optically thick, we find it unsuitable to average different
observations on the basis of the altitude and solar zenith angle
of the tangent point. To appropriately average O I 130.4-nm
observations, the whole line of sight would have to be the
same. However, the signal being rather weak (10 times
weaker than the Lyman-a signal; see the work of Leblanc
et al. [2006]), it remains necessary to add individual obser-
vations to increase the signal-to-noise ratio. Therefore the
observations considered in this study were gathered into
different groups (Table 1). Table 1 provides the main param-
eters of the observations for each group. Each group is
divided into two subgroups corresponding to the upleg and
downleg parts of the orbits. Here we consider only observa-
tions with a line of sight above 150 km, because a strong solar
scattering background has sometimes been identified at lower
altitudes (particularly at low solar zenith angle). As an exam-
ple, some of the observations presented here (group 2) were
not considered by Leblanc et al. [2006], because a strong
signal associated with stray light centered at 132 and 143 nm
was present below 120 km. This strong signal can overlap the
hydrogen Lyman-a and the O 130.4-nm lines (Figure 1).
Here we choose to keep these data because the stray light
contribution does not seem to be present above 140 km (as
determined by analyzing the Lyman-a profile).
[5] For each group, the profile of the O I 130.4-nm

emission intensity from 150 up to �400 km has been cal-
culated. Each point of each group profile is determined by
averaging several spectra (between 11 and 65 individual spec-
tra). Examples of average spectra are displayed in Figure 2
corresponding to groups 3a and 3b. As shown in Figure 2, the
oxygen triplet intensity decreases as the altitude of the tan-
gent point increases, while the Lyman-a line (at 121.6 nm)

Figure 1. Example of average spectrum below 150 km
obtained by Spectroscopy for the Investigation of the Char-
acteristics of the Atmosphere of Mars–ultraviolet spectro-
meter (SPICAM-UVS). A stray light is observed centered
near 132 and 143 nm. The origin of this stray is still unknown.
The dashed arrow indicates the expected position of the
130.4-nm lines. The oxygen 130.4 nm lines could correspond
to the little bump on the left side of the stray light centered at
132 nm. SZA, solar zenith angle.

Table 1. Groups of Orbits Analyzed in This Studya

Date
Altitude

(MEX, km)
SZA
(MEX)

Range of Altitude
(MNP, km)

Range of SZA
(MNP, deg) F10.7 F130.4 Ls

Group 1
First part (947, 948, 952, 958, 959, 969) 15–21 Oct 2004 520–810 53–58 150–390 25–40 32.3 3.9 101�
Second part (947, 948, 952, 958, 959, 969) 15–21 Oct 2004 280–390 76–89 150–360 65–85 32.3 3.9 101�

Group 2
First part (1075, 1077, 1079, 1080) 19–21 Nov 2004 340–540 24–39 150–400 54–56 41.3 4.0 117�
Second part (1075, 1077, 1079, 1080) 19–21 Nov 2004 350–540 53–68 150–400 68–80 41.3 4.0 117�

Group 3
First part (1267, 1271, 1285) 12–17 Jan 2005 360–540 14–16 150–400 25–45 36.6 4.2 144�
Second part (1267, 1271, 1285) 12–17 Jan 2005 360–570 59–63 150–400 55–72 36.6 4.2 144�

Group 4
First part (1349, 1350, 1357, 1374) 4–14 Feb 2005 720–1140 4–9 150–400 22–32 37.7 4.3 155�–160�
Second part (1349, 1350, 1357, 1374) 4–14 Feb 2005 320–360 54–61 150–400 54–90 37.7 4.3 155�–160�

Group 5
First part (1413, 1414) 22 Feb 2005 360–560 30–49 150–400 20–45 54.2 4.8 164�
Second part (1413, 1414) 22 Feb 2005 370–560 79–97 150–400 77–100 54.2 4.8 164�

aMars nearest point (MNP) is the tangent point of the line of sight. The solar index F10.7 (10
�22 W m�2 Hz�1) is calculated from the daily average from the

National Geophysics Data Center. The solar flux at 130.4 nm (109 cm�2 s�1) is calculated from the daily average Solar Radiation and Climate Experiment
(SORCE) data. These calculations take into account the relative positions of Mars, Earth, and the Sun, the Sun rotation, and the Sun-Mars distance. Ls is the
solar longitude. MEX, Mars Express; SZA, solar zenith angle.
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does not change. On the contrary, less intense O I 130.4-nm
and H I Lyman-a emissions are observed with increasing
solar zenith angle (SZA) (when comparing Figures 2a and 2b
or Figures 2c and 2d). Figure 3 displays an example of inten-
sity profile showing how the O emission scale height changes
with respect to the solar zenith angle.

3. Models of the Thermospheric and Exospheric
Oxygen Densities and of the 130.4-nm Emission

[6] In order to retrieve the atomic oxygen profile which
best fits the observations, we have developed a model to cal-
culate the O I 130.4-nm emission brightness. A model
describing the oxygen and carbon dioxide density profiles
has been developed (section 3.1) and has been coupled to a
radiative transfer model (section 3.2).

3.1. Oxygen Density Profiles From 80 to 1000 km

[7] The density profiles are divided into two parts: a
thermospheric profile from 80 to 200 km and an exospheric
profile from 200 to 1000 km. The O and CO2 thermospheric
density profiles are calculated by solving the coupled diffu-
sion and hydrostatic equations [Hunten, 1973]. In this region,
the temperature and eddy mixing coefficient profiles K(z) are
taken from Krasnopolsky [2002]. The exospheric tempera-
ture is assumed to be equal to 200 K as derived from an
analysis of the dayglow emissions associated with the CO2

+

and Vegard-Kaplan N2 bands by Leblanc et al. [2007], in
good agreement with the solar minimum thermosphere
model of Krasnopolsky [2002]. The CO2 number density at
80 km is chosen to be 2.6� 1013 cm�3 [Krasnopolsky, 2002].

The diffusion coefficient DO of O atoms through a CO2 atmo-
sphere depends on the temperature:

DO rð Þ ¼ AT rð Þs

n rð Þ ; ð1Þ

where n(r) is the total local density (O + CO2), T(r) is the
local temperature [from Krasnopolsky, 2002], A is equal to

Figure 2. Examples of average spectra near (a, b) 150 km and (c, d) 240 km. Spectra were obtained by
SPICAM-UVS at solar zenith angles between 27� and 30� for Figures 2a and 2c and at solar zenith angles
between 57� and 64� for Figures 2b and 2d. Each average spectrum corresponds to �40–60 individual
integrations of SPICAM-UVS. The oxygen triplet is the line at 130 nm. The Lyman-a line is also visible
at 121.6 nm. These spectra correspond to groups 3a and 3b.

Figure 3. Altitude profiles of the O 130.4-nm emission
intensity at high SZA (left curve) and low SZA (right curve)
for group 3 (see Table 1 for the definition and observation
parameters of this group).
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4.44 � 1017, and s = 0.5 when DO is expressed in cm2 s�1

[Banks and Kockarts, 1973]. According to Krasnopolsky
[2002], the weak escape of oxygen at the exobase does not
affect the density profile, so we neglect oxygen escape when
calculating our thermospheric oxygen profiles.
[8] Above the exobase at 200 km,we use a one-dimensional

(1-D) Chamberlain approach (without satellite particles) to
describe the oxygen exospheric density. For this model, the
oxygen density above 200 km depends only on the oxygen
density and temperature at 200 km [Chamberlain, 1963]. We
neglect any hot exospheric O components above the exobase,
and we will only describe the effect of the core of the line on
the intensity. Some possible effects of an oxygen hot popu-
lation are given in section 4. As a consequence, the O density
profile from 80 to 1000 km is fully determined knowing
the oxygen density at a given altitude. The reference altitude
for the density is chosen to be 80 km. Ten densities values
at 80 km are used, varying from 1 � 109 to 1 � 1012 cm�3,
which encompass the range of densities (�1010–1011 cm�3)
estimated from current photochemical models [Krasnopolsky,
2002; Fox, 2003]. Figure 4 displays four oxygen density
profiles from 80 to 300 km, corresponding to densities 1 �
109, 1 � 1010, 1 � 1011, and 1 � 1012 cm�3 at 80 km. The
exobase density at 200 km varies as a consequence, from
�1.5 � 105 to 1.3 � 108 cm�3. The slight deviation of the
proportionality between the density range at the exobase and
the density range at 80 km comes from the fact that the
hydrostatic and diffusive equations are not independent,
since oxygen is a major constituent. The sensitivity of the
density profiles with respect to the exobase temperature and
eddy diffusion is studied in section 4.2. In the following, we
will use either nexo (density at the exobase) or n80 (density at
80 km) to define the model.

3.2. Excitation of the O I 130-nm Emission

[9] The 130-nm triplet (130.217, 130.486, and 130.603 nm)
emission is produced from the radiative decay of the 3s 3S state
to the ground 2p 3P state [Strickland and Donahue, 1970].
In this study, the two main sources of excitation of the 3s 3S
states from the ground state are considered. These two sources
of excitation are the resonant scattering of solar 130-nm

photons and the photoelectron impact on O [Strickland et al.,
1972, 1973; Stewart et al., 1992]. The radiative transfer
calculation (described in Appendixes A and B) is performed
for each source separately, and the sum of the two solutions is
used to estimate the total emergent intensity that should have
been observed by SPICAM-UVS. The emergent intensity
due to the solar photons depends on the solar flux at 130 nm
in each line of the triplet (130.2, 130.4, and 130.6 nm). The
total flux of the solar lines is derived from the measurement
of the Solar Spectral Irradiance (SSI) provided by the Solar
Radiation and Climate Experiment (SORCE) database
[Rottman et al., 2006].We have scaled this flux to theMartian
position and taken into account the phase angle Earth-Sun-
Mars. The SORCE database provides the brightness mea-
sured between 130 and 131 nm. We assume that all the solar
brightness measured is due to the solar O 130-nm lines. The
estimate of the relative solar flux in each line and of the
brightness at the center of each line is done by adopting
the solar line shapes derived from the Solar Maximum
Mission and the Orbiting Solar Observatory 8 for the time
period 1975–1985 [Gladstone, 1992]. Each solar line at
Mars is then approximated by a flat ‘‘boxcar’’ line shape of
5Doppler units’ width, 5DnD(Texo), where Texo is the exobase
temperature.
[10] Figure 5 displays the expected shapes and relative

magnitude of each solar line. The flat shapes of the efficient
solar lines assumed in our model are also displayed.
[11] As in previous studies [Strickland et al., 1972, 1973;

Stewart et al., 1992], we do not consider the overlapping of
the oxygen triplet by the CO fourth bands. The effect of this
overlapping will be the subject of a forthcoming paper and is
efficient essentially below 120 km [Barthelemy et al., 2008].
[12] A spherical, 3-D Monte Carlo, resonance line radia-

tive transfer model has been used to compute the volume
emission rate due to multiple scattering. This model is
derived from an approach developed for the description of
the heliospheric Lyman-a line [Quémerais, 2000] and has
been updated to describe the oxygen triplet emissions in a
planetary environment (Appendix A). The volume emission
rate Ss(m, z) due to solar photon scattering is computed on a
discrete grid in solar zenith angle (m) and altitude (z) in a
spherical model, and the multiple scattering effects are taken
into account.
[13] The volume production rates due to photoelectron im-

pact Spe0 may be written as

S
pe
0 ¼ n zð Þgpe N m; zð Þ½ �; ð2Þ

where n(z) is the atomic oxygen density, gpe is the electron
impact frequency, and N(m, z) is the slant column density
of the atmosphere in the direction of the Sun. According to
Stewart et al. [1992], the details of the equilibrium photo-
electron fluxes are almost fully determined by the photo-
ionization and electron collision cross sections of CO2 and
are therefore insensitive to the abundance of O. Thus, N(m, z)
is equal to the CO2 slant column density. The variation of
gpe with N is based on the work of Stewart [1970] in the
terrestrial case. This primary volume production rate due
to electron impact excitation of O is included in the radia-
tive transfer model. The details of this computation are
described in Appendix B.

Figure 4. Four oxygen density profiles corresponding to
densities at 80 km equal to 1� 109 cm�3, 1� 1010 cm�3, 1�
1011 cm�3, and 1 � 1012 cm�3, from left to right, respec-
tively. The dashed line corresponds to the CO2 density of the
models.
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[14] The variation of the volume emission rates due to the
solar photons and photoelectron impacts as a function of the
altitude at SZA= 30� is displayed in Figure 6. In Figure 6 we
display the primary emission rates and the emission rates due
to multiple scattering. These profiles are calculated using
a model of atmosphere defined by Texo = 200 K and nexo =
1.5 � 107 cm�3 for the solar conditions of the group 3
observations. For this model, the effect of the multiple
scattering is important below 400 km. The order of magni-
tude of the primary emission rate due to photoelectrons is in
good agreement with the emission rate profile (SZA � 48�)
given by Shematovich et al. [2008]. Compared to these
authors, it seems that we overestimate it by a factor of 3.
Because we describe the photoelectron impact in a very

simple way, a sensitivity analysis of the emission intensity
profiles with respect to the gpe(0) parameter is presented in
section 4.2.

4. Data Analysis

4.1. Estimate of the Oxygen Density at the Exobase

[15] To retrieve the oxygen density at the exobase, we
use a least squares procedure that minimizes the c2 function
defined by

c2 ¼ 1

n� 1

Xi¼n

i¼1

Iobs;i � Imod;i n80ð Þ
� �2

s2
i

; ð3Þ

Figure 5. Theoretical shapes of the solar lines of the oxygen 130-nm triplet, a function of the wavelength
l-l0 in angstrom, where l0 is the center of each line. The sum of two Gaussians is taken from the work of
Gladstone [1992]. The flat lines (thick solid lines at the center of each graph) are the approximate lines used
in our model. The width of the line corresponds to 5 times the Doppler width for the exospheric temperature
(here equal to 300 K). F1, F2, and F3 are the integrated flux of each line.

Figure 6. Volume emission rate profiles of oxygen excitation of the 130.4-nm lines due to solar photons
(squares) and photoelectron impacts (asterisks). The dashed lines correspond to the primary emission rates,
and the solid lines correspond to the multiple scattering emission rates. These profiles have been obtained
for a model with an oxygen density at 80 km equal to 1 � 1011 cm�3 and an exobase temperature equal to
200 K (see Figure 4) and for the solar conditions of group 3.

E02006 CHAUFRAY ET AL.: MARTIAN OXYGEN DENSITY AT THE EXOBASE

5 of 15

E02006



where n is the number of points in the observed intensity
profile, Iobs,i is the observed intensity for the ith line of sight
of the fitted profile, Imod,i(n80) is the modeled intensity for
the same line of sight assuming an oxygen density nexo at
80 km, and si is the standard deviation of the individual
sample (see Figure 3). Table 2 displays the density at 80 km
and at the exobase, which minimizes the c2 function of each
group of observations. The average density of all 80-km
points is 6.2 � 1010 cm�3, which is in good agreement with
the photochemical model of Krasnopolsky [2002] and pre-
vious observations. This average density corresponds to an
exobase density of 9.3 � 106 cm�3.
[16] The 80-km and exobase oxygen densities are system-

atically lower at high SZA (groups 1b, 2b, 3b, and 4b) than at
low SZA (groups 1a, 2a, 3a, 4a, and 5a). The average density
at the exobase is 1.2 � 107 cm�3 at SZA � 30� and 2 times
smaller at high SZA (5.7 � 106 cm�3).
[17] Figure 7 displays an example of the fit for group 3a.

The theoretical contributions of the solar photons and photo-
electrons are also shown. At 200 km, the contribution from
photoelectron excitation (�80 R) is �20% of the total
intensity (430 R), which is in good agreement with the values
between 16 and 25% deduced by Stewart et al. [1992] from
Mariner data.
[18] The best profile displayed in Figure 7 does not fit the

data very well. However, considering the assumptions (ana-
lytical description of the photoelectron impact excitation,
Maxwellian velocity distribution functions in the exosphere,
spherical symmetry of the density, and no hot O population)
and the badly constrained parameters (exospheric tempera-
ture, electron impact excitation frequency, and eddy mixing
coefficient) used in the model, the result seems reasonable.
The uncertainties on the model, indicated in Figure 7 (dotted
lines), are defined in section 4.2. Moreover, this result is well
supported by photochemical models [Krasnopolsky, 2002].
In section 4.2, in order to estimate the uncertainties due to
the model on the values of the oxygen density at the exobase,
we test the sensitivity of our results to different constrained
parameters.

4.2. Uncertainty in the Oxygen Density at the Exobase

[19] As mentioned, the derived oxygen density values of
section 4.1 are dependent on poorly constrained parameters,
such as eddy mixing coefficient K(z), absolute calibration
(or solar flux) described by a multiplicative factor A, photo-
electron impact frequency parameter gpe(0), and exobase
temperature Texo. Other parameters such as Gauss/Voigt line
profiles used in the Monte Carlo radiative transfer model,
nonspherical symmetry of the oxygen density (i.e., variations

with latitude or longitude in the vertical O density profile),
or departure of the exospheric oxygen density profile from
the Chamberlain’s approximation will be studied in a future
work. Using a Voigt line profile should increase partly the
intensity of the models at low altitudes, but the uncertainty
induced by a Gauss profile with respect to a Voigt profile is
expected to be smaller than other parameters listed above.
[20] In sections 4.2.1–4.2.4 the uncertainty in the oxygen

density derived from the uncertainty in a given parameter is
studied by varying the value of each parameter while keep-
ing the others fixed at the values determined for them in
section 4.1. The nominal values of the parameters listed
above are, respectively, K(z) = 1.2 � 1012 � [Texo/n(z)]

1/2

[Krasnopolsky, 2002], A = 1, gpe(0) = 1.7 � 10�7 s�1 �
[F10.7/54], and Texo = 200 K. We present here the results
for the observations belonging to groups 3a and 3b (low and
high SZA). However, the conclusions of this analysis have
been found valid for the whole set of observations presented
in Table 1.
4.2.1. Sensitivity to the Eddy Diffusion Coefficient
[21] In order to test the sensitivity of the intensity to the

eddy mixing coefficient, we use models with the same oxy-
gen density at (and above) the exobase (1.5� 107 cm�3 at the
exobase) but with different mixing diffusion coefficients
(therefore different oxygen thermospheric density). The
density profiles displayed in Figure 8a have been obtained
using eddy mixing diffusion coefficients K(z) = 0.1 � K0(z),
1 � K0(z), and 10 � K0(z), where K0(z) is the nominal eddy
mixing coefficient. As expected, when this coefficient

Table 2. Oxygen Density at 80 and 200 km Derived From Each

Groupa

Group n80 � 1010 (cm�3) nexo � 106 (cm�3)

1a 5.8 8.7
1b 2.7 4.0
2a 7.5 11.3
2b 5.8 8.7
3a 9.2 13.9
3b 3.6 5.4
4a 9.5 14.2
4b 3.1 4.6
5a 8.6 13.0
aThe exobase altitude is 200 km.

Figure 7. Example of fit (solid line) of the measured emis-
sion intensity. The black points represent the data, and the
horizontal lines represent the standard deviation. The dashed
line represents the contribution of the solar source (�80%).
The dash-dotted line represents the contribution of the photo-
electron impact source (�20%). The dotted lines represent
the intensity profiles corresponding to upper and lower un-
certainties on the exobase density.
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increases, the altitude of the homopause increases. When
eddy diffusion dominates, then O and CO2 have the same
scale heights; when molecular diffusion dominates, each
species has its own scale height (Figure 8a). Figure 8b shows
the intensity profiles derived from these three models for
group 3 at low SZA. The calculated intensity is not very
sensitive to the eddy mixing coefficient; between the two
extreme models, the intensity at 150 km only varies by
<10%, while the oxygen density at 80 km varies 2 orders
of magnitude.
[22] In order to determine the altitude range probed by

SPICAM-UVS when measuring the O 130.4-nm emission,
the line of sight has been divided into 50 sections of equal
length (�70 km). Figures 9a and 9b display the contribution
of each of these sections (in percent of the total intensity) with
respect to its altitude (which is taken as the altitude of the
center of each section). Figure 9a displays the result for
the solar source, and Figure 9b displays the result for the
photoelectron source. The line of sight considered in Figure 9
corresponds to a line of sight of group 3 with a tangential
point near 150 km. The three models have densities at 80 km
equal to 1 � 109, 1 � 1011 cm�3, and 1 � 1012 cm�3, re-
spectively. When the simulated density increases, the optical
thickness increases. As a consequence, the expected region
probed by SPICAM-UVSmoves toward higher altitudes. For
thesemodels, the altitude range really seen by SPICAM-UVS
varies from �170 to �340 km. Therefore SPICAM-UVS
probes essentially the exosphere and in a minor way the
thermosphere in the cases considered in this paper.
4.2.2. Sensitivity to the Absolute Calibration
[23] Another source of uncertainty is related to the absolute

calibration of SPICAM-UVS. Such uncertainty derives from
the uncertainty in the efficiency area (that is, on the calibra-
tion based on already calibrated stars), estimated as being of

the order of 15% [Bertaux et al., 2006], or on themethod used
to retrieve the total intensity [Leblanc et al., 2006]. Another
source of uncertainty, which has the same effect as the
calibration uncertainty, is related to the uncertainty in the
solar flux given in the SORCE database and used to calculate
the oxygen emission intensity in our model. To take into
account such kind of uncertainties, we introduce a factor A to
the intensity derived from SPICAM-UVS. The variations of
the derived oxygen density at 80 km with respect to the value
of this factor A, chosen as varying between 0.7 and 1.3, are
given in Table 3.
[24] As expected for an optically thick emission, the

derived densities at 80 km are very sensitive to the calibration
and vary nonlinearly with the absolute intensity. For each
observation the c2 values are decreasing when the multipli-
cative factor is increasing. This may suggest that the nominal
calibration underestimates rather than overestimates the real
intensity. An uncertainty of 20% in the absolute intensity
implies an uncertainty in the oxygen density retrieved at
80 km of �70%.
4.2.3. Sensitivity to the Photoelectron Impact
Frequency
[25] A third source of uncertainty in the oxygen density

may be due to the description of the photoelectron impact
gpe(0) in the model. An overestimation of gpe(0) by a factor of
4 is a reasonable upper uncertainty because it corresponds to
the ratio between the cross sections used by Stewart et al.
[1992] and those by Strickland et al. [1973]; this overesti-
mation also encompasses the uncertainties of the O 130-nm
electron impact excitation cross section given by Barklem
[2007]. In another way, we considered an underestimation by
a factor of 4. The variation of the inferred density at 80 km
with respect to different values of the photoelectron impact
excitation frequency gpe(0) is given in Table 4.

Figure 8. Sensitivity of the integrated emission intensity with respect to the eddy diffusion coefficient.
(a) Different models with the same exospheric density (exobase density equal to 1.5 � 107 cm�3 and
exobase temperature equal to 200 K) but with different thermospheric profiles corresponding to a mixing
diffusion coefficient 10 times lower than the model described in section 4.1 (dashed line), equal to the
model (solid line), and 10 times higher than the model (dash-dotted line), respectively. (b) Intensity
profiles deduced from each model with the same legend as well as the observed profile (group 3a).
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[26] The inferred density at 80 km decreases when the
photoelectron frequency increases, because of the increase of
the total intensity due to the excitation by the photoelectron.
The lower uncertainty in the oxygen density is equal to 155%
at low SZA and 100% at high SZA, and the upper uncertainty
is equal to �70% at low SZA and �40% at high SZA. A
description of the photoelectron impact with a more accurate
model describing the photoelectron transport as used by
Stewart et al. [1992] is therefore highly needed to reduce
the uncertainty due to this parameter.

4.2.4. Sensitivity to the Exobase Temperature
[27] The modeled temperature is fully defined by the

temperature at the exobase [Krasnopolsky, 2002]. In partic-
ular, the exosphere is assumed to be isothermal. The temper-
ature is an important parameter because it defines the scale
height of the oxygen in the thermosphere as well as in the
exosphere. Moreover, it increases the width of the Doppler
line in the radiative transfer model. We choose exospheric
temperatures varying between 175 and 400 K in agreement
with the exospheric temperatures estimated from the
MTGCM model [Bougher et al., 1999]. Figure 10 displays
the best fits for each exospheric temperature. Above 250 km
the calculated intensity increases with increasing exobase tem-
perature. Inversely, the oxygen density at the exobase derived
from the study will decrease with increasing exobase temper-
ature as shown in Table 5.

Figure 9. Contribution of different sections of the line of sight to the total integrated intensity with
respect to the altitude of the section (taken as the altitude of the center of each section). The different
lines correspond to the different models with densities at 80 km equal to 1 � 109 cm�3 (diamonds), 1 �
1011 cm�3 (solid lines), and 1 � 1012 cm�3 (asterisks). (a) The results for the solar source, and (b) The
results for the photoelectron impact source. The two vertical lines represent the altitude of Mars Express
(MEX) and the altitude of the tangent point of the line of sight (Mars nearest point, or MNP; here near
150 km).

Table 3. Variations of the Oxygen Density at the Exobase, 200 km,

Derived From Each Group of Observations When an Uncertainty in

the Absolute Calibration is Introduceda

A nexo � 106 (cm�3)

Low SZA
0.7 5.5
0.8 8.0
0.9 10.5
1.0 13.9
1.1 18.1
1.2 22.4
1.3 28.0

High SZA
0.7 2.1
0.8 3.0
0.9 4.0
1.0 5.4
1.1 7.1
1.2 9.0
1.3 11.0

aThe A coefficient represents a multiplicative factor of the intensity observed
by SPICAM/MEX.

Table 4. Variations of the Oxygen Density at the Exobase, 200 km,

Derived From Group 3 Observations With the Photoelectron

Frequency gpe(0)

gpe(0)/gpe (Standard) nexo � 106 (cm�3)

Low SZA
1/4 23.5
1/2 19.0
1 13.9
2 9.3
4 5.8

High SZA
1/4 7.8
1/2 6.8
1 5.4
2 3.9
4 2.5
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[28] The best fits are obtained when the exobase temper-
ature is around 300 K. For the same orbits, the analysis of the
CO2

+ bands and the N2 Vegard-Kaplan bands below 200 km
suggests a temperature between 175 and 225 K [Leblanc
et al., 2007]. The uncertainty in the oxygen density at 80 km
due to the exobase temperature can be estimated to be equal
to �50%. The uncertainty in the oxygen at the exobase is
smaller and equal to �25%. The effect of a hot population
produced by O2

+ recombination [Nagy and Cravens, 1988]
could explain the fact that the profiles are better reproduced
with temperatures larger than 200 K. According to a recent
model [Chaufray et al., 2007], the hot population could be a
dominant population only above �550 km, but the extended
wings of the line created by this hot population could produce
a low uniform intensity background whose relative contri-
bution would increase with altitude. In section 4.3 we try to
estimate the brightness due to the hot population.

4.3. Effect of a Hot Population

[29] To estimate the effect of a hot population on the
observed brightness, we have computed a first-order calcu-
lation. The density profile used to describe the hot population
is the one computed by Chaufray et al. [2007] for minimum
solar conditions, extrapolated exponentially below 550 km
until 200 km. The densities of the cold and hot oxygen
populations are displayed in Figure 11. The temperature of
the hot population is assumed to be uniform and equal to

6000 K, which corresponds to an average energy of�0.6 eV
by atoms and is near the values found by Krestyanikova and
Shematovich [2005] and Cipriani et al. [2007].
[30] The volume emission rates are computed assuming

that the atmosphere is optically thin. In this case, the volume
emission rate at the line i is proportional to the density. The
volume emission rate is then equal to the density multiplied
by the product of the percentage of oxygen in the ground state
susceptible to absorbing the photons emitted in the line i: pi
(see Appendix A for more details) and the excitation param-
etergexc given by the convolution of the solar lines profile and
the Gaussian absorption profile:

gexc ¼
Xj¼3

j¼1

pjs0;j

Zþ1

�1

pFl0;j

� �
exp � l0 � l0;j

� �2
=Dl2

D;j

h i
dl0;

ð4Þ

where s0,j is the absorption cross section at the center of the
jth line, pFl0,j is the spectral solar flux of the line j, l0,j is the
wavelength at the center of the line j, andDlD,,j is the Doppler
width of the line j. Because here we assume a uniform tem-
perature for the hot population, pj, s0,j, and DlD,j are also
uniform. Using the analytical profile lines given by Gladstone
[1992] and displayed in Figure 5, the calculation of equation (4)
is straightforward, and we find an excitation factor gexc equal
to 1.35 � 10�5 s�1.
[31] We take into account the auto-absorption when we

calculate the integrated intensity along the line of sight. The
integrated intensity obtained for group 3a is equal to �11 R
between 200 and 400 km. When we use a hot oxygen tem-
perature of 10,000 K, the integrated intensity is equal to
�12 R. Therefore a hot population can partly explain the
differences between the best model obtained in section 4.1.

Figure 10. Best fit obtained for different exobase tempera-
tures (from 175 to 300 K with a step of 25 K). The dashed
lines represent the contribution of the photoelectron impact,
the dashed lines on the left represent the contribution of the
photoelectron impact, the dashed lines on the right represent
the contribution of the solar photons, and the solid lines
represent the total intensity. The models with a high exobase
temperature provide the best fit to the observed intensity
profiles.

Table 5. Variations of the Density at 80 and 200 km Derived From

Group 3 Observations When the Exobase Temperature is Varieda

Texo (K) n80 � 1010 (cm�3) nexo � 106 (cm�3)

Group 3a
175 13.4 16.5
200 9.2 13.9
225 6.5 11.0
250 4.8 8.9
275 3.7 7.3
300 3.0 6.0
325 2.4 4.9
350 2.0 4.2
375 1.7 3.6
400 1.5 3.1

Group 3b
175 5.3 6.6
200 3.6 5.4
225 2.5 4.3
250 2.0 3.6
275 1.5 2.9
300 1.2 2.3
325 1.0 2.0
350 0.8 1.7
375 0.7 1.5
400 0.6 1.3

aFor all groups of observations, the assumption of a high exospheric
temperature (300 K) provides the best fit.
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A hot oxygen density that is denser (by a factor of �5) than
that modeled by Chaufray et al. [2007] could improve the fit.

5. Discussion

5.1. Exospheric Density

[32] From the sensitivity study of section 4.2, the total un-
certainty in the oxygen density as derived from the observa-
tions is equal to a factor of 2 or 3 on the nominal values given
in section 4.1. Therefore the oxygen exobase density derived
from our analysis is between 0.7 and 2.4 � 107 cm�3 at low
SZA and between 0.3 and 1.0 � 107 cm�3 at high SZA.
Actually, the different parameters considered in section 4.2
do not act independently, and therefore this uncertainty is
probably overestimated. The ratio between the densities at
low SZA and those at high SZA should be less dependent on
these parameters. As an example, an uncertainty in the cali-
bration implies the same correction to the data at low and high
SZA and, as a consequence, a significantly smaller uncer-
tainty in the divided exobase densities (Table 3).
[33] Recently, Mazarico et al. [2007] have estimated the

total density of the Martian atmosphere at �400 km altitude
by using radio-tracking data and precise orbit determination
on the Mars Odyssey spacecraft between March 2002 and
November 2005. These authors found a density between 10�15

and 10�14 kg m�3 and a scale height between 25 and 45 km.
The main species contributing to the mass density at 400 km
are O, H, H2, and He. (The extrapolations of the CO and N2

densities fromKrasnopolsky [2002] show that they are minor
contributors, even in terms of mass density.)
[34] The mass density r of the exosphere is

r ¼
X
i

ri; ð5Þ

where ri = nimi is the mass density of species i. The atmo-
spheric scale height can be linked to the scale height of the

different species. If we assume a simple exponential law to
describe the local density profile near 400 km as used by
Mazarico et al. [2007], we find

1

Hr
¼ 1

r

X
i

ri
Hi

 !
; ð6Þ

where Hr is the scale height of the total mass density and Hi

is the scale height of species i.
[35] The hydrogen density is estimated from SPICAM

above the south pole [Chaufray et al., 2008], which corre-
sponds to the observations analyzed byMazarico et al. [2007].
The H2 and He densities are estimated by extrapolating the
exobase densities given by Krasnopolsky [2002] with a sim-
ple Chamberlain approach, for an exospheric temperature
equal to 200 K. This author found an exobase hydrogen den-
sity in reasonable agreement with SPICAM. We consider the
oxygen density estimated in this paper at 400 km for SZA
between 55� and 90�.
[36] The densities at 400 km are therefore 1 ± 1 � 105,

1 ± 1� 105, 3 ± 3� 104, 5 ± 3� 104 cm�3 for H, H2, He, and
O, respectively. Using these values, we find a mass density r
between 0.5 and 3.5� 10�15 kg m�3 in good agreement with
the estimate of Mazarico et al. [2007]. Neglecting any hot
populations and assuming a single temperature for all spe-
cies, the mass density scale height Hr of 35 km corresponds
to an exospheric temperature between 140 and 240K, in good
agreement with Leblanc et al. [2007].
[37] The presence of a hot oxygen population should not

change this temperature derived from a scale height. Indeed,
as shown in equation (6), the term rhot/Hhot should be small
with respect to the other terms. Figure 7 shows that for the
best model considered here, the intensity is lower than the
observed intensity at high altitudes. This effect has also been
observed on Earth by the Berkeley EUV airglow rocket
spectrometer (BEARS) [Cotton et al., 1993]. Cotton et al.

Figure 11. Density profiles of CO2, O (cold), and O (hot) used to estimate the contribution of the hot
oxygen component to the intensity.
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[1993] suggest that this discrepancy may be due to an emis-
sion induced by photons escaping the lower thermosphere
and scattered in the large wings of the velocity distribution of
a hot oxygen corona component. However, the investigation
of the effect of the hot population on these EUV data has been
shown to be insufficient [Hubert et al., 1999]. A full radia-
tive transfer calculation including both cold and hot oxy-
gen components and non-Maxwellian velocity distributions
would be useful to investigate further the effect of the hot
population.

5.2. [O]/[CO2] Mixing Ratio

[38] As shown in section 4.2, the emission intensity mea-
sured above 150 km by SPICAM-UVS is essentially con-
strained by the oxygen exospheric density profiles. The
thermospheric oxygen density profile is therefore badly con-
strained by SPICAM-UVS observations. Despite this limita-
tion, it is interesting to derive the value of the [O]/[CO2]
mixing ratio using the oxygen profiles given in section 4.1.
The average value of the mixing ratio [O]/[CO2] at 135 km is
equal to 0.9%. This value is slightly lower than the value
(�1.25%) deduced from Viking ion profiles at SZA � 60�
during low solar activity [Hanson et al., 1977]. Hanson et al.
[1977] used a simple photochemical approach in order to
reproduce the observed ion profiles. In another way, this
value is slightly higher than the mixing ratio deduced by
Stewart et al. [1992] from Mariner’s missions (between 0.4
and 0.7%) during high solar activity. At low SZA the average
value of the mixing ratio is found to be around 1.2%, and at
high SZA this value is equal to 0.6%These values are in good
agreement with the MTGCM model [Bougher et al., 1999]
and cannot explain the low thermospheric temperature de-
duced by Keating et al. [1998] from the accelerometer’s
measurement of MGS. Keating et al. [1998] attributed this
low thermospheric temperature to a possible higher [O]/[CO2]
mixing ratio than that predicted or to the presence of gravity
waves. Because the temperatures deduced by SPICAM are
lower than those predicted by the MTGCM model [Leblanc
et al., 2006, 2007], an uncertainty in the collision coefficient
between CO2 and O and therefore on the cooling rate or in the
solar EUV/UV heating efficiency could be another explana-
tion of the observed discrepancy.

6. Conclusion

[39] We present here the first detailed analysis of the oxy-
gen 130.4-nm line observed by SPICAM-UVS aboard Mars
Express. The present coverage of measurements in terms of
solar zenith angle, aerocentric longitude, and local time is
limited because limb-viewing observations of the dayglow
imply a particular orientation of the spacecraft. The measure-
ments presented in this paper are the first of the oxygen in the
upper atmosphere since Mariner’s missions 30 years ago.
Comparison between oxygen data and density models cou-
pled to a radiative transfer approach leads to derivation of an
oxygen density at the exobase equal to 1.2�0.5

+1.2 � 107 cm�3 at
SZA < 60� and equal to 0.6�0.3

+0.4 � 107 cm�3 at SZA > 60�.
Because Mars Express is above the exobase, the observed
oxygen emission is more sensitive to the exospheric oxygen
than to the thermospheric oxygen. A simple diffusion model
allows one to extrapolate the density below the exobase,
leading to a [O]/[CO2] mixing ratio between 0.6 and 1.2%, in

good agreement with previous measurements [Hanson et al.,
1977; Stewart et al., 1992]. Exospheric temperatures higher
than 200 K provide the best fit to the data and could be due to
the presence of a hot population produced by dissociative
recombination of O2

+ [Krestyanikova and Shematovich,
2005]. In order to confirm this conclusion, a model of radia-
tive transfer needs to be developed that takes into account a
hot oxygen population and describes non-Maxwellian veloc-
ity distribution. Reducing the model’s uncertainties by using
a more realistic description of the photoelectron impact
frequency is also needed to better constrain the oxygen den-
sity at the exobase. Such amodel could also be useful to study
the O 1356 Å line. This line, identified on SPICAM-UVS
spectra below 200 km in altitude [Leblanc et al., 2006], is an
optically forbidden transition, and its intensity is weaker than
the intensity of the 130.4-nm triplet. Finally, the CO fourth
positive bands overlapping partly the O 130.4-nm emission
could also contribute to the observed emission, in particular
by redistributing part of the 130.4-nm emission intensity
toward longer wavelengths [Barthelemy et al., 2008].

Appendix A: A Radiative Transfer Code
for the Solar Source

[40] Because the O 130.4-nm triplet is optically thick, we
use a spherical radiative transfer model that takes into
account multiple scattering in calculating the volume emis-
sion rates. The optical thickness at the center of the first line
(130.217 nm) for the SPICAM/MEX observations (for the
nominal model) is �720 at 150 km, 130 at 200 km, and 5 at
300 km. Our radiative transfer model is derived from the
Monte Carlo model developed by Quémerais [2000] to de-
scribe the Lyman-a brightness of the interplanetary medium.
This Monte Carlo model takes into account temperature
variations with altitude and partial frequency redistribution.
For each oxygen density profile, twentymillion solar photons
are followed into the atmosphere until they escape or they are
absorbed by CO2.
[41] Each test photon comes from a disk orthogonal to the

Sun-Mars axis andwhose radius is equal to 4400 km (Martian
radius plus altitude upper limit). The position on this disk is
determined randomly.
[42] In our model, the relation between the flux at the cen-

ter of each line and the integrated flux of each line is deduced
from the profiles of Gladstone [1992] and given by

Fi 0ð Þ
Fi

¼ 1ffiffiffi
p

p
x0i

exp � x1i

x0i

� 2
" #( )

; ðA1Þ

where Fi(0) is the solar flux at the center of the line i, Fi is
the integrated solar flux of the line i, and x0i and x1i are the
parameters of each line estimated by Gladstone [1992]. The
ratios between the integrated solar flux of the ith line and the
total flux of the three lines fi = Fi/(F1 + F2 + F3) used in this
study are also those estimated by Gladstone [1992].
[43] Because the temperature of the Martian atmosphere

is very low compared to the temperature of formation of the
solar lines, the solar line can be assumed to be flat in the spec-
tral region studied here [�2.5DnD,i(Texo); 2.5 DnD,i(Texo)],
whereDnD,i(Texo) is the Doppler width of the line i (which is
assumed independent of the line hereinafter). Figure 5 displays
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the profile of each line normalized byF1 +F2 +F3 and the flat
profiles used in this study for an exospheric temperature
equal to 300 K. To determine the solar line of emission of
each simulated solar photon, we use

0 < r <
G1

G
: line1

G1

G
< r <

G1 þ G2

G
: line2 :

G1 þ G2

G
< r < 1: line3 ðA2Þ

In equation (A2), r is a random number between 0 and 1;
G1, G2, and G3 are the integrated fluxes over the flat shape
used in this study (Gi = 5 � Fi(0) � DnD) (thick solid lines
of Figure 5); and G = G1 + G2 + G3. The ratios Gi/G are
independent of the integrated solar flux; therefore eachmodel
can be scaled to any of the observations. The normalized
frequency of the solar photon is given by

x ¼ 5r � 2:5: ðA3Þ

This implies that the frequency is given by

n ¼ n0;i þDnD;ref 5r � 2:5ð Þ; ðA4Þ

where n0,i is the frequency at the center of the line i and
DnD,ref is the Doppler width of the line for a reference tem-
perature Tref (here the exospheric temperature).
[44] The direction of propagation of the solar photon is the

Sun-Mars direction. We then determine the optical thickness
that the solar photon needs to cross before its first scattering:

ts ¼ � log rð Þ: ðA5Þ

To determine the position of the scattering, we compute,
step by step, the optical thickness at the frequency of the
photon t crossed by the photon:

t þ dt ¼ t þ si;ref

ffiffiffiffiffiffiffiffiffi
Tref

T rð Þ

s
� e

�x2
Ti
T rð Þn rð Þ � pi rð Þ � ds rð Þ; ðA6Þ

where ds(r) is the step size (varying from 0.5 km at low
altitudes to 10 km at high altitudes), the term in the expo-
nential is the local normalized frequency, which depends on
temperature through the Doppler width, Ti is the temperature
at the position where the photon has been emitted (Ti = Tref
before the first scattering), T(r) and n(r) are the local tem-
perature and oxygen density, respectively, si,ref is the cross
section at the center of the line i for the reference temperature
Tref, and the root square factor describes the variations of this
cross section with the temperature.
[45] Value pi(r) is the percentage of oxygen in the ground

state susceptible to absorbing the photons emitted in the line i.
This percentage depends on the temperature as follows:

pi rð Þ ¼ gie
� DEi

kT rð Þ

P3
k¼1

gke
�DEk

kT rð Þ

; ðA7Þ

where

DEi ¼
hc

l0;1
� hc

l0;i
; ðA8Þ

h is the Planck’s constant, c is the light velocity, l0,i is the
wavelength of the ith line of the triplet (130.217, 130.486,
and 130.603 nm), k is the Boltzmann’s constant, and gi are
the relative populations for an infinite temperature [Strickland
and Donahue, 1970].
[46] We also estimate the optical thickness due to the ab-

sorption of CO2 by

tabs þ dtabs ¼ tabs þ sabs;i � nCO2
rð Þ � ds rð Þ; ðA9Þ

where nco2(r) is the CO2 density and sabs,i is the absorption
cross section at the wavelength li. The weight W of the pho-
tons initially equal to 1 is reduced by a factor exp(�tabs) at
each step.
[47] We neglect the variation of the CO2 absorption cross

section with temperatures. It only depends on the line. We
follow the photon until t = ts. If the photon crosses the limits
of the described region before reaching this equality, we
simulate a new solar photon; otherwise, we compute the
scattering. When we have a scattering in (r, a), we assume
that a photon is emitted at the same position. We assume an
isotropic scattering, so the new direction of the photon is
given by

8 ¼ 2pr8
q ¼ arccos 1� 2rqð Þ; ðA10Þ

where rf and rq are random numbers between 0 and 1, and f
and q are the two angles that define the new direction. The
definition of these angles is given in Figure A1. Note that q
is the scattering angle. The line of the emitted photon is
determined thanks to the relative population of the ground
state (equation (A7)), and the accurate frequency in the line
is estimated from the algorithm of Lee [1977] assuming a
partial frequency redistribution. The basic method for the
algorithm is the following.
[48] The only atoms that can absorb the photons are those

that ‘‘see’’ the photons with the frequency n0,i, that is, those
whose velocity component V1 along the direction of the inci-
dent photons follows

n0;i ¼ 1� V1

c

� 
� n: ðA11Þ

Equation (A11) can be rewritten by replacing n with the
normalized frequency:

x DnD;i Tið Þ � V1

c
DnD;i Tið Þ

� 
¼ n0;i � V1

c
: ðA12Þ

The second term on the left is negligible. We normalize the
component of the atom velocity by

V1 ¼ Vth rð Þ � u1; ðA13Þ
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where Vth is the local thermal velocity. We can write

Vth

DnD Tið Þ ¼
c

n0;i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT rð Þ=m

p
ffiffiffiffiffiffiffiffiffi
2kTi=m

p ¼ c

n0;i

ffiffiffiffiffiffiffiffiffi
T rð Þ
Ti

s
; ðA14Þ

where T(r) is the local temperature and Ti is the temperature
at the position at which the photon incident has been emitted
(exospheric temperature before the first scattering).
[49] Thus from equation (A12), we derive

u1 ¼ x�

ffiffiffiffiffiffiffiffiffi
Ti

T rð Þ

s
: ðA15Þ

We note u2 is the atom-normalized velocity component
orthogonal to the direction of propagation. This velocity is
determined randomly by assuming a Gaussian velocity func-
tion distribution (even in the exosphere, which is probably
not the case). We compute the velocity with the Box and
Muller algorithm [Box and Muller, 1958]. If we consider that
the new photon is emitted in the line k, the frequency of the
photon in the referential frame of the atom will be n0,k.
[50] If u0 is the component of the atom-normalized velocity

in the direction of propagation of the emitted photon, we have

u0 ¼ u1 cos qð Þ þ u2 sin qð Þ: ðA16Þ

The frequency n0 of the emitted photon in the referen-
tial frame (referential of the atmosphere) will follow the
relation (A17):

n0;k ¼ 1� u0 � Vth

c

� 
� n0; ðA17Þ

[51] Equation (A17) can be rewritten by replacing n with
the normalized frequency to provide

x0 DnD;i T rð Þð Þ � u0 � Vth

c
DnD;i T rð Þð Þ

� 
¼ n0;k � Vth

c
u0;

ðA18Þ

which is the same equation as equation (A12), but this
time the temperature defining the Doppler width is T(r).
Neglecting the second term on the left, equation (A18) is
reduced to

x0 ¼ u0 ¼ u1 cos qð Þ þ u2 sin qð Þ: ðA19Þ

[52] Thereafter, we can estimate the contribution of the
emitted photon to the simulated primary (for the first scat-
tering) or multiple emission volume rate at the points of the
spatial and frequency grids. The new photon is followed, and
the same cycle is repeated. After each scattering, we update
the volume emission of multiple scattering simulated. The
process is stopped when the photon crosses the boundaries of
the model, or when its weight becomes lower than 1� 10�9.
The link between the real volume emission rate and the vol-
ume emission rate simulated is given by

Sreali r; xð Þ ¼ Sinc � G

Vcell rð Þ Dx  NphotonDlD rð Þ
X
photon

Wsim
photon;i r; xð Þ;

ðA20Þ

where Sinc is the surface area of the disk where solar photons
are issued, Vcell is the efficiency volume around the consid-
ered spatial point [Quémerais, 2000], Dx is the frequency
grid step, Nphoton is the total number of photons simulated,
SWphoton,i

sim (r, x) is the emission volume rate simulated at the

Figure A1. Geometry of the scattering (see Appendix A).
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spatial grid point r and the frequency x of the line i, and G is
the total solar flux in the three efficient lines.
[53] Once the emission volume rates have been calculated,

we compute the intensity integrated on the line of sight for
each observation for each model using the formal solution
of the radiative transfer given by equation (A21). The only
changes for one observation to another are the geometry of
the line of sight (the direction W of the line of sight and the
position of the spacecraft r) and the value of the solar flux
at 130.4 nm:

I r;Wð Þ ¼ 1

4p

Xi¼3

i¼1

Z1
0

Z1
�1

Sreali rþ sW;lð Þ

 e�tl;i rþsW;rð Þe�tCO2 ;i rþsW;rð Þdlds: ðA21Þ

Appendix B: Photoelectron Source

[54] The variation of impact frequency of the photoelec-
trons gpe with the column density N is based on the work of
Stewart [1970] in the terrestrial case and is given by

gpe N ; cm�2
� �

¼ 1

B0 þ B1 N=1017ð Þ þ B2 N=1017ð Þ2
: ðB1Þ

B1 and B2 have been chosen to reproduce the variations
given in Figure 4 of Strickland et al. [1973]. B0 is equal to
1/g(0). We assume a linear relation between g(0) and the
solar index F10.7 at Mars. The normalization factor g(0) is
the value estimated by Stewart et al. [1992]: 1.7 � 10�7 s�1

for F10.7 = 54.
[55] The scheme of the model for describing the multiple

scattering due to photoelectron impacts is the same as that
used to describe the solar source. Twenty million photons
emitted by electronic impact are followed. The only differ-
ence comes from the computation of the photons before
the first scattering. The position of the photons emitted
(before the first scattering) is given by solving the following
equation:

Z8
0

Zm
0

Zr
rmin

S
pe
0 m; rð Þ
W

r2dr

� 
dmd8 ¼ a

Z2p
0

Z1
0

Zrmax

rmin

S
pe
0 m; rð Þ
W

r2dr

� 
dmd8;

ðB2Þ

where S0
pe is the production volume rate, defined in equation (1),

W is the weight of the photons, which means the number of
real photons represented by one test particle, r is the distance
from the center ofMars (assumed spherical), m = cos(SZA), 8
is the second spherical coordinate, and a is a random number
between [0, 1]. To simplify this calculation, we assume W =
S0
pe � Vtot, where Vtot is the volume between rmin and rmax.
Under this assumption, the position of the first photon (r, m, f)
is given by

r ¼
3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r3min þ a1 r3max � r3min

� �q
m ¼ 1� a2

8 ¼ a3 � 2p: ðB3Þ

The direction of the photon emitted is assumed to be iso-
tropic; the line of the emitted photon is determined thanks to
the relative population of the ground state at the local tem-
perature (equation (A7)) and the frequency using the Box and
Muller algorithm [Box and Muller, 1958]. The optical thick-
ness before scattering is determined by using equation (A5).
[56] If the weight of the photon is higher than 10�9 Vtot, the

primary emission volume rate is updated, meaning that photons
produced at a position where S0

pe < 10�9 cm�3 s�1 are not taken
into account. Each photon is followed until it crosses the
upper limit or the lower limit or until its weight becomes
lower than 1 � 10�9 � Vtot; the scheme used for multiple
scattering is the same as that for the solar source.
[57] Then the spectral production volume rates are normal-

ized by

Srealpe;i r;lð Þ ¼ Preal

Psim

�  P
photon

Wphotons;i r; xð Þ

Vcell rð Þ �Dx�DlD rð Þ ; ðB4Þ

where Preal is the real total production in s�1 for the atmo-
spheric model (given by the right term of equation (B2) with
a = 1 and W = 1) and Psim is the total production simulated,
whichmeans the sum of the weight of all the photons emitted.
The sum symbol corresponds to the sum of the weight of the
photons emitted at the position rwith a normalized frequency
x in the line i.
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