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a b s t r a c t 

The SPICAM experiment onboard Mars Express has accumulated during the last decade a wealth of ob- 

servations that has permitted a detailed characterization of the atmospheric composition and activity 

from the near-surface up to above the exosphere. The SPICAM climatology is one of the longest assem- 

bled to date by an instrument in orbit around Mars, offering the opportunity to study the fate of major 

volatile species in the Martian atmosphere over a multi-(Mars)year timeframe. With his dual ultravio- 

let (UV)-near Infrared channels, SPICAM observes spectral ranges encompassing signatures created by a 

variety atmospheric gases, from major (CO 2 ) to trace species (H 2 O, O 3 ). Here, we present a synthesis of 

the observations collected for water vapor, ozone, clouds and dust, carbon dioxide, exospheric hydrogen 

and airglows. The assembled climatology covers the MY 27–MY 31 period. However, the monitoring of 

UV-derived species was interrupted at the end of 2014 (MY30) due to failure of the UV channel. A SO 2 de- 

tection attempt was undertaken, but proved unsuccessful from regional to global scales (with upper limit 

greater than already published ones). One particular conclusion that stands out from this overview work 

concerns the way the Martian atmosphere organizes an efficient mass transfer between the lower and 

the upper atmospheric reservoirs. This highway to space, as we name it, is best illustrated by water and 

hydrogen, both species having been monitored by SPICAM in their respective atmospheric reservoir. Cou- 

pling between the two appear to occur on seasonal timescales, much shorter than theoretical predictions. 

© 2017 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

 

m  

f  

o  

b  

p  

h

0

. Introduction 

The Spectroscopy for Investigation of Characteristics of the At-

osphere of Mars (SPICAM) instrument is a dual ultraviolet in-
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rared spectrometer that was designed to retrieve the abundances

f a set of major and minor species of the Martian atmosphere. On-

oard the Mars Express mission, SPICAM has had the capability to

erform observations with a variety of geometrical configurations;

onitoring the column-integrated abundances of ozone, water va-

or and aerosols in a nadir-looking mode, as well as their verti-

al distribution between ∼10 and 150 km using stellar and solar
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Fig. 1. A compilation of five Martian years of observations by SPICAM in a nadir looking mode. The figure displays zonally averaged values as a function of solar longitude 

(Ls) of the retrieved (from top to bottom) water vapor, ozone, molecular oxygen singlet delta daytime emission in the near infrared, and dust as well as water ice opacity 

at 250 nm. The degradation of the UV channel has prevented reliable derivation of ozone and dust/clouds in the ultraviolet during MY31. The unit for each quantity, whose 

scale is plotted on the right hand-side, is given in brackets. 

Note the high degree of repeatability in the seasonal behavior of all quantities, to the exception of dust during southern summer. Note also that displayed abundances have 

been averaged out of a variety of local times, from morning to afternoon. 
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occultations. In a dedicated limb staring mode where the Mars

Express spacecraft remains in a fixed inertial position, SPICAM is

used to infer the density of hydrogen atoms from 200 up to 10

0 0 0 km of altitude while relying on the resonantly scattered solar

photons at the Lyman-alpha emission line at 121.6 nm of Hydrogen

atoms. This same mode of observation is used for the identification

of a variety of airglows, some of them being associated with the

presence of auroras, as detected for the first time by SPICAM above

the magnetic field crustal anomalies ( Bertaux et al., 2005a ). Since

Mars Express orbit insertion on December 23, 2003, SPICAM has

operated continuously, accomplishing one of the longest surveys

to date of the Martian atmosphere (see Fig. 1 ), pursuing the ref-

erence climatology established by the Mars Global Surveyor (MGS)

mission that started near the end of the 20th century and paving

the way to the Imaging Ultraviolet Spectrograph (IUVS) onboard

the Mars Atmosphere and Volatile and Evolution (MAVEN) that has

been operating since September 2014. 

The purpose of this paper is to provide an overview of the main

scientific results that have been collected thanks to the multi-

annual monitoring made by SPICAM. Several results described in

this manuscript are presented in greater depth in companion ar-

ticles that specifically address a particular theme of the SPICAM

observations ( Trokhimovskiy et al., 2015 ; Lefèvre et al., in prepara-

tion, 2017; Guslyakova et al., 2016 ). This article is organized around

the following topics: 

• Lower atmosphere sounding including observations and map-

ping of water vapor, ozone, O and aerosols. 
2 
• Middle atmosphere sounding with a characterization of the CO 2 ,

O 2 , O 3 and aerosols from 50 to 150 km as well as NO emissions

subsequent to N and O atoms recombination. 
• Upper atmosphere sounding to infer the concentration of hydro-

gen and oxygen atoms above the exobase. 

. Instrument status 

.1. Instrument description 

The SPICAM set-up comprises separate ultraviolet and near-

nfrared channels in one optical unit both connected to the same

ata Processing Unit. For the interested reader, detailed techni-

al descriptions of the instrument can be found in Bertaux et al.

2006) and Korablev et al. (2006a) . 

The ultraviolet channel uses an optical entrance of 4 cm di-

meter feeding an off-axis parabolic mirror focusing the observed

cene at the focal plane. The instantaneous field of view (IFOV)

s limited at the focal point of the parabolic mirror by a 50 μm

ide retractable slit that extends over an angular aperture of 2.8 °,
quivalent to about two pixels on the UV detector. In the upper

ost portion of the slit, a 10 times wider aperture allows for the

bservations of fainter sources at the expense of degraded spec-

ral resolution. Spectral dispersion is accomplished by a concave

olographic toroidal grating imprinting the diffracted orders at the

ntrance of an MgF 2 window covering a solar blind CsTe pho-

ocathode with zero quantum efficiency beyond 320 nm. An ad-

itional sapphire filter is glued above the window and covers it
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Fig. 2. (Left) Wavelength-dependent parameters of the Voigt profile H(a,u) that best fits the SPICAM UV channel Point Spread Function. The solid line refers to the damping 

parameter a while the dashed line is for the offset u/x. (right) Estimate of the full width at half maximum of the Voigt profile and its dependence to wavelength. The brutal 

variation above 250 nm is due to the effect of the sapphire window glued at the entrance of image intensifier, combined with the rapidly changing index of refraction of 

MgF2 at short wavelength. The absence of the window (pixels > 270) improves the focusing in the remaining range. 
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artially, preventing overlapping of diffraction orders and Lyman- α
tray light. This defines the entrance of the image intensifier that

onsists of a Micro Channel Plate (MCP) whose gain is adjusted by

 high voltage level ranging from 500 to 900 V. The CCD detec-

or is a Thomson TH7863 with 288 × 384 pixels (23 μm pitch)

ooled by a thermo-electric device ensuring lower dark current.

he spectral resolution of the instrument is wavelength dependent;

t exceeds 1.25 nm over the entire range, increasing up to 2.3 nm

round 260 nm (see Fig. 2 ). 

The focal length of the UV telescope is such that one CCD pixel

overs a IFOV of 0.01 ° × 0.01 ° The narrow part of the slit of the

pectrometer is 0.02 ° wide by 1.9 ° long while the wide part is

.2 ° wide by 0.98 ° long. To reduce the telemetry burden, only five

inned areas of the detector are transmitted at the end of each

cquisition. These binned areas consist of summed lines of pixels

hat correspond to contiguous areas in the observed scene. It is

hus possible to obtain the spatial variation of the UV spectrum

long the axis of the slit. The number of lines per bin is defined at

ommanding and is usually chosen to accommodate the expected

rightness of the observed scene. For a point source such as a star,

he standard binning covers 16 lines of pixels while for an ex-

ended source such as the Mars surface, the binning is reduced to

 lines on the detector. 

The near-infrared channel of SPICAM has inaugurated the first

se of acousto-optic tunable filters (AOTF) in deep space. Built

y IKI, the SPICAM near-IR channel accommodates a relatively

igh-resolution spectrometer in a very light design ( < 800 g). The

OTF operating principle relies on producing interferences be-

ween the incident optical beam and an acoustic wave in a bi-

efringent medium (TeO 2 ). The input optical beam sustains a vol-

me diffraction that isolates two diffraction orders away from the

n-diffracted fraction of the input beam. The acoustic wave prop-

gation inside the TeO 2 crystal is generated by a radio-frequency

RF) controller that synthetizes the frequency at which the trans-

ucer must be excited to create an acousto-optic interference in-

ide the crystal. Because there is a strict relation between the

nput RF frequency and the diffracted wavelength, one is able

o retain a specific wavelength selected within a range equiva-

ent to an octave of the RF controller. Because the energy re-

ains concentrated within the first ( + 1 and −1) diffracted or-

ers, such devices do not require additional filters to reject higher

iffraction orders. This leads to a simple and adaptable spec-

ral analyzer (any wavelength can be accessed instantaneously).

here is no slit in the AOTF spectrometer, increasing the through-

ut compared to traditional grating spectrometers. In turn the

i  
OTF relies on a progressive scanning of the wavelengths of in-

erest to reconstruct a given spectrum thus reducing the overall

fficiency. 

With this set-up, the near-IR channel of SPICAM is capable of

solating at each acquisition a 0.5–1.2 nm bandwidth within the ac-

essible 1 to 1.7 μm range. In the range of the water vapor band

he resolving power λ/ �λ is ∼20 0 0. Wavelengths are registered

equentially with the increment of ∼0.3 ×�λ windowing or loose

ampling allows reducing the duration of measurements. To bet-

er characterize atmospheric aerosols, the continuous absorption is

lso measured at several distant wavelengths. The IFOV is circular,

nd amounts to 1 ° for nadir measurements, and to ∼4 ′′ when ob-

erving the Sun. 

.2. Calibration and instrument ageing 

As explained in Bertaux et al. (2006) , we define the sensitiv-

ty of the SPICAM UV channel as the sensitivity of the instrument

or a stellar source placed at the center of the spectrometer slit.

he nominal wavelength assignment is defined accordingly, mak-

ng it valid for all extended source measurements collected with

he slit in place. The so-called efficient area S eff (in cm 

2 ) is a

avelength-dependent function of the actual instrument photosen-

itive area collecting the photons emitted by a point source (see

ig. 3 ). The displayed S eff curve is obtained when the star signal is

ntegrated over 16 CCD lines (centered on CDD line 144) encom-

assing roughly 90% of the total signal (the remaining 10% spread-

ng away from the dispersion area). The drop at short wavelength

ut-off is due to the opacity of MgF 2 window, while the drop at 

onger wavelength reflects the drop-off of the photocathode. 

An updated version of the calibration procedure of the SPI-

AM UV spectra is given in Snow et al. (2013) . We recall here

he main expression to be used for converting SPICAM UV detec-

or readouts (in Analog-to-Digital Units, ADU) into physical units

photons ×cm 

−2 ) for a point source: 

 ADU /pixel/acquisition = g × N p × �λ × T i × S e f f × f star 

nd photons ×cm 

−2 ×sr −1 for extended sources: 

 ADU /pixel/acquisition = g × N p × �λ × T i × S e f f × ω 

The number of ADUs N ADU yielded by a pixel during one in-

egration is therefore proportional to the gain of the detector g ,

he number N p of photons detected per wavelength unit and per

econd, the spectral sampling �λ ( ∼0.54 nm per pixel) and to the

ntegration time T (in second). In case of an extended source, the
i 
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Fig. 3. Updated version of the efficient area Seff of the SPICAM UV channel based 

on the updated calibration procedure established by A. Reberac and reported in 

Snow et al. (2013) . The previously published version of Seff (see Bertaux et al., 2006 ) 

is shown for comparison in dashed line. 
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solid angle ω subtended by a pixel (8 × 10 −8 sr) needs to be in-

cluded as an additional multiplicative term. The parameter f star 

refers to the fraction of the incident photons falling exactly on the

pixel. As indicated by Bertaux et al. (2006) , a binning of 16 lines

of pixel contains around 90% of the stellar light ( f star =0.9). The

recorded evolution of the instrument sensitivity is shown in Fig. 4

for the 10 years of the SPICAM survey. The plotted quantity is the

instrument gain g as a function of the intensifier high voltage. It

is clear that the SPICAM UV channel encountered a gradual degra-

dation from late 2011 onwards that eventually led to a > 10-fold

reduction of sensitivity, still allowing us to maintain acceptable sci-

entific performances. 

2.3. Instrument status 

As of December 2014, SPICAM UV channel has ceased returning

science data, sending only dark frames instead. This situation is the

outcome of a progressive demise of the UV channel whose origin

was first identified 9 years before. In January 2006, the SPICAM

UV channel started to exhibit an anomalous image intensifier be-

havior, characterized by multiple sporadic and spurious changes of

the high voltage setting during a sequence of observation. The SPI-

CAM UV channel data cleaning process has eventually allowed us

to retain all healthy spectra while identifying most ( > 95%) of the

affected ones. SPICAM Level 0C data in the ultraviolet available on

the European Space Agency’s Planetary Science Archive have been

produced this way, each recorded spectrum being associated with

a flag parameter indicating whether the spectrum is infected or

not. 

For additional details, the reader is invited to consult the Ap-

pendix section where a summary is given of the main changes in

data processing and in our understanding of the instrument char-

acteristics since the first publication on this topic ( Bertaux et al.,

2006 ). 

The IR channel, on the other hand, has exhibited a stable behav-

ior throughout the MEX mission, and no noticeable degradation of

the IR spectra quality has to be reported at this point. 

2.4. Dataset 

Since the beginning of its operations at Mars, SPICAM has ac-

complished more than 12,500 sequences of observations (see Table

1 ) among which several thousands of atmospheric profiles as well

as a continuous multi-annual tracking in nadir mode. 
. Lower atmosphere sounding (0–50 km) 

Contrarily to most NASA missions, the ESA Mars Express orbiter

oes not obey a sun-synchronous orbit and thus nadir mapping

overs a variety of local times from morning to afternoon. There is

 specific interest for identifying and studying the local time de-

endence of the species behavior (such as O 3 and H 2 O), but the

ars Express orbit does not perform a regular local time sampling

nd some aliasing with seasonal timescale is difficult to avoid. For

his reason, local time dependence is not discussed in the follow-

ng yet should be the purpose of future in-depth analysis of this

ataset. 

.1. Water vapor 

• Nadir mapping 

The infrared channel of SPICAM has provided a nearly contin-

ous survey of the column-integrated abundance of water vapor

ince 2004 using the water vapor 1.38 μm absorption band (as de-

cribed in Fedorova et al., 2006a ). This dataset spanning Martian

ears 27–31 (see Fig. 1 ) enables the investigation of both the sea-

onal and the inter-annual variations of atmospheric water. The ra-

iative transfer model used for the retrieval accounts for multi-

le scattering caused by dust and clouds. Compared to the orig-

nal version of the retrieval reported in Fedorova et al. (2006a) ,

he data treatment ( Trokhimovskiy et al., 2015 ) used for the results

resented here incorporates a number of improvements mainly re-

ated to a better characterization of the instrument calibration and

f the model input parameters. The sensitivity of results to aerosol

roperties, surface albedo, solar spectrum, and water vapor verti-

al distribution has been carefully evaluated. For instance, neglect-

ng the aerosol scattering biases the inferred water amount by as

uch as 60–70% during dusty events. Water vapor retrieval is also

ensitive to cloud activity especially around aphelion in the trop-

cs. However, the effect of clouds and dust have been included in

he retrieval. Information on dust and ice abundances were extrap-

lated from the published THEMIS dataset (which spans until the

iddle of MY30- Smith et al., 2009 ) down to the near-IR range of

PICAM. 

SPICAM observations reveal a water vapor seasonal behavior

hat is to a large extent in agreement with previous monitoring

in particular TES dataset, as revised from Smith, 2004 ); water col-

mn integrated abundance peaks near 60–70 pr. μm in the north-

rn summer polar region as the polar layered deposits get exposed

o intensified spring/summer insolation whereas only 20 pr.- μm

s observed during the southern summer at the south pole. The

quivalent volume of ice sublimating as vapor in the atmosphere

s about 0.5 km 

3 at the beginning of the year and later builds up

o 2.3 km 

3 at Ls = 100 ° at a time when water vapor abundance is

ound maximum on a global average. 

To the exception of the MY28 dust event that is discussed

elow, SPICAM reveals a water cycle that is stable on average

hroughout the terrestrial decade monitored. With the revisit of

he Mars Atmospheric Water Detector dataset ( Fedorova et al.,

010 ), the picture of a Mars’ water cycle evolving in a quasi-

tabilized state appears more and more confirmed ( Richardson and

ilson, 2002; Montmessin et al., 2004, 2017 ). Mars’s water cycle

esponds essentially to the large seasonal and spatial variations of

nsolation over the globe. It is possible that variability may occur

n timescales greater than a decade, but the compilation of water

apor measurements made to date suggests the water cycle did not

hange significantly over more than 20 Mars years. 

When comparing Martian Years ( Fig. 1 ), one is able to cap-

ure the prominent drop of water abundance that occurs during

he dust storm of MY 28. This sudden decrease of water, which

as also reported in CRISM data ( Smith et al., 2009 ), cannot be
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Fig. 4. (Left) SPICAM UV channel intensifier gain curve as a function of the high voltage level (1–28 = 256). (right) Gain (in logarithmic scale) evolution with time for a fixed 

value of high voltage. The curves on the left distinguish between various periods during the mission, highlighting the relatively stable behavior from 2004 to 2011, and the 

significant loss of sensitivity that occurred in 2011, after which time, SPICAM intensifier lost a rough factor of 10 in efficiency. Near the end of 2014, SPICAM UV channel 

ceased to transmit observed signal, suggesting the loss of the intensifier. 

Table 1 

Breakdown of SPICAM observations against modes of operation as performed since the beginning of Mars Express operations until the end of 

2014 when the UV channel stopped nominal operations. 

Channel Nadir Limb Stellar occultation Solar occultation Phobos/deimos Calibration Sky Earth Comet Total 

UV 3553 1724 4625 1096 238/67 866 261 5 19 12,454 

IR 3549 1494 1855 1036 236/67 12 27 0 16 8292 

a  

t  

m  

D  

r  

m  

a  

c  

h  

c  

s  

o  

b  

a  

s  

e

 

p  

i  

c  

l  

e  

m  

m  

C  

a  

p  

v  

C  

a  

M

 

c  

(  

c  

w  

5  

l  

s  

b  

s  

e  

o  

n  

t  

t  

i  

f  

r

 

p  

s  

c  

p  

t  

o  

(  

t  

o  

t  

i  

t  

T  

t  

w

3

 

p  

c  

t  

m  

f  
ttributed to measurement biases caused by shielding of the wa-

er molecules by dust. It appears to reflect an actual drop of at-

ospheric water near or above the surface during the dust storm.

edicated radiative transfer calculations indicate that water vapor

etrieval based on the optically thin 1.38 μm absorption band is

ostly sensitive to the water present in the first kilometers of the

tmosphere above the surface. We speculate that the observed de-

line of the water abundance during MY28 is consistent with en-

anced adsorption by the Martian regolith. The higher adsorbing

apacity of the regolith under conditions of globally spread dust

torms has been predicted by Böttger et al. (20 04, 20 05) based

n Global Circulation Model (GCM) computations and appears to

e corroborated by the present measurements. Note that clues for

 diurnal “breathing” of the regolith at a local scale could not be

upported by the available SPICAM measurements due to the inad-

quate Mars Express local time coverage. 

It is to be noted that within the context of Mars Express, an im-

ortant endeavor of instrument cross-comparison was undertaken

n order to understand the differences of retrieved water vapor

olumn abundances. The Observatoire pour la Minéralogie, l’ Eau,

es Glaces et l’ Activité (OMEGA) ( Bibring et al., 2005 ; Encrenaz

t al., 2005 ) and the Planetary Fourier Spectrometer (PFS) instru-

ents ( Formisano et al., 2006; Fouchet et al., 2007 ) also provide

easurements of water vapor and these were compared to SPI-

AM ( Tschimmel et al., 2008 ). This comparison study allowed for

 quasi-convergence of all Mars Express instruments yet some de-

artures (within 20–30%) remained that the very nature of obser-

ations (e.g. spectral range) could partly explain. At that time, SPI-

AM was clearly standing out from these other measurements, but

n in-depth reanalysis led to realigning SPICAM with the rest of

ars Express ( Trokhimovskiy et al., 2015 ). 
• Vertical profiles from solar occultations 

SPICAM delivered the first monitoring of the water vapor verti-

al profile between ∼10 and 100 km during a whole Martian year

 Fedorova et al., 2009 ; Maltagliati et al., 2011 , 2013 ). The three oc-

ultation campaigns presented here, allow us to examine a some-

hat unexpected behavior of water vapor vertical distribution ( Fig.

 ). Water vapor is found less abundant and more confined in the

r  
ower atmosphere during northern spring/summer, an expected re-

ult when considering that water vapor should remain sequestered

elow the condensation level (hygropause). However, as demon-

trated by previous SPICAM studies, the vertical distribution is not

ntirely dictated by the vapor saturation conditions: large excesses

f saturation have been observed, especially at mid-latitudes in the

orthern hemisphere spring ( Maltagliati et al., 2011 ). In contrast,

he warmer southern spring appears associated with a higher ver-

ical mobility for water vapor (as illustrated by Fig. 6 ), a character-

stic that was observed especially after Ls = 240 ° There, recurrent

eatures of discrete layers of water vapor with > 100 ppmv mixing

atio have been reported above 60 km. 

While the water vapor profiles appear to reflect the large tem-

oral and spatial variabilities of the Martian climate, they also

how sensitivity to more localized and short-term meteorologi-

al events. Abrupt variations (within a day or so) of water va-

or abundance and in vertical distribution can be identified. Wa-

er upsurges, appearing suddenly within few Martian days, were

bserved three times in MY29 as described in Maltagliati et al.

2013) and reproduced here in Fig. 6 . Similar short-term varia-

ions affect the aerosol profiles, acquired by SPICAM simultane-

usly with water, suggesting that transport phenomena affect wa-

er and aerosols likewise. Aerosol upsurges are observed systemat-

cally in conjunction of those occurring with water vapor and de-

ached layers of aerosols are often coupled with the water ones.

hese observations demonstrate the importance of the vertical dis-

ribution as crucial diagnostics for key processes in the Martian

ater cycle and climate as a whole. 

.2. Ozone 

• Nadir mapping 

Between 2004 and 2011, SPICAM observations in nadir viewing

rovided a continuous and near-complete coverage of the ozone

olumn distribution, one of the largest database of Martian ozone

o date. The ozone column is retrieved from the UV channel si-

ultaneously with the mean (210–290 nm) dust opacity and sur-

ace albedo. Perrier et al. (2006) presented an initial version of the

etrieval algorithm to process the first 1.2 Martian year of SPICAM
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Fig. 5. (Top left) Geographic and seasonal distribution of the three Mars years of infrared solar occultations compiled in this work. (Top right) maximum value of the water 

vapor volume mixing ratio detected for each orbit. Only the orbits with positive detection of water vapor are plotted. The orbits with a black circle exhibit a detached layer. 

The arrows indicate the moments of the sudden upsurges of water (see text). (Bottom left) maximum value of the water saturation ratio for the orbits where supersaturation 

is detected. (Bottom right) hazetop, defined as the altitude where the aerosols’ optical depth drops to 1 from below. The black cirles identify orbits with detached layers, 

and the arrows mark the position of the upsurges. 

Fig. 6. Compilation of all the derived values of the hygropause altitude, defined as 

the level above which water vapor can no longer be detected. 
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operation. Their method used a full radiative transfer model of the

Mars atmosphere and accounted for multiple scattering caused by

dust and clouds. Recently, the UV nadir dataset has been entirely
eprocessed with an improved version of the algorithm. Thanks to

 better characterization of the efficient area S eff and the improved

odeling of stray light in nadir spectra, the ozone retrieval now

elies on the absolute UV reflectance observed by the instrument.

ence, it no longer requires the use of a so-called “reference spec-

rum” above Olympus Mons as in Perrier et al. (2006) . This elimi-

ates the risk of systematic error due to the unwanted presence of

ust or clouds in the reference spectrum, and allows using areas of

he CCD that are not necessarily the same as those used to record

hat spectrum. Other improvements in the method include revised

ptical properties for aerosols and Rayleigh scattering, as well as a

horter time averaging of nadir spectra (30 s vs. 50 s) in order to

ncrease the spatial resolution of the measurements. 

Fig. 1 shows the zonally averaged ozone column distribution

btained from SPICAM for three consecutive Martian years of ob-

ervation. Compared to Earth, the strong seasonal and spatial vari-

bility of ozone (a factor of ∼100 as opposed to ∼3 on our planet)

s a striking feature of Mars photochemistry. As for the pioneering

easurements of the Mariner missions (e.g., Barth et al., 1973 ), the

aximum ozone columns measured by SPICAM are near 40 μm-

tm and are found at high latitudes in winter/spring. By contrast,

olar ozone shows columns usually less than 1 μm-atm in sum-

er. At mid-to-low latitudes, the ozone annual cycle is of much

ore limited amplitude. SPICAM indicates values in general of the



F. Montmessin et al. / Icarus 297 (2017) 195–216 201 

o  

w  

g  

e  

t

 

c  

n  

r  

c  

C  

t  

T  

o  

(  

u  

f  

O  

u  

z  

c  

v  

e  

e  

e  

m  

s  

s  

t

 

c  

w  

s  

w  

t  

c  

i  

m  

n  

s  

c  

o  

g  

a  

H  

c  

l  

d  

t  

a  

a

 

c  

t  

p  

c  

i  

f  

p  

o  

c  

p

 

C  

L  

(  

s  

c  

b  

a  

i  

e  

v  

t  

o  

t  

2  

l  

t  

s  

L  

a  

t  

o  

c  

i  

p  

f  

f  

b  

d  

t  

v  

v  

o  

w  

r  

w

 

t  

(  

a  

t  

a  

m  

s  

c  

t  

L  

t  

d  

t  

F  

s  

t  

L  

t  

a  

c  

o  

t

 

i  

c  

s  

M

3

rder of 1 μm-atm or less, except around Mars aphelion when a

eak maximum ( ∼3 μm-atm) is identified. This ozone cycle is in

ood agreement with HST and Earth-based measurements ( Clancy

t al., 1999 ; Fast et al., 2006 ), as well as with the observations by

he MARCI imager on board MRO ( Clancy et al., 2016 ). 

An indirect measurement of the ozone column may also be ac-

omplished via the O 2 (a 
1 �g ) dayglow detected with the IR chan-

el. This airglow is produced during ozone photolysis by solar UV

adiation. The O 2 (a 
1 �g ) molecule, that is an excited state of O 2 ,

an subsequently emit a photon at 1.27 μm or be quenched by

O 2 . The latter process dominates at altitudes below 20 km and

herefore dayglow only reflects the ozone abundance above 20 km.

he first seasonal evolution of the O 2 (a 
1 �g ) emission has been

btained from the SPICAM data and presented by Fedorova et al.

2006b) . This work was later extended and resulted in a contin-

ous climatology of the O 2 (a 
1 �g ) dayglow for six Martian years

rom the end of MY26 to MY32 ( Guslyakova et al., 2016 ). The

 2 (a 
1 �g ) intensity is traditionally expressed in MR (MegaRayleigh)

nit, where 1R = 10 6 photon cm 

−2 s −1 (4 π ster) −1 . Fig. 1 shows the

onally-averaged emission rate for five Martian years. The good

orrelation with the ozone seasonal behavior is obvious. Maximal

alues of the O 2 (a 
1 �g ) dayglow reaching 30 MR are observed in

arly northern and southern springs in both hemispheres. Near the

quator a spring maximum of 7 MR is observed for all years. The

mission intensity is minimsal in the southern hemisphere in sum-

er with values of 1–2 MR. Together with the ozone column den-

ity determined with the UV channel, the O 2 (a 
1 �g ) emission mea-

ured with IR channel can provide constraints on the vertical dis-

ribution of ozone from nadir measurements. 

The distribution of ozone in Fig. 1 shows an obvious anti-

orrelation with that of water vapor. This inverse relationship is

ell understood from a theoretical point of view. The strongest

ink of odd oxygen (O and O 3 ) is accomplished by the reactions

ith the hydrogen radicals (H, OH, and HO 2 ) produced by the pho-

olysis and oxidation of water vapor. The efficiency of these pro-

esses is such that the chemical lifetime of ozone during the day

s, at low-to-mid latitudes, usually shorter than 1 h in the low at-

osphere. This tight coupling between O 3 and H 2 O explains the

ear-zero ozone columns observed by SPICAM when water vapor

ublimes from the polar caps in summer. It also explains the tropi-

al O 3 maximum observed around aphelion, when the confinement

f H 2 O near the surface allows more O 3 to form above the hy-

ropause. In the wintertime high latitudes, the lack of water vapor

nd limited sunlight prevent almost completely the production of

O x . In these conditions, the chemical lifetime of ozone may in-

rease up to several days. Ozone can accumulate inside the dry po-

ar vortices, and atmospheric transport plays a major role. Three-

imensional model simulations have shown ( Lefèvre et al., 2004 )

hat wave activity explains well the considerable day-to-day vari-

bility in polar ozone measured by SPICAM ( Perrier et al., 2006 )

nd MARCI (Clancy et al., 2015). 

Ozone is therefore a sensitive tracer of both transport pro-

esses (at polar latitudes) and of the HO x chemistry that stabilizes

he CO 2 atmosphere of Mars (everywhere else). With their quasi-

ole-to-pole coverage, SPICAM measurements have already indi-

ated that heterogeneous chemical processes involving HO x may be

mportant to explain quantitatively the ozone amounts retrieved

rom the instrument ( Lefèvre et al., 2008 ). Further constraints on

hotochemical models are anticipated from the unique capability

f SPICAM to retrieve simultaneously the ozone and water vapor

olumns, which will be presented in a detailed study currently in

reparation. 
• Ozone profiles derived from stellar and solar occultation 

A compilation of nighttime ozone profiles was made with SPI-

AM UV covering the northern spring equinox (solar longitude

 s = 8 ° ) to northern winter solstice (L s = 270 °) time frame
 Lebonnois et al., 2006 ). These observations along with theoretical

tudies have allowed characterization of the nighttime ozone verti-

al distribution at mid-to-low latitudes, yielding a clear distinction

etween a near-surface layer, typically perceptible below 30 km,

nd an elevated layer only present around aphelion. As explained

n a number of previous studies ( Lefèvre et al., 2004; Lebonnois

t al., 2006 ), the near-surface layer existence is promoted by ultra-

iolet screening by CO 2 molecules, which inhibits HO x production

hrough H 2 O photolysis. The elevated layer ( > 20 km of latitude)

f ozone appears essentially at night as O 3 is rapidly photolized af-

er sunrise. Its magnitude is controlled by HO x concentration above

5 km. For this reason, seasonal variations of the water saturation

evel exert a strong modulation of the elevated layer of ozone in

he tropics, forcing O 3 to maximize around the northern summer

olstice when temperatures are lowest and to vanish soon after

 s ∼130. In a recent study ( Montmessin and Lefèvre, 2013 ), the

nalysis of the ozone profiles observed with SPICAM was extended

o the polar regions and evidence was reported for the existence

f an ozone layer that has been observed repeatedly during three

onsecutive Martian years in the southern polar night at 40–60 km

n altitude, with no counterpart observed at the north pole. Com-

arisons with global climate simulations indicate that this layer

orms as a result of the large-scale transport of oxygen-rich air

rom sunlit latitudes to the poles, where the oxygen atoms recom-

ine to form ozone during the polar night. However, transport-

riven ozone formation is counteracted by the destruction of ozone

hrough reactions with hydrogen radicals, whose concentrations

ary seasonally on Mars, reflecting the seasonal variations of water

apor vertical distribution in the tropics, as discussed above. The

bserved dichotomy between the ozone layers of the two poles,

ith a significantly richer layer in the southern hemisphere, is a

obust indicator of the coupling between chemistry, transport and

ater cycle processes. 

Ozone profiles can also be derived from SPICAM UV solar occul-

ations, which were analyzed for the first time by Määttänen et al.

2013) . However, these authors only discussed the derived aerosol

nd cloud vertical distribution. Here, we present a first subset of

he ozone profiles obtained from solar occultation that we plan to

nalyze in the future against the water vapor profiles retrieved si-

ultaneously with the near IR channel. In Fig. 7 , we compare re-

ults for ozone as obtained from stellar (lower panel) and solar oc-

ultations (upper panel) for the latitude band 0–30 °S. The plot in

he lower panel is an extended version of the figure presented by

ebonnois et al. (2006) . Whereas the stellar occultation pertains

o a wide range of local times in the night, solar occultation only

eals with the morning and evening terminator conditions where

he chemical regime is in a transient state. The upper panel of

ig. 7 shows that a similar layer at the same altitude range is ob-

erved both at night and near terminator. However, the layer at the

erminator appears significantly weaker than the night-time layer.

ebonnois et al. (2006) discussed the daily cycle of ozone and no-

iced that the ozone layer around 30–45 km altitude forms rapidly

fter sunset, building up until sunrise. Since solar occultations oc-

ur at sunset/sunrise, the layer has either not fully formed (sunset)

r has already started to withstand photolysis (sunrise), explaining

he lower amounts obtained in the case of the solar occultation. 

A joint analysis of the SPICAM ozone and water vapor products

n solar occultation, the latter being provided by the SPICAM IR

hannel ( Maltagliati et al., 2011 , 2013 ), will enable a comprehen-

ive assessment of the theory governing the ozone chemistry on

ars. 

.3. Dust and clouds 

• Nadir mapping 
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SPICAM Seasonal evolution of ozone, 0-30 S
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Fig. 7. Seasonal evolution of ozone concentration profiles in the latitude band 0–30 °S. (Upper panel) Solar occultations in the UV. (Lower panel) Stellar occultations in the 

UV. The color code shows ozone concentrations in 10 9 molecules ×cm 

-3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article). 
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a  
The SPICAM UV spectral domain allows the detection of air-

borne dust and cloud particles. Ice clouds and dust both play a role

in the radiative transfer but their effects are very different in the

UV. Ice clouds are bright features that lie aloft against a dark and

absorbing surface. Dust on the other hand possesses optical prop-

erties that are comparable to those of the surface, making it more

complicated to distinguish. Nadir UV data from SPICAM UV obser-

vations in nadir mode was also used to study Martian aerosols. 

Dust abundances vary greatly depending on the season and lo-

cation on the planet (see e.g. Smith, 2004 ). During most part of

the year, dust is present in relatively low-to-moderate quantity

and is located low in the atmosphere (below 30 km). However the

planet undergoes regular dust storms, especially during southern

spring and summer, when larger amounts of dust are lifted up

in the atmosphere and can reach altitudes up to 60 km. The dust

storms season happens typically during the L s = 180–330 ° time-

frame. Nadir UV SPICAM data has provided an opportunity to im-

prove the knowledge about the Martian dust optical properties in

the UV domain (see the first study in Perrier et al., 2006 ). Analy-

sis of the SPICAM nadir spectra acquired during a few dust storms

allowed us to estimate optical properties, such as single scattering

albedo ω and asymmetry factor g ( Mateshvili et al., 2007 ). The re-

ported values are ω = 0.6 ± 0.045, g = 0.88 ± 0.04 at λ= 213 nm

and ω = 0.64 ± 0.04, g = 0.86 ± 0.03 at λ= 300 nm. Water cloud

optical depth distributions during different seasons were also re-

trieved ( Mateshvili et al., 2006 , 2008 ) and improved in a recent

investigation ( Willame et al., 2017 ), which analyzed the complete

SPICAM dataset available from MY 26 to the end of MY30. Cou-

pling together the retrievals on these four years offers a relatively
i  
omplete overview the Martian annual cloud distribution outside

he polar caps (see Fig. 8 ). 

Overall, the ice cloud abundance deduced from SPICAM UV data

hows the same features as the ones already reported in the past

y a number of authors (e.g. Clancy et al., 1996 ; Wolff et al., 1999;

mith et al., 2004 ). In particular, it shows very prominent seasonal

ariations and spatial distribution ( Fig. 8 ). Martian ice cloud distri-

ution during the yearly cycle is clearly connected with the Mar-

ian atmospheric general circulation and the water cycle. During

he northern winter, thick clouds cover the Martian North Pole,

orming the north polar hood. As spring progresses, clouds retreat

ogether with seasonal ice to the North and only a few stay above

he North Pole during summer. The released water vapor rushes

owards the equator where it is picked up by the ascending branch

f the Hadley circulation. The rising water vapor reaches altitudes

here low temperatures and pressures create favorable conditions

or cloud condensation. Clouds form the so-called Aphelion cloud

elt, which is persistent during the whole northern summer. At the

ame time, cloud cover grows above the South Pole forming the

outh polar hood. When the northern fall starts, the north polar

ood grows and the south polar hood retreats. Due to the highly

lliptical orbit of Mars the southern summer is much warmer than

he northern one. During the season of dust storms, clouds disap-

ear almost everywhere surviving only above the North Pole. Only

uring southern fall rare clouds start to form above high Martian

olcanoes and the cloud cycle starts again. 
• Vertical profiles from solar occultations 

SPICAM IR has provided long-term observations of the Martian

erosols by solar occultation techniques in the near-IR range. Dur-

ng the five Martian years about 880 successful solar occultations
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Fig. 8. Zonally averaged cloud optical depth derived from SPICAM nadir UV observations and displayed as a function of latitude and solar longitude. The map assembles four 

consecutive years of retrieval. Note that the regions covered by ice were rejected from the retrieval. 
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ave been performed. SPICAM spectral range allows simultaneous

bservations of 1.43 μm CO 2 band for the atmospheric density, the

.38 μm absorption band of water vapor (as presented above), and

he distribution of aerosols with altitude measuring the opacity of

he atmosphere in the spectral range from 1 to 1.7 μm. In this con-

guration, aerosol extinction profiles at 10 different wavelengths

ave been obtained at altitudes from 0 to 90 km with a vertical

esolution of 2 to 10 km depending on the distance to the limb.

e consider their seasonal and latitudinal variations ( Fig. 9 ). The

nterpretation using Mie scattering theory with adopted refraction

ndices of dust and H 2 O ice allows the retrieval of particle size dis-

ribution for r eff varying from 0.1 to 1.5 μm as well as number den-

ity profiles. 

A special attention was paid to the summer in the northern

emisphere, when the water vapor supersaturation in the mid-

le atmosphere has been discovered ( Maltagliati et al., 2011 ). Si-

ultaneous analysis of aerosol extinctions in the UV and IR range

t different altitudes during this period has enabled the first di-

ect detection of a bimodal distribution of Martian dust particles

ith characteristic effective radii of 0.04–0.07 μm and 0.7–0.8 μm

 Fedorova et al., 2014 ). The finer mode with a effective radius be-

ween 0.04 and 0.07 μm and a number densities from 1 cm 

−3 at

0 km to 10 0 0 cm 

−3 at 20 km has been detected in both hemi-

pheres. In the southern hemisphere the finer mode extends up

o 70 km, whereas in the northern hemisphere it is confined be-

ow 30–40 km. The lack of condensation nuclei is consistent with,

ut cannot fully explain the high water supersaturation levels ob-

erved between 30 and 50 km in the same northern hemisphere

ataset ( Maltagliati et al., 2011 ). The average size of the fine mode

 ∼50 nm) and the large number density (up to 10 0 0 cm 

−3 ) most

ikely corresponds to Aitken particles ( r < 0.1 μm). This mode is un-

table against coagulation and requires a continuous source of par-

icles to be maintained, in at least one order of magnitude greater

han estimations for the meteoric flux. The sedimentation time

aries from 100 to 10 0 0 days (for particles 0.1 and 0.01 μm, re-

pectively) at 20 km and 10–100 days at 40 km, and these particles

ay be transported by the Hadley cell from the northern to the

outhern hemisphere in the observed period of the summer sol-

tice in the northern hemisphere. 

SPICAM solar and stellar occultations in the UV have been re-

ently combined into a four Martian Years dataset on the aerosol

1  
ertical distribution. The first analysis of stellar occultations by

ontmessin et al. (2006a) has been complemented by an analy-

is of the solar occultation dataset carried out by Määttänen et al.

2013) comprising more than four Martian years of data. Fig. 10

hows the inter-annual variations of the haze top during Martian

ears 27–30 and the detected detached aerosol layers in the atmo-

phere as a function of season. There is a clear trend for higher

aze tops near the equator and during the second half of the year,

riven by more vigorous atmospheric circulation at these locations

nd seasons. The dusty season of southern summer is most evident

n the occultations performed in MY28 and MY29. MY27 was rel-

tively average in terms of dustiness and SPICAM indicates a more

uiescent second half of the year. In MY30, despite the poor cover-

ge in the tropics, SPICAM was able to capture the low haze tops

t higher latitudes. Overall, the low spring haze tops in mid- and

igh latitudes are faithfully reproduced by the Martian dust cycle,

bserved in Mars Years 27 (south only), 29, and 30. 

Detached layers apparent in most profiles follow the behavior

f the haze top, with the lowest layers observed in mid- and high

atitudes in the beginning of the year. Around the autumn equinox

he layer altitudes increase and remain high throughout the latter

alf of the year. During the dust storm year MY28 detached lay-

rs were observed at very high altitudes (red-orange colors around

 s 260 °–300 °, Fig. 10 ). The composition of these layers cannot be

irectly derived, but some hints could be derived from their UV

pectral characteristics by approaching the wavelength behavior by

 power law ( Määttänen et al., 2013 ) 

.4. From the search of SO 2 to a preliminary characterization of UV 

urface albedo 

Following the measurements of SO 2 above the clouds of Venus

y the companion instrument SPICAV onboard Venus Express

 Marcq et al., 2011 , 2013 ), a similar approach was applied to SPI-

AM data in order to identify SO 2 in the Martian atmosphere

nd potentially explore ongoing outgassing, aiming in any case at

etter constraining SO 2 presence or its absence thereof. Previous

ork on the subject from Earth-based instruments ( Nakagawa et

l., 2009; Krasnopolsky, 2005 ) only derived upper limits on the

rder of 1 ppbv on a disk-averaged scale. Preliminary modeling

howed that SPICAM sensitivity to SO 2 was on the order of 10 to

00 ppbv in clear dust opacity conditions ( τ < 0.5), but SPICAM
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Fig. 9. Seasonal and spatial distribution of the extinction (km-1) vertical profiles at 1094 nm averaged on a grid 30 ° of Ls × 5 ° of latitude × 6 km of altitude for 4 MY 

(MY27-31) from orbit 1200 to orbit 12,166. 
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Fig. 10. (Top panel) Interannual variations of the hazetop defined as the altitude 

at which the aerosol line-of-sight integrated opacity drops to a value of 1 for the 

first time starting from the bottom of the profile, and (bottom panel) detached layer 

altitudes analyzed from stellar (stars) and solar (circles) occultations in the UV. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 

 

 

 

 

 

 

Fig. 11. The surface radiance factor of Mars (colored lines) in the UV as derived 

from 3 UV channel observations and a comparison with the radiance factor deduced 

for Phobos. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article). 
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was nonetheless used to spot local enhancements since SO 2 is ex-

pected to be locally and temporally variable due to its putative

sources (sporadic volcanism) and sinks (fast photolysis). However,

SO 2 may have been detected at such levels in its strongest band

near 210 nm where the Sun’s brightness sharply decreases with de-

creasing wavelength. The imperfect removal of stray light makes
hese detections dubious. It is more likely that SPICAM has es-

entially confirmed the previously derived upper limits – with the

ost recent estimates established by Encrenaz et al. (2011) who

btained 0.3 ppbv globally and 2 ppbv locally. 

An interesting by-product of this detection attempt was to de-

ive spectral UV albedos of the Martian surface ( Fig. 11 ): the ra-

iative transfer model adapted from Perrier et al. (2006) can be

sed to simulate reflectance spectra taking into account dust and
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Fig. 12. (Black dots) CO 2 density measured by stellar occultation at 100 km above 

the Mars zero datum (areoid) between January 2004 (MY26, Ls = 333 ° here shown 

at Ls = −27 °) and February 2011 (MY29, Ls = 238 ° here shown at Ls = 958 °). Only 

the data obtained below 50 ° latitude are shown. (Green curve) A synthetic density 

ρ = (5 τ −2) x 10 –7 directly derived from the visible aerosol opacity τ measured 

by the Opportunity rover camera ( Lemmon et al., 2004 ). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article). 
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Fig. 13. CO 2 density measured by stellar occultation at 100 km during MY27 (black 

dots) compared with predictions from an improved LMD Global Climate Model 

( Madeleine et al., 2011, 2012 ; Navarro et al., 2014 ) using a dust climatology com- 

piled for MY27 (Montabone et al., 2017, submitted for publication). The agreement 

is much better than with the previous version of the GCM (see Fig. 11 in Forget et 

al., 2009 ). 
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 3 UV opacities but with ground albedo set to spectrally constant

alues bracketing the observed reflectance spectrum (typically 0

nd 0.2). In the single scattering approximation (valid where dust

pacity is low enough), it can be shown that there is a linear re-

ationship between the observed radiance and the surface albedo.

he two simulated, bracketing radiance factors can then be used

o derive a spectrum of the UV surface albedo. Several such de-

ived albedos are shown in Fig. 12 . They are consistent with UV

ust albedo derived by Pang and Ajello (1977) beyond 280 nm, but

iffer at shorter wavelengths and exhibit a narrow signature in the

70–290 nm interval. For the sake of comparison, the reflectance of

hobos as deduced from the numerous dedicated observations of

he Martian satellite is also displayed in Fig. 11 . It is rather remark-

ble to find that Phobos albedo depicts a spectral behavior akin to

he one found for Mars surface. 

. Middle atmosphere sounding (50–150 km) 

.1. Temperature and density profiling using stellar occultation in the 

V 

The high sensitivity provided by the observations of the setting

r rising of UV bright stars through the atmosphere with SPICAM

as provided the first remote sensing measurements of the density

nd temperature in the Martian middle atmosphere, between 70

nd 130 km ( Quemerais et al. 2006 ; Forget et al., 2009 ). The only

ther observations in that altitude range are the in situ density

easurements performed by entry probes and aerobraking space-

rafts. CO 2 absorbs stellar radiation between 120 and 190 nm and

llows a high sensitivity for a wide range of pressures, between

0 −6 and 1 Pa. However, at pressure higher than 0.1 Pa (i.e. below

0 and 70 km), it has been found that the retrieved densities can

e significantly underestimated as the stellar spectrum gets fully

bsorbed in its Far Ultraviolet part (short ward of 180 nm), and

he temperatures overestimated. No reason has been found so far

o explain this “warm bias” although several potential causes have

een explored (CO 2 cross section dependence on temperature, at-

ospheric refraction). 

The first 616 usable profiles obtained for a wide range of lati-

ude and longitude over a little more than one Martian year (MY

7) have been analyzed by Forget et al. (2009) . Since MY27, many

ore occultation observations have been performed, although in
any cases the measurements have been affected by the spurious

ntensifier spikes described previously (see Appendix). 

Fig. 12 shows a compilation of the density measurements in-

erpolated at 100 km above the Mars geoid (areoid) between the

nd of Martian Year 26 until mid-Martian Year 29. As analyzed

n Forget et al. (2009) , atmospheric densities exhibit large sea-

onal fluctuations mostly due to variations in the dust content of

he lower atmosphere which controls the temperature, and thus

he atmospheric scale height, below 50 km. The direct correlation

etween the air density in the upper atmosphere and the lower

tmosphere dust loading is illustrated by the green curve in Fig.

2 which is a linear function of the visible dust opacity as mea- 

ured by the camera on the Opportunity rover ( Lemmon et al.,

004 ). The response of the upper atmosphere of Mars to lower at-

ospheric dust storms has also been studied using SPICAM data

nd other datasets by Withers and Pratt (2013) . 

In Forget et al. (2009) , comparison of the observed variations

o the LMD Global Climate Model (GCM) revealed significant dis-

greement mostly due to an inappropriate dust climatology, but

lso due to missing physical processes in the model. Since then,

he GCM has been improved, with a semi-interactive dust cycle

o represent the dust vertical distribution and the inclusion of the

adiative effect of water ice clouds ( Madeleine et al., 2011, 2012 ;

avarro et al., 2014 ). Combined with an improved dust climatol-

gy, this has allowed a much better model-data agreement and

hus a better understanding of the seasonal variation of the atmo-

pheric density observed by SPICAM as shown in Fig. 13 . SPICAM

ensity and pressure variation measurements have also been used

o detect and characterize non-migrating tides in the 70–120 km

egion by Withers et al. (2011) . They found that the signal is dom-

nated by wave-2 and wave-3 components and that they mostly

esult from the diurnal Kelvin waves 1 and 2. 

Temperature profiles have been derived from the density pro-

les assuming that the atmosphere is in hydrostatic equilibrium

 Quémerais et al., 2006; Montmessin et al., 2006b ). The SPICAM

easurements revealed interesting, but limited seasonal variations

t a given pressure level, but large day-to-day and longitudinal

uctuations. The diurnal cycle could not be analyzed in detail be-

ause most data were obtained at nighttime, except for a few oc-

ultations observed around noon during northern winter. There,

he averaged midday profile was found to differ slightly from the

orresponding midnight profile, with the observed differences be-

ng consistent with propagating thermal tides and variations in lo-

al solar heating. 

About 6% of the observed mesopause temperatures in MY27

xhibited temperature below the CO frost point, especially
2 
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Fig. 14. Average temperature profiles measured by SPICAM (black lines), simulated by the version of the LMD-MGCM described in Forget et al. (2009) (green lines) and by 

the improved version of the model (red lines, see González-Galindo et al., 2013 ). The observations are averages of 16 profiles obtained between Ls = 90 °–120 ° and latitude 

17 °S–16 °S (left panel) and of 48 profiles obtained between Ls = 240 ° and 270 ° and latitude between 30S and 10 N (right panel). The modeled profiles are temporal and 

geographical averages for the same temporal and geographical intervals. Note that SPICAM temperatures below the 0.1 Pa level are thought to be overestimated. Approximate 

altitudes are given for reference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Fig. 15. The circles mark O 2 mixing ratios inferred from six UV stellar occultations 

( Sandel et al., 2015 for orbits/Ls of 0395/32,7 °, 06 87/6 8.9 °, 0718/78.7 °, 0887/93.5 °, 
0977/104.7 °, 1610/195.4 °). Error bars are omitted for clarity; typical values are in 

the range 10–25%. The numbers in the legend are the Mars Express orbit numbers. 

Geometry information about the sampled regions may be found in Table 2 . The tri- 

angles indicate values from the lower part of the altitude range sampled by Viking. 

These profiles suggest variations in O 2 mixing ratio in space and time. 
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during Northern summer in the tropics. The very high levels of su-

persaturation encountered suggest that CO 2 ice clouds similar to

the one directly observed during the day by near-infrared imaging

( Montmessin et al., 2007; Määttänen et al., 2010 ) may also form

at night. Montmessin et al. (2006b) analyzed four examples of SPI-

CAM stellar occultation observations of unusual detached aerosol

layers around 100 km, thought to be clouds, and found that in each

cases the simultaneous temperature measurements indicated sub-

freezing temperature a few kilometers above. 

SPICAM temperature measurements have provided a first-hand

validation for the thermospheric models. As detailed in Forget et

al. (2009) and Gonzalez-Galindo et al. (2009) for the LMD GCM,

as well as McDunn et al. (2010) for the Mars Thermosphere GCM

developed at the University of Michigan, it was found that models

strongly overestimated temperatures, i.e. the mesopause was found

at too low altitudes. This discrepancy was analyzed and attributed

to the parameterization of the cooling due to CO 2 15 μm emissions

in Non-Local Thermal Equilibrium conditions as the likely respon-

sible. For instance, the parameterizations used at LMD included a

number of simplifications that affected the radiative transfer, and

made use of a fixed, constant and uniform atomic oxygen concen-

tration. Motivated by the SPICAM data, an improved parameteriza-

tion has been developed to overcome those limitations (see López-

alverde et al., 2011 and González-Galindo et al., 2013 ) and the

actual atomic oxygen profile calculated by the model is now taken

into account. Fig. 14 shows two average SPICAM temperature pro-

files obtained at different seasons and latitudes, compared to the

average temperature profiles predicted by the old version of the

LMD GCM (and as shown in Forget et al., 2009 , Fig. 15 ) and by the

updated version of the model. The agreement is much better. 

4.2. Ground-state molecular oxygen O 2 

Understanding the distribution of ground-state O 2 , a primary

photochemical product on Mars, is important in constraining pho-

tochemical, dynamical and evolutionary models of the Martian at-

mosphere. For some reason, Sandel et al. (2015) have reported

altitude profiles of O 2 from SPICAM UV observations of six stel-

lar occultations. They inferred the O 2 abundance from absorption

by O 2 in the Schumann–Runge continuum, which lies shortward

of 175 nm. Although the absorption cross-section of O is larger
2 
han that of CO 2 over much of the wavelength range of inter-

st, the low mixing ratio of O 2 relative to CO 2 means that the

 2 absorption signature is at best a small feature in an absorp-

ion spectrum dominated by CO 2 . This O 2 absorption signature

as reliably measured and O 2 abundances inferred over an alti-

ude range that varied among occultations, typically from 90 to

30 km, which spans much of the region of most active photo-

hemistry. CO 2 abundances determined simultaneously from the

ame observations permit computing the O 2 mixing ratios, which

re listed in Table 2 and plotted in Fig. 15 . These mixing ratios are

enerally larger by a factor of three to four than values found for
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Table 2 

Characteristics of the observations used by Sandel et al. (2015) to infer the 

concentration of molecular oxygen in a fundamental state. 

Time Orbit Lat ( °) LST (h) L S ( °) O 2 vmr a , b 

2004-05–13/10:34 0395 16.7 21.05 32.7 5.3 ± 1.1 

2004-08–03/02:49 0687 −38.0 18.67 68.9 5.8 ± 1.5 

2004-08–11/20:14 0718 −75.4 7.29 72.7 3.2 ± 1.1 

2004-09–28/04:56 0887 −75.1 3.77 93.5 3.6 ± 1.3 

2004-10–23/06:22 0977 −16.4 3.74 104.7 3.1 ± 0.6 

2005–04–18/13:54 1610 37.7 21.99 195.4 3.3 ± 1.8 

a Volume mixing ratio in units of 10 −3 . 
b Uncertainty reflects variation over altitude, not measurement uncer- 

tainty. 
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he lower atmosphere (see e.g. Owen et al., 1977; Hartogh et al.,

010; Mahaffy et al., 2013 ), but the lower SPICAM profiles are sim-

lar to those measured by Viking ( Nier and McElroy, 1977 ) at simi-

ar altitudes. As a non-condensible species, O 2 located close to the

urface of Mars is expected to exhibit seasonal variability caused

y enrichment/depletion of non-condensible species subsequent to

O 2 freeze/thaw cycle. Our limited dataset does not allow us to

onclude on a propagation of this seasonal signature at the alti-

udes where it is possible for SPICAM to detect O 2 . 

.3. O 2 (a 
1 �g ) nightglow 

The O 2 (a 
1 �g ) nightglow at 1.27 μm is a sensitive tracer of the

iddle and upper atmosphere circulation. Unlike the O 2 (a 
1 �g )

ayglow emission that results from the O 3 photolysis (see also

uslyakova et al., 2014 , 2016 ), the O 2 (a 
1 �g ) nightglow is a prod-

ct of the recombination of O atoms formed by CO 2 photolysis at

ltitudes higher than 80 km and transported to the winter pole by

he Hadley circulation. The first detections of the O 2 (a 
1 �g ) night-

low by OMEGA and CRISM showed that it is two order of mag-

itude less intense emission than the O 2 (a 
1 �g ) dayglow ( Bertaux

t al., 2012; Clancy et al., 2012 ). In 2010 the vertical profiles of

he O 2 (a 
1 �g ) night side emission were obtained with SPICAM near

he south pole at latitudes of 82–83 °S for two sequences of obser-

ations: L s =111 °–120 ° and L s = 152 °–165 ° ( Fedorova et al., 2012 ).

he altitude of the slant emission maximum observed by SPICAM

aries from 45 km at L s =111 °–120 ° to 38–49 km at L s = 152–165 °.
nce converted into a vertically integrated intensity, the emission

t these latitudes shows an increase from 0.22 to 0.35 MR. Those

alues are consistent with the OMEGA observations reported in

ertaux et al. (2012) . From the O 2 (a 
1 �g ) nightglow it is possible

o estimate the density of oxygen atoms at altitudes from 50 to

5 km, which is found to vary from 1.5 ×10 11 to 2.5 ×10 11 cm 

−3 .

omparison with the LMD GCM with photochemistry ( Lefèvre et

l., 2004 , 2008 ) shows that the model reproduces fairly well the

 2 (a 
1 �g ) emission layer observed by SPICAM at night, provided

hat the intrinsic vertical resolution ( > 20 km on the limb) of the

nstrument is taken into account. 

Since 2011 SPICAM IR has been carrying out a campaign at the

orthern and southern polar latitudes, where about 120 vertical

rofiles of the O 2 (a 
1 �g ) nightglow have been obtained. The com-

arison of the emission detected in both polar regions shows that

he emission peak is located at 35–42 km above the north pole ver-

us 40–55 km above the south pole (see Fig. 16 ). The vertically in-

egrated emission rate is about two times smaller than calculated

y the LMD GCM. This difference may reflect the current uncer-

ainties in the kinetics of the production of O 2 (a 
1 �g ), or can be

ue to an inaccurate downward transport of O atoms by the GCM

n the polar night region. 
.4. Nitric oxide (NO) nightglow 

In the upper atmosphere of Mars, CO 2 and N 2 molecules are

hotodissociated by solar UV and EUV radiation. O and N atoms

re then transported by the mean meridional circulation to the

inter pole region. They recombine in the polar night as air

arcels subside to form O 2 and NO (nitric oxide) molecules, as

evealed by their nightglow emission at 1.27 μm and in the UV,

espectively. Therefore, the NO UV nightglow emission in the δ
190–240 nm) and γ (225–270 nm) bands, which arises from ra-

iative recombination between O( 3 P) and N( 4 S) forming excited

O molecules, is a good tracer of the dynamics of the Martian

olar night between 30 km and 100 km. Following the discov-

ry by SPICAM of the NO nightglow ( Bertaux et al., 2005b ), Cox

t al. (2008) later analyzed 21 orbits of SPICAM containing limb

bservations of these NO UV emissions. This allowed an exten-

ive description of the variability of the NO emission brightness

eak and its peak altitude, mainly depending on the latitude and

he season. The upper panel in Fig. 17 illustrates an example of

n NO emission limb profile. From the comparison with a one-

imensional chemical-diffusive model, values for the oxygen and

itrogen density profiles (middle panel) and the eddy diffusion co-

fficient (lower panel) have been determined ( Cox et al., 2008 ). The

ownward flux of N atoms at 100 km varies by two orders of mag-

itude, ranging from 10 7 to 10 9 atoms cm 

−2 s −1 . Oxygen and nitro-

en density profiles present a peak near 50 km and 70 km. Cox et

l. (2008) adopted an altitude dependence K(z) = A / N 

1/2 , where

 is the total number density in cm 

−3 and A is a constant best fit-

ing the observed limb profile. They found A values in the range

.4 ×10 5 to 1.5 ×10 6 , corresponding to K values about an order of

agnitude less than other values in the literature. 

To the above-mentioned dedicated limb data set was added a

arge number of stellar occultations, from which the NO signal was

xtracted for 128 occultations ( Gagné et al., 2013 ). Overall, the SPI-

AM data cover almost three Martian years from L s = 44 ° of MY

7 to L s = 326 ° of MY 29 ( Fig. 18 ). Around the southern winter sol-

tice, all positive NO detections between L s = 60 ° and L s =120 ° are

t latitudes southward of 30 °S. This is in agreement with the LMD

CM calculations, which show a strong NO emission in the de-

cending branch of the Hadley circulation above the southern polar

egion. In contrast, around the northern winter solstice (L s = 240 °–
00 °), the SPICAM detections of NO are spread over a large latitude

ange, from 20 °S to 70 °N, whereas the LMD GCM predicts a much

eaker emission near the equator than at high northern latitudes.

nother North-South asymmetry is that the SPICAM “NO polar sea-

on” appears to be much shorter for the southern hemisphere than

or the northern hemisphere. This is unexpected since the southern

inter is longer than the northern winter, due to orbit eccentric-

ty. For equinox conditions (around L s = 0 ° and L s = 180 °), SPICAM

oes not detect bright NO emissions poleward of 60 °, contrary to

he simultaneous NO maxima calculated by the LMD GCM above

he poles in both descending branches of the Hadley circulation.

hese discrepancies between SPICAM data and current model cal-

ulations of the NO emission are still not understood. 

A comprehensive survey of the SPICAM relevant database for

O (i.e. stellar occultations and limb observations) was conducted

y Stiepen et al. (2015b) to further characterize the factors that

ontrol the NO nightglow emission layer. Out of a total of 50 0 0

bservations, NO nightglow was detected in 200 of them. They

onfirmed preliminary results by Cox et al. (2008) and Gagné et

l. (2013) regarding the emission peak altitude (72 ± 10.4 km) and

rightness (5 ± 4.5 kR). They showed that the large NO nightglow

ayer, from 42 to 97 km, experiences large brightness variability,

anging from 0.23 to 18.51 kR. Stiepen et al. (2015b) showed that

he number of detections increases with higher solar activity. Yet,

he solar activity does not play a role in the NO nightglow layer



208 F. Montmessin et al. / Icarus 297 (2017) 195–216 

Fig. 16. Vertical profiles of the O2 nightglow expressed in MegaRayleigh (MR) in the south and north poles. Two kind of measurements are displayed: on the left, only the 

profiles collected with a vertical resolution smaller than 50 km, and on the right, the profiles assembled with a vertical resolution greater than 50 km, the latter inducing a 

noticeable reduction of the observed peak intensity. 

Fig. 17. (Adapted from Cox et al., 2008 ). Left: Limb profiles of the NO nightglow emission observed by SPICAM ; Middle : Atomic oxygen and nitrogen density profiles 

derived from 1-D model fits to the NO airglow observations. The solid and the dotted lines are respectively the O and N(4S) density profiles from orbit 716. The dashed and 

dotted-dashed lines are O and N from orbit 1577 respectively. Right : Estimates of the altitude variation of the eddy diffusion coefficient. Curve (1) is derived from the model 

fit to the limb profile of orbit 1577, (2) from the fit of the profile for orbit 716. (3) is the K(z) dependence adopted by Krasnopolsky (2002) while (4) and (5) are, respectively, 

the values used by Nair et al. (1994) and Krasnopolsky (2006) in their models of the Martian photochemistry. 
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altitude and brightness, an unexpected result that is still not un-

derstood. Stiepen et al. (2015b) constructed seasonal maps of the

NO nightglow brightness and confirmed the data-model discrepan-

cies found by Gagné et al. (2013) on a larger dataset. 

These studies show the complexity of the path N and O atoms

follow from the dayside thermosphere where they are created to

the nightside mesosphere, where most recombine to form NO. The

atoms cross a vertical section of ∼100 km and the NO nightglow

emission is thus controlled by changes in this large section of the

Martian atmosphere. 

5. Upper atmosphere sounding (150 km to > 10 0 0 km) 

5.1. Exospheric hydrogen 

The first observations of Lyman- α by SPICAM were obtained

at Ls = 180 ° for solar moderate conditions (F10.7 at 1UA ∼100;

Chaufray et al., 2008 ). Two kinds of observations were studied:

four observations above the south pole and two observations near
he equator at SZA = 30 ° It was showed that one thermal hy-

rogen component with an exobase temperature equal to ∼200–

50 K and an hydrogen density at the exobase of 1–2 ×10 5 cm 

−3 

ive a reasonable good fit to the observations, requiring however

 scaling factor on the absolute brightness of ∼+ 10%. A better

t was obtained with the addition of a hot hydrogen population

ithout scaling the absolute brightness for the observations at

ZA = 30 ° while the observations above south pole could be fit-

ed by one thermal population with a temperature within 270–

90 K. Simulations with a coupled three-dimensional atmosphere-

xosphere model (Chaufray et al., 2017, submitted for publication)

or solar average conditions (F10.7 = 118.3), at Ls = 150 ° – 180 °
re compared to these two kinds of observations in Fig. 19 . The

odeled Lyman- α brightness is overestimated for the observa-

ion at SZA = 30 °, implying an overestimated hydrogen density by

he model. The model is in better agreement with the observa-

ions above the south pole especially if the measured brightness

s rescaled by 10% but the scale height is slightly underestimated,

hich could be due to the presence of a hot hydrogen population. 
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Fig. 18. (Upper plot) Zonal mean NO nightglow limb integrated intensity (Rayleigh) predicted by the LMD/MGCM ( Gonzalez-Galindo et al., 2009 ) as a function of latitude 

and Ls at LT = 21. Note that the color scale is logarithmic (3 covers 10 3 R). (Lower plot) NO observations plotted as a function of Ls and latitude. Color dots overlaid with 

squares represent time and location of the positive detections during that interval, with the color coding the measured limb intensity in kR. Color dots overlaid with squares 

represent the time, location, and intensity of dedicated limb intensities extracted from Cox et al. (2008) . The black solid line is a sine curve, latitude = −80 ×sin (Ls), along 

which fall (more or less) the positive NO detections of both datasets, this one and that of Cox et al. (2008) . Ellipses point to the solstice seasons. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 19. H Lyman- α brightness as a function of altitude above the Martian limb observed by SPICAM/MEX during orbit 1541 (top) and 1514 (bottom) described in Chaufray 

et al. (2008) using the nominal calibration (left) and using a 10% rescaled brightness (right). The 3D model shown is described in Chaufray et al. (2013). 
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While a hot hydrogen component is unambiguous at Venus

 Anderson, 1976 ), its detection at Mars has been more elusive due

o the lower gravity of the planet and thus the more extended na-

ure of the thermal corona. The source of hot hydrogen at Mars

s unknown. Presumably, the same mechanisms that operate at

enus to produce a hot corona are active at Mars, but to date the-

retical studies have indicated that hot H makes a very small con-

ribution to the total H present in the corona ( Nagy et al., 1990 ), a

onclusion with which Chaufray et al. (2017) submitted for publi-

ation results apparently disagree. 

Since the work of Hunten and McElroy (1970) , photochemical

odels of the Martian atmosphere have predicted a ∼10 4 –10 5 year
imescale for the production of molecular hydrogen from water in

he lower atmosphere. This molecular hydrogen is converted into

tomic hydrogen in the ionosphere and provides what is thought

o be the major source of the atomic hydrogen that escapes to

pace. Because the H 2 production timescale is much longer than

he seasons and solar cycle, models predict that the H escape

ate should not vary month-to-month or year-to-year. Contradict-

ng this, Chaffin et al. (2014) demonstrated that in 2007, SPICAM-

athered altitude profiles of Lyman- α sunlight scattered from exo-

pheric hydrogen imply an order-of-magnitude decline in the H es-

ape rate, from previously unobserved levels. This likely represents

elaxation from a temporarily enhanced escape rate, possibly due



210 F. Montmessin et al. / Icarus 297 (2017) 195–216 

Fig. 20. O I 130.4 nm brightness derived from SPICAM/Mars Express (red line) and 

ALICE/Rosetta (black stars) as a function of altitude above the Martian limb. Adapted 

from Feldman et al. (2011) . (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. Limb profiles of dayside airglow emissions observed with SPICAM (from 

Cox et al., 2010 ). The measurements (diamonds) of the CO Cameron and CO 2 
+ dou- 

blet limb brightness have been binned into 5 km cells. The red dashed curves show 

the plus or minus 1 standard deviation. The blue curves were calculated with the 

dayglow model by Shematovich et al. (2008) for the same conditions as the ob- 

servations. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article). 
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to a global dust storm in which water was carried from the sur-

face to the ionosphere, dramatically increasing atomic H produc-

tion. These results show that H escape is more variable than pre-

viously suspected, potentially resulting in much larger integrated

water loss over Martian history. Both simulations and observations

are needed to understand and simulate properly the full cycle of

the atomic hydrogen and its escape. 

5.2. Exospheric oxygen 

Atomic oxygen density in the Martian upper atmosphere can

be constrained through the observations of its emission line at

130.4 nm. First observations performed by the Mariner missions

concluded that two mechanisms were responsible of this emission:

resonant scattering of solar photons and photoelectron impact ex-

citation on atomic oxygen ( Strickland et al., 1972, 1973 ; Fox and

Dalgarno 1979 ; Stewart et al., 1992 ). The oxygen line was also ob-

served by SPICAM UV. The analysis of the brightness vertical pro-

files ( Fig. 20 ) performed by Chaufray et al. (2009) led to an esti-

mate of the oxygen density at 200 km to be ∼1–2 ×10 7 cm 

−3 at L s 
∼100 °–160 °, assuming an exobase temperature of 200 K. However,

models with higher temperatures ( T ∼300–340 K) led to a better

fit. Chaufray et al. (2009) interpreted this as the effect of a non-

negligible contribution of the hot oxygen population between 300

and 400 km but no clear detection greater than 30 R of the hot

oxygen corona could be retrieved from observations. ALICE/Rosetta

as well as HST detected this hot oxygen corona and confirmed

a low brightness of ∼10 R ( Fig. 20 ) consistent with the SPICAM

upper limit ( Feldman et al. 2011 ; Carveth et al., 2013 ). Several

studies have predicted the presence of a hot oxygen population

dominant above 500 km. This hot oxygen corona originates mainly

from the O 2 
+ dissociative recombination (e.g. McElroy 1972 ; Nagy

and Cravens, 1988; Chaufray et al., 2007; Valeille et al., 2009;

Yagi et al., 2012 ). A thermal oxygen density of ∼3 ×10 7 cm 

−3 at

the exobase was found consistent with ALICE UV observations on

Rosetta at Ls = 190 ° for low solar conditions ( Feldman et al. 2011 ).

This value as well as the brightness measurement near 400 km is

in good agreement with SPICAM-UV measurements ( Fig. 20 ). 

The average dayside oxygen density at 200 km obtained with

the LMD GCM ( Yagi et al., 2012 ) at L s = 120 ° – 150 ° for low so-

lar conditions is ∼2.5 ×10 7 cm 

−3 for an exospheric temperature

of 190 K, in reasonable agreement with SPICAM observations The

average oxygen density at 200 km increases by a factor of two
rom L s = 90 ° to L s = 150 ° consistent with an increase of a fac-

or of about two derived from O I at 130.4 nm by Chaufray et al.

2009) from L s = 100 ° to L s = 160 ° This increase in oxygen density

as been linked to a decrease of the altitude of the homopause by

onzalez-Galindo et al. (2009) , favoring the upward transport by

olecular diffusion. Finally, the average oxygen density at 200 km

ecreases by ∼50% from 13HLT to 16HLT at this season, which is

onsistent with the decrease in oxygen density with solar zenithal

ngle derived by Chaufray et al. (2009) . Therefore, the oxygen tem-

oral trends derived from the LMD GCM model are consistent with

he SPICAM observations at first order. Simulations of the oxygen

rightness by a three-dimensional GCM-Exosphere model coupled

o a radiative transfer model of the oxygen resonant line ( Yagi et

l., 2012 ) should be compared directly to the UV observations to

rovide a better quantification of the temporal trends. 

.3. Martian dayglow: CO Cameron bands and CO 2 
+ doublet dayglow

SPICAM has provided extensive coverage of the CO and CO 2 
+ 

ltraviolet dayglow. Limb profiles of the main emissions have been

ollected, covering a wide range of latitude and seasons. Leblanc et

l. (20 06a, 20 07) and later Stiepen et al. (2015a) derived thermo-

pheric temperatures from the scale height of the emission limb

rofiles. They found values ranging from 193 to 214 K, somewhat

ower than predicted by the Mars GCM of Bougher et al. (20 0 0) .

he exospheric temperature appeared largely independent of the

olar zenith angle and season. Cox et al. (2010) also concluded that

he occurrence of a major dust storm in 2007 modified the airglow

mission profile, suggesting that the thermal perturbation propa-

ates up to the thermosphere. 

Cox et al. (2010) analyzed a set of 33 limb profiles of the

O (a 3 � – X 

1 �+ ) Cameron bands and CO 2 
+ doublet at 298 and

99 nm (see Fig. 21 ). The data were collected during the spring

eason (L S = 90–180 °) between 100 and 150 km. They found that

he average peak altitude of the Cameron band is 121.1 ± 6.5 km.

hey showed that the intensity is mainly controlled by the so-

ar zenith angle and by solar activity, whereas the peak altitude

eems to be dependent on the local CO 2 density profiles. They

ound good agreement between the measured limb profiles and

hose calculated with the one-dimensional model by Shematovich

t al. (2008) . They showed that the intensity of the peak emissions

ay be reproduced by introducing a scaling factor in the excita-

ion cross sections. A similar conclusion was reached by Simon et

l. (2009), Jain and Bhardwaj (2012) and Gronoff et al. (2012) . It

as estimated that Cameron band intensities calculated with the

urrently available cross sections are too large by a factor of two. 
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SPICAM dayglow spectra also made it possible to first identify

he presence of the N 2 Vegard–Kaplan bands ( Leblanc et al., 2007 ).

he intensity distribution of this emission was recently modeled

nd reproduced by Jain and Bardwhaj (2011) and Fox and Hac

2013) . The latter found that the predicted limb intensities are fully

onsistent with those observed by SPICAM. 

.4. Discovery of auroral activity on Mars 

One of the first outstanding findings of SPICAM concerned the

etection of auroral emissions ( Bertaux et al., 2005a ). They were

alled auroral emissions for basically three reasons: first, these

aint and night side emissions are characterized by a sudden in-

rease of intensity, from a few up to 30 seconds (see Figs. 1 and

 of Bertaux et al., 2005a ). Then, the processed spectrum con-

ains dayglow features. Finally, the location of these emissions is

emarkably connected to crustal magnetic anomalies. This kind of

missions corresponds to a distinct type of aurora not seen be-

ore in the Solar System: it is unlike aurorae at Earth and the gi-

nt planets, which lie at the foot of the intrinsic magnetic field

ines near the magnetic poles, and unlike Venusian atomic oxy-

en auroras, which are diffuse, sometimes spreading over the en-

ire disk. Instead, this aurora identified on Mars is a highly con-

entrated and localized emission due to energetic electrons chan-

eled by magnetic field anomalies, which impact the atmosphere

ith an energy distribution peaking at few tens of eV ( Leblanc et

l., 2006b ). Auroras have been detected in all seasons. The inten-

ities range from 100 to 20 0 0 R for the CO Cameron bands and

rom 10 to 160 R for the CO 2 
+ doublet. The altitude of the emis-

ion is around 130 km. The signature of the auroral processes has

lso been recorded in the ASPERA-3/Electron Spectrometer data

nd in the Total Electron Content derived from the MARSIS radar

 Leblanc et al., 2008 ). Since then, new types of auroras have been

etected by the IUVS instrument onboard MAVEN, suggesting more

idespread occurrences with increased solar activity ( Schneider et

l., 2015 ) 

The SPICAM nightglow database collected over 10 years in the

adir direction was searched by Gérard et al. (2015) who ana-

yzed a total of 16 auroral UV events together with concurrent

easurements of energetic electrons made with the ASPERA-3/ELS.

hey confirmed the close association with regions located near the

pen-closed magnetic field line boundary in cusp-like structures.

his concluded the Martian aurora is an infrequent phenomenon,

s a majority of the MEx passes over the “auroral” regions at dif-

erent times and dates showed no signature of UV auroral events.

oret et al. (2016) focused on three limb observations to quantify

he altitude of the aurora. They found that the auroral emissions

re strongly confined in size and they estimated the peak altitude

f the CO Cameron bands to be 137 ± 27 km. Using electron energy

pectra measured with the ASPERA-3/ELS instrument, they calcu-

ated altitudes with a Monte Carlo electron transport code in very

ood agreement with the observations, but found strong discrep-

ncies between the predicted and observed nadir intensities. 

. Conclusion 

During the past 10 years, the SPICAM instrument onboard Mars

xpress has contributed to the improvement of the understand-

ng of Mars’ climate in several areas, including lower atmosphere

omposition and chemical processes, lower atmosphere structure

nd its governing dynamical processes, up to the thermosphere

nd above where atomic species like oxygen and hydrogen have

een characterized. Mars’ climate is the complex result of a variety

f “agents” interacting together: dust, water ice clouds and vapor,

arbon dioxide. SPICAM has enabled detailed investigation of these
nteractions in a unique way as it combines the possibility to mon-

tor all these species simultaneously and to provide constraints on

oth their horizontal and their vertical distribution. 

On the basis of the results collected to date, it is possible to

raw a common thread to the variety of topics covered by the

nstrument. The nadir observation mode has produced one of the

ongest climatology published to date for both of water vapor (IR)

nd ozone (UV) column abundances, confirming their suspected

nti-correlation. This is controlled by the release of H, OH and

O 2 radicals from the decomposition of water vapor, these radi-

als being powerful destroyers of odd oxygen O and O 3 . In par-

llel, SPICAM IR in solar occultation mode has established a de-

ailed characterization of the H 2 O vertical distribution, revealing a

alient feature for water vapor that was not anticipated: the pres-

nce of unexpected amounts of water vapor above 30 km where

t can be photodissociated into H and OH. While it has been pro-

osed ( Maltagliati et al., 2011 ) and later modeled ( Navarro et al.,

014 ) that the presence of water in excess of saturation above the

loud layer during the Aphelion season is likely caused by cloud

ormation processes impeded by the lack of condensation nuclei,

he presence of water vapor above 40 km up to concentrations ex-

eeding 100 ppm ( Maltagliati et al., 2013 ) remains to be under-

tood and explained by models. 

These large amounts of water vapor exposed to UV sunlight at

uch altitude become quickly photodissociated and a local produc-

ion of hydrogen atoms in the mesosphere provides an access to

he exobase more straightforward than previously theorized. The

irect deposition of hydrogen atoms in the upper mesosphere and

urther transportation in the lower thermosphere is supported by

he recent discovery of a polar ozone layer at the winter south

ole, indicative of planetary-scale transport and recombination of

xygen atoms from the summer hemisphere during solstice. The

bsence of a comparable layer at the north pole during the cor-

esponding winter season in the northern hemisphere has been

xplained by three-dimensional chemistry models to result from

he equator-to-pole advection of hydrogen atoms produced in the

ummer southern mid-latitudes, where SPICAM IR revealed water-

apor rich layers above 60 km. 

Finally, the seasonal evolution of hydrogen, which can be ob-

erved and characterized above the exobase from limb staring

yman-alpha modes ( Chaffin et al., 2014 ), has revealed a behavior

f hydrogen atoms contradicting the canonical view of an upper

eservoir of H seasonally disconnected from its water vapor pre-

ursor in the lowest atmospheric layers. The timescale of ∼10 4 –10 5 

ears predicted by models for the conversion of water to escaping

ydrogen is the result of chemical reactions at high altitude in-

olving dissociative ionization of H 2 mainly by CO 2 
+ ( Hunten and

cElroy, 1970; Krasnopolsky et al., 2002 ). As shown by Chaffin et

l. (2014) with SPICAM and by Clarke et al. (2014) from Hubble

pace Telescope observations, the hydrogen corona shows puzzling

ariations over short term (e.g. months) that appears to be corre-

ated with lower atmosphere variability. 
• Mars atmosphere: a highway to space for hydrogen? 

From this ensemble of results, we can infer that the commu-

ication between the well-mixed lower atmosphere and the outer

ayers where atoms (hydrogen in particular) can freely escape is

ore direct and much faster than anticipated. Escape processes for

ater need to be reappraised in light of this consideration. The

artian atmosphere appears as one single coherent system, able

o react on short timescales and which may therefore have been

ominated throughout its history by seasonal peaks. 
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Appendix 

The following provides a summary of the main changes regard-

ing our understanding of the instrument characteristics since there

were first presented with SPICAM in flight in Bertaux et al. (2006) .

Instrument Point-Spread Function 
• UV channel 

Characterizing the detailed Point-Spread-Function (PSF) of the

UV channel proved more complicated than initially understood

and reported in previous works on the topic ( Quémerais et al.,

20 06; Bertaux et al., 20 06 ). While these early studies mention a 2–

3 pixel-wide Gaussian shape as a best fit for the PSF, several stellar

observations yielding transmission of the entire CCD frame with-

out any binning have provided stronger constraints on the analyti-

cal form of the photon spread. 

SPICAM UV PSF is actually best represented by a Voigt func-

tion (whose parameters are given in Fig. 4 ) and this implies the

existence of a far-wing in the line profile that was previously ig-

nored ( Snow et al., 2013 ). This far-wing contribution is equivalent

to a spread for a monochromatic point source covering a disk of

> 40 pixel-diameter in the CCD plane. In practice, a cut-off at a

distance of about 40 pixels from the center is added to avoid ex-

cessive redistribution of photon energy in the far wings. The ex-

act value for the cut-off distance is not very well constrained, as

the signal of the star used for this analysis beyond 20 pixels be-

comes dominated by noise. An alternative form, consisting of a

linear combination of a Gaussian and a Lorentzian curve instead

of their convolution, would offer more am plitude to redistribute

energy between the core and the wings. In addition, it would re-

duce substantially the computational cost of the Voigt function. For

these reasons, it is planned to implement this functional form in

the future. 
• Infrared channel 

The IR channel’s spectral response function is best described

as sin 

2 x / x 2 , and its FWHM of ∼3.5 cm 

−1 is nearly constant in

wavenumbers within the spectral range. 

High voltage spike consideration and mitigation 

A typical example of an observational sequence affected by

these high voltage spikes is shown in Fig. 22 . These spikes in-

duce a temporary elevation/reduction of unknown amplitude of

the intensifier gain. The consequence is the loss for the in-

fected spectra of their calibration state making them imprac-

tical to scientific exploitation. Fortunately, the occurrence of

these spikes is accompanied by distinct variations in the prop-

erties of the recorded spectra. To identify these spikes, we use

the so-called “normalized cord length” (NCL) of the spectrum,
efined as 

CL = 

n −1 ∑ 

i =1 

√ 

( S i − S i +1 ) 
2 + 1 

n −1 ∑ 

i =1 

S i 

ith S i the readout of pixel # i (from 1 to 384). This expression

ives a characterization of the relative noise amplitude in a com-

lete spectrum. A NCL-based selection criterion actually provides

n effective proxy to isolate infected spectra from unaffected ones.

n a sequence of observation, the NCL of “healthy” spectra scatter

round a constant value that lies statistically distant from the val-

es of the infected spectra (see Fig. 22 ). This approach is however

nsufficient to capture all the spikes and the final selection pro-

ess makes use of additional criteria, including the variability of

he spectrum itself. 

Straylight consideration and mitigation 

Several types of stray light affect SPICAM measurements. Below

s the up-to-date “taxonomy” of stray light(s) compiled for both

hannels. Note that stray light mitigation is not currently part of

he processing leading to the production of Level 1A data (see be-

ow) that is freely accessible. 
• UV Channel 

One of the most important sources of stray light is caused

y the far wing component of the instrument PSF. Referring to

tray light may appear debatable in this specific case. However, we

hoose to refer to stray light regardless of its cause but only in re-

ard of its consequence, that is causing the presence of undesired

hotons at any given position on the detector. 

A first version of the treatment of stray light in nadir obser-

ations was designed and used in earlier analysis of SPICAM data

 Bertaux et al., 2006; Perrier et al., 2006 ). This type of stray light is

f “internal” type as all photons come from the observed scene. It

s now understood after updating the PSF that this stray light is in-

uced by the far wings of the scene illuminating the wide portion

f the slit. 

In the case the observed scene can be assumed fully uniform,

he problem can be solved in two ways; either by implementing a

wo-dimensional Voigt convolution of the slit illumination in a for-

ard modeling approach or by matrix inversion by pre-computing

 dispersion matrix whose elements are defined by the assumed

oigt function. The most recent ozone retrieval, as presented later

n the manuscript, has been performed with the former method.

he proportion of stray light is wavelength dependent, accounting

or 30% in the bright part of the solar spectrum and is the domi-

ant signal on the edges. 

In the case where the scene is not uniform across the slit, the

roblem becomes complicated since the slit illumination vector

eeds to be resolved as well. This kind of situation occurs typically

hile staring at the limb when the scene features large illumina-

ion gradient. No correction of this kind has ever been validated

o date and the limb observations analyzed thus far have relied on

mpirical stray light subtraction ( Leblanc et al., 2006a ). 

A different kind of stray light is identified during stellar occulta-

ion. This stray light is promoted by the absence of the slit, which

s retracted at the beginning of the occultation sequence to com-

ensate potential pointing variations and to avoid spurious stellar

ignal fluctuations. On the other hand, such configuration corre-

ponds to 100 times increase of the aperture in the spectral direc-

ion, significantly increasing the chances of capturing signals other

han the star itself. This case has been well documented with the

PICAV instrument around Venus ( Royer et al., 2010; Piccialli et al.,

015 ) and a major “other” signal is produced by nitric oxide emis-

ion (NO) that is widespread on the night side of Venus. NO emis-

ion also exists on Mars and needs to be removed, yet appears less

ntense and less frequent than on Venus. For details regarding the

http://dx.doi.org/10.13039/501100002261
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Fig. 22. An example of the data cleaning procedure to isolate and remove UV channel spectra affected by high voltage spikes. (A) Raw version of SPICAM UV data (Level 

0) showing the evolution over time (30 min sequence composed of 1 spectrum / second) of the spectra collected by the instrument. The wavelength axis is placed along 

the vertical of the image and signatures of NO emission around record #10 0 0 are present. (B) The related normalized cord length (see text for formula). The presence 

of HV spikes is delineated by the outliers. (C) Average signal (all wavelength summed together) with time, the presence of HV spikes is not easily identified with such 

representation. (D) Cleaned version of (A) – Level 1A of SPICAM UV data where HV spikes have been flagged and removed from further analysis. 
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O emission subtraction procedure, the reader is referred to Royer

t al. (2010) . 
• Infrared Channel 

The issue of the straylight in the AOTF, or the distant side

obes of its spectral response function (SRF) has been raised be-

ause early SPICAM water vapor retrievals have been found gen-

rally to be lower than simultaneous measurements obtained with

ther Mars Express instruments. Stray light or spectral leakage was

uggested as a likely explanation. When the RF is turned off, the

OTF serves as an electronic shutter, allowing accurate subtraction

f the background signal, measured after every measurement. The

ynchronous modulation cancels out all the stray light, which is

ot the result of the acousto-optic interaction. However, scattering

r multiple reflections of the acoustic wave field inside the crystal

ay be generated by imperfect coupling of the transducer to the

rystal or imperfect absorber. The optical diffraction of this spuri-

us field produces a synchronous parasitic signal. Possible reasons

or the stray light in the SPICAM infrared channel are detailed in

orablev et al. (2006a) . 

The transmission spectrum of the 1.38-μm water vapor band

ooks like a continuum with weak gaseous absorption features. The

pectral leakage results in the increase of the measured contin-

um, while the depth of the measured absorption features remains

early the same. Then the apparent equivalent optical depth (the

ptical depth integrated over the spectral interval of interest) de-

reases. With high resolving power ( λ/ �λ= 20 0 0) a small spectral

eakage, e.g. of ∼3 × 10 −4 may translate into a ∼6% error in the

pparent equivalent optical depth. 

In order to characterize the stray light, laboratory measure-

ents of water vapor in quantity typical of the Mars atmosphere

2–15 pr μm) were performed with the flight spare model of

PICAM-IR. The measured spectra were simulated with a HITRAN-

ased synthetic model, varying the water abundance, the level of

he stray light, and comparing the results to the known amount of

ater in the cell. The retrieved level of stray light, assumed uni-

ormly spread over the spectral range is below 1–1.3 × 10 −4 , as

xpected from a high-quality grating spectrometer. This stray light

ay lead to an underestimation of the water abundance of up to
%, or 0.6 pr. μm. Taking into account the stray light in the re-

rieval algorithm removes completely the bias previously observed

ith respect to other Mars Express instruments, bringing the over-

ll accuracy to measure water vapor to ∼0.2 pr. μm ( Korablev et al.,

013 ). 

Higher level data production: dark charge and readout pattern re-

oval 

The highest level of data products (Level 1A data) currently ac-

essible and deposited on the ESA Planetary Science Archive web-

ite incorporates a two-stage correction that consists in (1) sub-

racting the background signal generated by the CCD dark charge

nd (2) in removing the correlated readout pattern. 

Estimation and correction of the dark charge for each obser-

ation is performed by making use of the signal recorded in the

asked pixels located at the edge of each detector line of pixels.

edicated sequences of observations with the intensifier inactive

effectively suppressing any photon input) have allowed the estab-

ishment of a statistically robust linear dependence between each

ixel and its corresponding masked pixel. This law was then prop-

gated to every sequence of observation with the intensifier acti-

ated. The derived dark charge pattern has been updated approxi-

ately once a month. 

Readout pattern correlates pixel together and can be repre-

ented by a sine function superimposed on top of the recorded

pectra. Its amplitude is generally equivalent to less than 1% of the

rightest signals. However, readout bias may dominate over pho-

on statistics at low counts. In most cases, observed sources only

over a portion of the available spectral range and a dark portion

emains that permits to identify and isolate the readout pattern.

he latter is usually well fitted by a sine function, whose parame-

ers are determined by fitting the dark portion at every acquisition.

For stellar occultation, the spectrum covers the full available

ange and no dark spectral portion can be used. However, the bins

djacent to the main bin containing the stellar signal are usually

ree of any signal and readout pattern can be accessed this way.

here is a phase correlation between the readout patterns of the

ve bins and this correlation can be established during the “blind”

ortion of the occultation, when the line of sight intersects the
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dark side of the planet. Once this correlation between bins of pix-

els is obtained, it is extrapolated to the illuminated portion of the

occultation and removed from the stellar signal. 

In the IR channel, the instrument employs synchronous mod-

ulation (the AOTF is on during 50% of the measurement cycle),

however a slightly variable temperature-dependent background, or

dark current, originates from RF electrical interference. The re-

moval of this background is described in Korablev et al. (2006a,

2006b) . 
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