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[1] We report observations of NO nightglow with the Spectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars (SPICAM) experiment on board the
Mars Express (MEXx) spacecraft. NO molecules emit an ultraviolet photon when N and O
atoms (produced at high altitude in the thermosphere) recombine. Therefore, this
emission is a tracer of the atmospheric dynamics in the lower thermosphere where O and
N atoms are produced, and below, in the altitude region 50—100 km where the emission is

detected. A new retrieval method has been developed to analyze the measurements from
this instrument in the stellar occultation mode without slit and retrieve the absolute
brightness of the emission. We present the results from the processing of more than 2000
orbits, providing the first global latitude-season distribution of the emission, established
over three Martian years. The results are globally consistent with previously available
measurements of dedicated limb nightglow obtained during the first Martian year of MEx
(MY27). We compared the ensemble of both data sets with the predictions of the
Laboratoire de Météorologie Dynamique Mars General Circulation Model
(LMD-MGCM), with the addition of the full chemistry of N atoms. We find an overall
agreement between the observed and modeled airglow intensities, but discrepancies are
also found. The frequency and magnitude of the NO airglow observations show important
asymmetries between the Northern and the Southern Hemispheres. There is no detection
of emission near the poles during equinox conditions, while the model predicts that it
should be most intense because of a circulation with two descending branches at the poles.
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nitric oxide (NO) nightglow measurements with SPICAM/MEx as a tracer of Mars upper atmosphere circulation and
comparison with LMD-MGCM model prediction: Evidence for asymmetric hemispheres, J. Geophys. Res. Planets, 118,
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1. Introduction

[2] The atmospheres of Venus and Mars have a similar
composition (~95% CO, and 3—4% N), and therefore, we
may expect some other similarities. In the thermospheres of
both planets, CO, and N, molecules are photodissociated
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by solar ultraviolet (UV) and extreme ultraviolet radiation.
O and N atoms are transported by the general circulation
from the dayside to the nightside, where they recombine
in O, and NO molecules, as recognized by their nightglow
emission at 1.27 pm and in the UV, respectively. These
emissions are a direct tracer of the atmospheric dynamics,
and their study therefore provides a powerful diagnostic of
the general circulation in the upper atmosphere.

[3] While these emissions were already identified in
Venus several decades ago (Connes et al. [1979] for O, and
Feldman et al. [1979] and Stewart et al. [1979] for NO),
it was not until the Mars Express (MEXx) electrostatic ana-
lyzer mission, in orbit since 2003 around the planet Mars,
that they were observed. The UV emission from the NO §
and y bands was discovered as a nightglow by the SPICAM
UV channel (SPICAM is the acronym for Spectroscopy for
the Investigation of the Characteristics of the Atmosphere
of Mars) and first reported in 2005 [Bertaux et al., 2005],
while the O, emission from oxygen atom recombination was
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discovered by the Observatoire pour la Minéralogie, 1’Eau,
les Glaces et 1’Activité, also on Mars Express [Bertaux
et al., 2012], and also observed by the Compact Recon-
naissance Imaging Spectrometer for Mars (CRISM) on the
Mars Reconnaissance Orbiter [Clancy et al., 2012].

[4] After the 2005 NO discovery, Cox et al. [2008] ana-
lyzed 21 orbits of SPICAM containing limb observations of
these NO UV emissions: The maximum brightness of the
observations is in the range 0.2 to 10.5 kR, with a mean value
of 1.2£1.5 kR, and it peaks between 55 and 92 km in alti-
tude, with a mean value of 73.0£8.2 km. Cox et al. [2008]
concluded from their analysis that the higher the latitude
of the measurements, the lower is the altitude of the peak,
which they linked to the behavior of constant pressure sur-
faces that are higher close to the equator. Also, they found
that the highest brightness values are near 60°S, but they
could not infer a real systematic dependence between the
peak altitude and the peak brightness. The spatial distribu-
tion of the NO nightglow as a function of the local time
supports the hypothesis of a global transport mechanism
generating a downward flux of N and O atoms on the night-
side that recombine to produce the NO emissions [Bertaux
et al., 2005].

[s] A description of the characteristics of the SPICAM
instrument can be found in the work of Bertaux et al. [2006].
The UV spectrometer can be used in several modes. For
limb dayglow or nightglow measurements, a slit is placed
at the focus of the single parabolic off-axis mirror, pro-
viding a spectral resolution of ~1.5 or ~6 nm, depending
on which part of the slit is selected when reading out the
charge-coupled device (CCD, coupled to an image intensi-
fier). When used for a stellar occultation sounding of the
atmosphere, the slit is taken out to account for some pos-
sible mispointing of the spacecraft which would affect the
detection of the faint signal. However, in this case, diffuse
emission at the limb is an extended source, which adds to the
star signal as a stray light. For a given intensity in kR, the
recorded signal is much larger when the slit is not in place,
given the spatial extent of the emission at the limb.

[6] As a matter of fact, in the case of Venus and SPI-
CAV (Spectroscopy for the Investigation of the Character-
istics of the Atmosphere of Venus) operations from Venus
Express (VEx), the NO emission is in many cases so intense
that it saturates the occultation measurements and the SPI-
CAV/VEx team is now using the widest section of the slit
to perform stellar occultations. But the NO “stray light”
recorded during a normal star occultation (no slit) can be
extracted and analyzed to estimate the emission brightness.
This was done for SPICAV at Venus [Royer et al., 2010],
adding a large number of NO observations to those obtained
using the slit for monitoring nightglow.

[7] We have taken the approach of Royer et al. [2010] and
scrutinized 2215 stellar occultations performed by SPICAM
to look for the stray light emission at the limb of Mars.
We extracted NO signal from 128 of the 2215 occultations,
allowing a much better global view than that from the rather
sparse dedicated nightglow limb data (29 independent posi-
tive detections over 2 years 2004-2006 [Cox et al., 2008]).
The present data set extends from L= 44° for Martian
year (MY) 27 to Li=326° in MY 29, spanning almost three
Martian years in total. In addition, we have developed an
inversion technique (spatial/spectral deconvolution), which

allows the retrieval of 2-D snapshot of the airglow layer
brightness distribution within one occultation, projected at
the limb (altitude and horizontal distance, because the space-
craft is also moving horizontally during one occultation).
This is possible because each recorded spectrum is the con-
volution of the spatial distribution of emission at the limb
along the field of view (FOV) covered by one measure-
ment band, by the actual spectrum of the emission. Here we
proceed to the direct deconvolution of the observed signal
to retrieve the brightness distribution along the FOV, while
in the method of Royer et al. [2010] used for Venus, the
observed signal was fitted manually by a forward model,
assuming a Chapman layer for the vertical distribution of the
NO airglow. With this new method, there is no need for any
prior assumption about the vertical structure of the emission.
The technique is described in Gagneé [2013]. The results are
then compared with the analysis of the SPICAM limb obser-
vations of the NO emission by Cox et al. [2008], which is the
only published data set for this Mars atmospheric emission
and which covered only a limited L, sampling. The obser-
vations of the emission are further compared with model
simulations of NO airglow to verify our understanding of
the photochemical mechanism producing this feature in the
Mars atmosphere.

2. Measurements From SPICAM in the Stellar
Occultation Mode Without Slit

[8] In the stellar occultation mode, the optical axis of
SPICAM is oriented to the direction of a star. While
scanning the limb during the spacecraft’s orbital motion, the
star slowly disappears behind the planet. The atmospheric
spectral transmission is measured by ratioing the signal of
the star seen through the atmosphere to the signal of the star
recorded outside of the atmosphere a few seconds before the
actual occultation. This technique, as well as its advantages
and drawbacks, is fully described in the paper of Quémerais
et al. [2006] and in Bertaux et al. [2006]. When there is
some limb emission in addition to the star’s signal, the star
gives a reference altitude that also allows an altitude to be
assigned to the emission, assuming that the emission is in
the plane of the limb. It should be noted, however, that it is
a minimum altitude, since the emission (which may not be
horizontally homogeneous) could be in the foreground, or in
the background, and may be projected on the limb at an alti-
tude lower than its actual altitude. Royer et al. [2010] explain
in details the possible geometries of the NO airglow layer
and the difficulty that the problem of nonspherical geome-
try adds to the accuracy of a retrieval. This feature of our
geometry should always be kept in mind in the following.

[9] The NO emission may be disentangled from the star
light because SPICAM has five simultaneous measurement
field of views (FOVs), in five contiguous bands, each cover-
ing 0.09°x2° or 0.18°x2°. The central band collects the flux
of the star, while the outer bands collect the limb emission
on each side of the star. The use of numerous stellar occul-
tations in this work and the extraction of useful information
from ~6% of them allowed us to build the first climatology
of NO emission in the Martian atmosphere, which can be
used to evaluate the behavior of global circulation models,
e.g., their composition and dynamics.
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Figure 1. Intensity of the NO emission (color bar) for
several spectra as recorded with the five bands of the
SPICAM detector. The intensity is plotted as a function of its
position with respect to the planet, where the origin of this
coordinate system is the center of Mars and the horizontal
and vertical axes are parallel (/) to the X; and Y axes of the
spacecraft. The brightness from the NO airglow is displayed
at the limb, scanned instrument FOV during its occultation
sequence, with distances in kilometers with respect to the
center of Mars (black line). The brightness is color coded,
with red corresponding to the brightest regions; each color
dot represents the average brightness of 20 pixels on one
line of the detector (along the Y axis) on one of the five
bands (along the X; axis) of the SPICAM detector for one
occultation (along track). The emission is seen between the
surface of the planet (red line) and 70 km in altitude above
the planet’s surface (blue line).

latitude ()

MY28

3. Observations

[10] Stellar occultation sequences from orbits 485 to
7237, which correspond to nearly three Martian years of
observations, or six Earth years, have been examined.
Of the 2215 occultations processed, 128 (~6%) produced
a detectable NO emission (>0.5 kR). In the remaining
sequences, the NO emission was lower than our detection
limit in 1992 cases, and in 95 cases, the result was uncer-
tain because of light contamination and therefore discarded
from the present study. For each of the 128 occultations that
returned a positive NO detection, we proceeded with the
inversion technique described in Gagné [2013]. The result-
ing data set extends the latitudinal and seasonal coverage
beyond that of the data used in the Cox et al. [2008] study. As
an example, the result of this inversion for orbit #0588A01
is shown in Figure 1. During this sequence, an NO airglow
layer was observed slightly below 70 km. We also observe
on that figure a strong left-to-right altitude trend, with the
emission reaching as low as 30 km. As mentioned above, a
2-D snapshot of that sort may be from a nonspherical layer of
NO airglow such that the image would contain signal from
airglow at the foreground or the background of the tangen-
tial altitude and the airglow layer would then appear at an
apparent lower altitude.

[11] Figure 2a shows the peak brightness as a function of
latitude and season for all successful NO airglow detections,
as extracted from the inversion algorithm (color dots). There
are more detections of NO emission during the first Martian
year, MY27, than later, an interesting interannual variability.
Moreover, MY?29 contains more occultation sequences than
for MY27 but still shows less detection, while the brightness
values are higher. A possible explanation of this interannual
variability is the solar flux variability from MY27 to MY29.

Ls ()

180 270 0 S0 180 270 Q
MY29

Figure 2. Latitude versus areocentric longitude distribution of the peak brightness from the NO emis-
sion as measured by SPICAM. The brightness of the NO emission is represented by color-coded
circles (refer to color bar in kR) with red corresponding to the brightest values. Also displayed on
the figure are the locations of the 2087 sequences that do not contain a detectable airglow signal

(empty squares).
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For MY27, the solar activity was still in the declining phase
of solar cycle 23, while MY28 and MY29 span the deep
minimum of solar activity between solar cycle 23 and solar
cycle 24. The mean brightness of the NO airglow in this
data set is 4.0+3.5(10) kR, which is higher than the mean
brightness of 1.2£1.5 kR from the work of Cox et al. [2008],
possibly due to the larger size of our data set. The obser-
vations of Cox et al. [2008] were taken between MY27
L=72.5° and MY28 L,=52.5°. We can see from Figure 2a
that the brightest emissions in our data set are found for
observations after L,=180° of MY28. This temporal vari-
ability would cause the mean brightness of our data set to be
higher than that of Cox et al. [2008].

[12] Figure 3 shows the altitudes of the peak emission as
a function of latitude; we observe that low-peak altitudes
(below 70 km) are observed in the Southern Hemisphere
polar region (beyond —60°) in contrast to that in the Northern
Hemisphere polar region. No obvious correlation between
the peak altitudes and peak brightness is observed from this
data set, as is the conclusion from the work of Cox et al.
[2008]. The mean altitude of the peak from our data set is
83+24(1o) km in agreement with the calculated mean of
Cox et al. [2008], which is 73.048.2 km. The difference in
the mean values could again be attributed to the smaller time
coverage of the latter observations record.

[13] As is common practice when analyzing the distribu-
tion of an airglow feature, we plotted the peak altitude versus
the peak brightness of the observations containing a signal
from NO airglow (not shown). There seems to be no corre-
lation between these two parameters, and the spread of the
values is large as in Cox et al. [2008]. This apparent lack
of correlation is compatible with the short lifetime of the
excited species, i.e., 3.2 x 107 s [Sun and Dalgarno, 1996]
and we expect the NO airglow to be localized and strongly
linked to the downward transport of N and O atoms. This
vertical transport is subject to dynamical variations, as orig-
inally proposed by Bertaux et al. [2005]. Such dependency
induces significant variability in the altitude of the recom-
bination and hence of the brightness. The dispersion of the
peak altitude is larger than in the study of Cox et al. [2008];
this is likely due to some noise in our matrix-based inversion

120 " : <

100 ¥« s ‘ -

Zyna (kM)

80 ™ « x % . ' 4

40 1 L 1 | 1
=90 =B0 =30 0 30 80 90
latitude (*)

Figure 3. Altitude of the peak NO emission as a function
of latitude.

Figure 4. NO observations plotted as a function of L
and latitude. Color dots overlaid with diamonds represent
time and location of the positive detections during that
interval, with the color coding the measured limb intensity.
Color dots overlaid with squares represent the time, loca-
tion, and intensity of dedicated limb intensities extracted
from Cox et al. [2008]. The diamonds and squares in red
represent observations for MY27, in blue for MY28, and
in green for MY29. The black solid line is a sine curve,
latitude =—80- sin(L;), along which fall (more or less) the
positive NO detections of both data sets, this one and that of
Cox et al. [2008].

process. Indeed, while in the study of Cox ef al. [2008], all
the measurements of one limb crossing are fitted by a layered
model, which peak altitude is determined, in our analysis the
peak altitude is assigned to the altitude of the brightest point.

[14] On Figure 4, we have plotted all the peak horizontal
(limb) intensities from the stellar occultations as a function
of latitude and season (solar longitude L;), folding in the
three Martian years of data. There is a clear seasonal pat-
tern of colored circles, which is confirmed by the earlier
SPICAM NO data from Cox et al. [2008] enclosed within
a square. The brightest NO emission is found around a
sine curve which may be described as latitude =—80 sin(L;)
[Bertaux et al., 2013], with, however, some serious depar-
tures from the sine curve in the second part of the Martian
year (L;=180-360°).

4. The Model Prediction of NO Emission
and Comparison to Observations

[15] The results shown below are the outputs of a
one Martian year simulation with the Laboratoire de
Météorologic Dynamique Mars General Circulation Model
(LMD-MGCM). The model is basically that described in
Gonzalez-Galindo et al. [2009] but with an extended photo-
chemical module including nitrogen and ionospheric chem-
istry from Gonzdlez-Galindo et al. [2011] and an improved
treatment of the nonlocal thermodynamic equilibrium 15 pm
cooling that provides realistic temperatures in the mesopause
region [Lopez-Valverde et al., 2011]. In total, 93 chemical
reactions for the neutral upper atmosphere and the iono-
sphere are taken into account. This photochemical model is
run for layers above 1 Pa (~50 km). Below this altitude,
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Figure 5. Zonal mean NO nightglow limb integrated
intensity (R) predicted by the LMD-MGCM as a function of
latitude and L at LT=21. Note that the color scale is logarith-
mic: 3=10° R. The dashed contour at the 2.7 level outlines
the detection limit of SPICAM.

another photochemical model that does not include nitro-
gen species but provides a better description of the com-
plex photochemical cycles in the lower atmosphere [Lefévre
et al., 2004] is used. More details about the results
from this hybrid photochemical-LMD model with extended
NO chemistry can be found in F. Gonzalez-Galindo (3D
Martian ionosphere model: I. The photochemical ionosphere

Altitude (km)

80°

Altitude (km)

-30 30 60 90

0
Latitude

below 180 km, submitted to Journal of Geophysical
Research Planets, 2013).

[16] Every N and O atoms recombination produces a
photon in the NO emission system. The recombination
of O+N produces a NO* molecule in an excited state
with a very short radiative lifetime. Therefore, there is no
de-excitation by collisions with CO, molecules (quenching).
The UV photon emission is instantaneous, and the volume
emission rate (VER or emissivity) is equal to the rate of NO
recombination:

€(NO*) = LIS*] M

where 7 is the lifetime by radiative relaxation of excited NO
species and NO* and [NO*] is the number density of NO*:

_ KINJ[O]
Ve

[NO*] @)
The rate coefficient & for the recombination reaction of O and
N atoms is 2.8 x 10717 -(300/7)"? cm® s™! [Du and Dalgarno,
1990], where T is the temperature and the radiative lifetime,
7, is taken to be 3.2 x 107 s [Sun and Dalgarno, 1996].

[17] The dust distribution in the lower atmosphere has
been shown to have an important influence on the dynamics
of the upper thermosphere [Bell et al., 2007]. For the simu-
lation used in this study, we use a climatology of the dust as
observed by the Thermal Emission Spectrometer on board
the Mars Global Surveyor mission between 1999 and 2001,
i.e.,, MY24-25. A solar flux appropriate for solar average
conditions is used. The model is run with its usual vertical

-80 -60 -30 0 30 60 90

Latitude

Figure 6. Cross section of zonal mean NO nightglow intensity(R) predicted by the LMD-MGCM for
LT=21 for different seasons: (a) L,=0°-30°, (b) L,=90°-120°, (c¢) L,=180°-210°, and (d) L=270°—
300°. Note that the color scale is logarithmic: 3=10° R.
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Figure 7. Vertical profiles of the zonal mean NO nightglow
emission predicted by the LMD-MGCM for the equator,
lat=0°, and L;=180-210° at different local times during the
night, representative of the daily variability.

(50 layers, from the surface to about 250 km) and horizontal
(64 x 48 grid points) resolution.

[18] Figure 5 shows the zonal mean NO intensity pre-
dicted by the model for constant local time LT=21. The
maximum intensity is found around the polar regions:
During the equinoxes, significant emission is predicted close
to both poles, while during solstices, the intensity is concen-
trated in the winter poles. The maximum emission is in all
cases of the order of 100 s of kR, decreasing quickly when
going to lower latitudes.

[19] Cross sections of zonal mean intensity predicted
by the model for constant local time LT=21 at four
different seasons L,=0°-30°, L,=90°-120°, L,=180°-210°,
and L,=270°-300° are displayed in Figure 5. In the polar
regions, the altitude of the peak emission varies between
about 60 and 80 km. There is no clear seasonal evolu-
tion of the altitude of the peak emission. For most seasons,
the altitude of the peak emission tends to be lower in the
high-latitude regions, in agreement with Cox et al. [2008]
observations.

4.1. Comparison for Solstice Conditions

[20] From the observations plotted in Figure 2b, we see
that during the southern winter solstice (around L=90°),
all positive detections are between L;=60° and L=120°

at latitudes southward of —30°. This is in agreement with
the model prediction of Figure 5 that shows NO emissions
above 1 kR for L;=60°-120° to be found at lat > -30°. The
SPICAM detection limit in the present study is about 0.5 kR.
However, for latitudes beyond —60°, the model predicts NO
intensities above 10 kR and reaching more than 100 kR
southward of 75°; the observations of NO intensities are
then much weaker than the model results at high latitudes.
We note that SPICAM made stellar occultations around the
southern winter solstice at high latitudes for MY27 only (see
Figure 2a). For the opposite solstice (L;=240°-300°), the
agreement is less obvious: The detections are spread over
a large latitude range, from —20 to £70°, while the model
predicts a much weaker emission near the equator and emis-
sions of >1 kR to be located northward of +60°. Hence, in
the Northern Hemisphere, the observed NO emission region
extends further toward the equator than the model predicts.
[21] Therefore, the NO data indicate an asymmetric situa-
tion between the northern and southern winter solstices, with
the observed emissions more extended to lower latitudes for
the northern winter solstice, contrary to the prediction of the
model. Another observed asymmetry (Figure 5) is that for
L, around 90°; almost all observations at latitude poleward
of —70° contain some NO emission, while around L,=270°,
there are plenty of stellar occultations in the high northern
latitudes without a detectable signal from NO. The present
analysis is somewhat biased by the more numerous posi-
tive detections recorded during year MY27, which might
have been dynamically special. We note, however, that there
are still four detections of NO emission at low latitudes
(between —30 and +30°) during MY28 and MY29.

4.2. Comparison for Equinox Conditions

[22] The main discrepancy between the model and the
observations is rather for equinox conditions, where the
model predicts two maxima of emissivity located at both
poles, while in the data, we did not detect high emissions at
high latitudes, i.e., poleward of latitudes 60°, either around
L,=0° or L= 180°. For L,=330°-30°, there are no detec-
tion of NO emissions in either hemispheres, but SPICAM
made only eight stellar occultations sequences for lat>60°
in both hemispheres, a region where the model predicts
emissions detectable by this instrument. For the L,=180°
season, there were many stellar occultations at high latitudes
(both in the Southern and Northern Hemispheres), and only
three of them showed a detection between L;=150°-210°
(see Figure 4).

[23] For L,=30°-60°, the positive detections are at
midlatitudes. The model does predict an extended zone
of dimmer but detectable (<1 kR but >0.5 kR) emission
at middle and low latitudes for this season, as shown on
Figure 5. However, at the other equinox (L,=180°), the emis-
sion predicted by the model at midlatitudes is less than
1 kR, while the observations show intensities of up to sev-
eral kR. It has to be taken into account that the model
results we are showing here are geographical (zonal mean)
and temporal (during 30° of L,) averages at a single local
time (LT=21). The spatial and temporal variability can pro-
duce local enhancements of detectable emission, even if the
average level predicted by the model is below 1 kR. For
example, we show in Figure 7 the zonal mean NO emis-
sion profile predicted by the model for the L;=180°-210°
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emission at LT=21 for the equator (black dashed line),
together with the profiles obtained for the same season and
the same latitude but at different longitudes and different
local times (during nighttime, LT between 17 and 9). Sig-
nificant variability is predicted, so that even if the average
peak emission is about 0.1 kR, some of the individual pro-
files show emissions higher than 1 kR (and thus theoretically
detectable by SPICAM). Also, the day-to-day variability and
the small-scale variability due to gravity wave propagation
can produce further perturbations [Spiga et al., 2012]. It
should also be remembered that a constant solar flux is used
in the simulation, while the observations encompass three
Martian years.

4.3. Comparison of Peak NO Emission Altitude

[24] The distribution of the peak altitude demonstrates a
strong variability, with values ranging from 40 to 130 km
(Figure 3). However, there seems to be a trend, in which
the lowest altitude is increasing from South Pole to North
Pole (except for one outlier point). The model shows a
peak altitude that is at its lowest in the polar regions (in
particular at the winter pole during solstices) and increases
toward the lower latitudes (Figure 6). The modeled vari-
ability of the peak altitude with latitude (between 60 and
80 km) is not as large as the observed variability. Again, it
should be remembered that the model results are spatial and
temporal averages.

5. Conclusions

[25] A new data set of NO airglow obtained from the first
three Martian years of SPICAM stellar occultations is glob-
ally consistent with previously available measurements [ Cox
et al., 2008]. In general, we find consistency between the
results from the processing of the SPICAM stellar occulta-
tions presented in this work and the analysis of the SPICAM
limb observations by Cox et al. [2008]: There is coherence
between the time and location of the NO emission in both
data sets and in the range of peak brightness and peak alti-
tude. We emphasize that our data set increases the number
of positive NO detections by factor of 5, expanding both
the latitudinal and seasonal coverage. These new measure-
ments extend above 60° latitude, as well as covering a much
broader seasonal range, expanding the existing observations
from Cox et al. [2008]. There are more detections of NO
emission during the first Martian year, MY27, than later
during MY28 and MY29, and this interannual variability
could be linked to the solar cycle.

[26] The NO intensities from LMD-MGCM are in general
agreement with the observations, indicating that the main
features of production of NO are captured by the model. We
note, however, two important discrepancies between data
and model that deserve further investigation. The first dis-
crepancy is the north-south asymmetry present in the data,
which does not seem to be in the model. Three departures
from symmetry may be visualized by the scatter of the obser-
vations from the sine curve —80- sin(Ly). First, the “NO polar
season” seems to be much shorter for the Southern Hemi-
sphere than for the Northern Hemisphere. This is surprising
since the southern winter is longer than the northern winter,
due to orbit eccentricity. In the south, there are more than
50 detections poleward of —60°, while there are less than 10

poleward of 60° in the north. Second, as noted above, the
lowest altitude is increasing from the South Pole to the North
Pole. We know that there is a major difference between the
halves of the Martian year, the second half being the season
of large dust storms. One might speculate that in the second
part of the year, convection, which lifts dust to altitudes up
to several tens of kilometers, is somewhat perturbing the
descent of air from higher altitudes, triggering by compen-
sation some descent of air at low latitudes where it is not
predicted by the model.

[27] The second, and perhaps more important, discrep-
ancy is the absence of simultaneous detections at both poles
of a strong NO emission. Both model maps of NO (Figure 5)
and O, (from Bertaux et al. [2012]) indicate that at the
equinoxes, there are two simultaneous descents of air in both
poles, revealing the existence of two Hadley cells in the
thermosphere, extending from the equator to both poles. At
other seasons, there is only one cell ascending from the sum-
mer hemisphere and descending in the polar regions where
CO; is condensing on the ground. The strongest emissions
in both the modeled NO and O, are at the equinoxes. While
there are indeed observations of the O, emission at both
poles during equinox conditions from CRISM data [Clancy
et al., 2012], supporting the scheme of two cells for the
O, emission, it seems that the same circulation pattern is
not supported by the absence of detection of NO emission
at the poles during equinox (at least at L,=180°). This is
rather surprising since the same circulation produces both
0O, and NO emissions. We note, however, two basic differ-
ences which might help to understand the discrepancy. N,
requires more energetic photons (80—100 nm) than CO, for
photodissociation, and these photons are shielded by CO,
absorption. Consequently, the altitude range of production of
N atoms is above the bulk CO, atmosphere, at 130—140 km,
as demonstrated by results from the photochemical model
that includes nitrogen and ionospheric chemistry (not shown
here). This is well above the altitude range of production of
O atoms, with peaks at 70-90 km. Therefore, the discrep-
ancies between the model and the observations suggest that
it is the high-altitude part of the global circulation model,
relevant to the altitude range of N production, which would
have to be adjusted. Another difference is that the O, recom-
bination requires the presence of a CO, molecule to stabilize
the reaction, but NO recombination does not. As discussed
in Bertaux et al. [2012], an air parcel with a certain mixing
ratio p, when descending, will produce an O, emission pro-
portional to p(0O)?, while for NO, the emission will depend
on the product of p(O)xp(N) and therefore will be less sen-
sitive to descent of air. A more detailed investigation of these
data-model discrepancies is beyond the scope of this paper
but remains a potential topic for future work.
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