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Airglow emissions are optimal processes to investigate the chemistry and dynamics in planetary atmo-
spheres. In this study, we focus on the O2 and OH airglow emissions in Venus, Earth, and Mars atmo-
spheres, which are controlled by chemical reactions common to the three planets. By studying these
phenomena on Venus, Earth, and Mars using similar instruments, we are able to derive information about
their photochemistry and the physical conditions of the atmospheres, but also to constrain the dynamics
responsible for transport of atomic oxygen, ozone and other minor species.

After a review of the nightglow emissions observed in the Venus atmosphere, we analyze the O2 and
OH airglow emissions in the Earth’s atmosphere observed during the 3 swing-bys of our planet by the
Rosetta spacecraft.

We also report the detection of the O2 nightglow emission in the Mars atmosphere, observed in Febru-
ary 2007 during the Rosetta fly-by of the planet. The airglow characteristics are in agreement with the
measurements obtained from sensors on board Mars Express.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Oxygen and hydroxyl airglow emissions are investigated in the
atmospheres of Venus, Earth, and Mars, because they are used as
tracers of atmospheric dynamics and photochemistry. The bright-
est oxygen airglow emission on all three terrestrial planets is asso-
ciated with the (0–0) band of the O2 ða1Dg � X3P�

g Þ transition at
1.27 lm known as the Atmospheric Infrared system. Both dayglow
and nightglow emissions at 1.27 lm provide important informa-
tion about the photochemistry and physical conditions of the
atmosphere, and constrain the dynamics responsible of the trans-
port of atomic oxygen.

Although the atmospheres of the terrestrial planets present
some differences with respect to each other, common photochem-
ical processes regulate the emission process.

The oxygen dayglow is produced by photolysis of ozone by solar
UV radiation with 210 nm < k < 310 nm, through reaction:

O3 þ hm! O2ða1DgÞ þ Oð1DÞ; ðaÞ
while oxygen nightglow occurs through three-body recombination
between atomic oxygen and another molecular species (indicated
with M in the following formula), typically CO2, in the cases of Ve-
nus and Mars, or N2 or O2, in the Earth’s case:

Oþ OþM! O2ða1DgÞ þM: ðbÞ

The O2(a1Dg) excited state can decay to the X3Rg ground state by
emitting photons at 1.27 lm for the (0,0) band and at 1.58 lm for
the (0,1) band with an efficiency of reaction equal to 98.4% and
1.6% respectively, or through quenching with CO2 molecules.

On the three planets, the oxygen atoms involved in reaction (b)
are formed on the sunlit side from the photo-dissociation of the
CO2 or O2 molecules by UV radiation at k 6 200 nm. For the Venus
case, atoms are transported from the day to the night side by the
upper atmospheric circulation, while for the Earth and Mars they
are carried by the planetary rotation.

A revised scheme of excitation, quenching, and energy transfer
processes in the O2 nightglow in the terrestrial planets is provided
in Krasnopolsky (2011). The principal emissions in the visible and
IR ranges are discussed. In the proposed scheme, the radiative life-
times and quenching coefficients for some of O2 band systems are
adjusted in order to fit the observed emissions. In addition, an
upper limit for the O2ðb1Pþ

g � X3P�
g Þ Atmospheric band on Venus,

not yet observed, is provided equal to 150 R (1 Rayleigh is equal to
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an emission of 106 photons cm�2 s�1(4p ster)�1) (Krasnopolsky,
2011).

For the Earth, the O2 infrared dayglow is important because it
is very intense and allows investigation of the daytime ozone
density, through indirect measurements, as reported in several
observations (Noxon, 1982). The maximum of emission is ob-
served at about 50 km, with a secondary peak close to 85 km.
The intensity and peak position are highly variable with season,
latitude, and solar zenith angle, as reported from rocket and
ground-based observations (Winick et al., 1985). This reflects sea-
sonal and latitudinal variations of the ozone concentration (Evans
and Llewellyn, 1972; Noxon, 1972). The difference in altitude be-
tween the peak of the ozone density and the maximum emission
at 1.27 lm is a consequence of the collisional quenching of the O2

(1D) molecule by O2 in the electronic ground state. Collisional
deactivation of the oxygen upper state reduces the brightness of
the lower part of the O2 (1D) emission profile, causing the emis-
sion maximum to be located above the peak of O3. The 1.27-lm
O2 nightglow is observed on average at 87 km height, though a
double peaked structure is often present (Evans et al., 1972; Lle-
wellyn and Solheim, 1978). The origin of this structure is still
poorly understood, even though it seems to have a strict correla-
tion with dynamics. In the terrestrial case, the (0–1) O2 band at
1.58 lm is 40–146 times less intense than the (0–0) band, as
determined from ground-based airglow observations (Pick et al.,
1971; Winick et al., 1985), laboratory (Findlay, 1969; Noxon,
1967; Haslett and Fehsenfeld, 1969; Becker et al., 1971), or from
models (Krupenie, 1972; Pick et al., 1971). However, it was the
first to be observed from ground at twilight (Vallance Jones and
Harrison, 1958). A more precise value for the band ratio was ob-
tained by the recent Venus observations from Venus Express (Pic-
cioni et al., 2009). A seasonal investigation of the O2 Atmospheric
band centered at 760 nm was obtained with the High-Resolution
Doppler Imager on the Upper Atmosphere Research Satellite
(Hays et al., 2003). These observations confirm the longitudinal
and latitudinal variability of the O2 emission brightness, which
lasts one day or more, possibly attributed to tides. The observed
features remain coherent on timescales of few hours, and they
evolve significantly on about 24 h.

In the martian case, the O2 dayglow has been largely investi-
gated, also based on observations with instruments on board Mars
Express mission, such as SPICAM (Spectroscopy for Investigation of
Characteristics of the Atmosphere of Mars), PFS (Planetary Fourier
Spectrometer), and OMEGA (Observatoire pour la Minéralogie,
l’Eau, les Glaces et l’Activité). A seasonal investigation of the
1.27-lm O2 emission using the SPICAM experiment reveals that
the maximum of emission is observed in late winter-early spring
at polar latitudes in both hemispheres, although it is stronger in
the southern hemisphere (about 30 MR, Ls = 185–195�) than in
the northern one (26 MR, Ls = 10–20�) (Fedorova et al., 2006). From
OMEGA nadir data, the reported maxima are 31 MR and 24 MR for
the southern and northern hemispheres respectively, as observed
during the martian years #27 and #28 (Altieri et al., 2009). The
emission is anti-correlated with water vapor abundance and solar
illumination. During the winter season, the water vapor abundance
decreases with latitude, while the ozone abundance increases,
leading to stronger O2 emission. At the same time, solar illumina-
tion decreases pole-ward, thus reducing the O3 photodissociation
rate and consequently the O2 emission intensity. At the limb, as ob-
served with PFS, the 1.27-lm O2 emission shows a maximum be-
tween 20 and 30 km over the poles during equinoxes, while a
second intense peak is also observed during spring equinox (Gem-
inale et al., 2012). For this reason, the oxygen airglow emission on
Mars has been used to study ozone abundance mainly above
20 km, where quenching by CO2 becomes less important (Ball
et al., 1993; Ball and Hancock, 1995).
Only recently, the O2 Mars nightglow emission at 1.27-lm has
been detected (Bertaux et al., 2012; Clancy et al., 2012; Fedorova
et al., 2012). The emission is a consequence of the three-body
recombination in downwelling air parcels of O atoms, produced
on the dayside by CO2 photodissociation, as described above. From
theoretical considerations, the emission is predicted at latitudes
higher than 60�, and is not perfectly symmetric with respect to
the North and South polar regions, as in the case of the O2 dayglow
(Altieri et al., 2009). The reported altitude of the slant emission is
in the range 40–50 km, with an intensity of 10–17 MR (Bertaux
et al., 2012; Fedorova et al., 2012).

On Venus, O2 emissions in the visible (Krasnopolsky, 1983;
Slanger et al., 2001, 2006; García-Muñoz et al., 2009a; Migliorini
et al., 2013) and IR spectral ranges (Connes et al., 1979; Crisp
et al., 1996; Ohtsuki et al., 2005, 2008a,b; Bailey et al., 2008; Picci-
oni et al., 2009) are the most studied. The (0–0) O2 band was ob-
served for the first time from ground, both on the day (with and
intensity of 1.5 MR) and on the night sides of the planet (with an
intensity of 1.2 MR) by Connes et al. (1979). No other O2 dayglow
evidence has been found so far. The nightglow (0–0) and the (0–
1) O2 bands show a high variability in space and time, as high-
lighted in several studies (Connes et al., 1979; Crisp et al., 1996;
Bougher and Borucki, 1994; Ohtsuki et al., 2005, 2008a,b; Piccioni
et al., 2009). An extensive investigation of the (0–0) and (0–1) O2

bands observed simultaneously with VIRTIS spectrometer on board
Venus Express allowed to derive the statistical distribution of the
two emissions and their ratio (Piccioni et al., 2009). The (0–1) O2

band is on average 63 ± 8 times less intense than the (0–0) band,
in terms of transition probability. On average, the (0–0) transition
is maximum at an altitude of 97.4 ± 2.5 km. Considering the zonal
distribution, a maximum vertical intensity of 1.2 MR close to the
anti-solar point is observed (Piccioni et al., 2009; Soret et al.,
2012a).

Other important emissions were recently observed by VIRTIS on
the Venus night side, such as the IR hydroxyl emissions (Piccioni
et al., 2008; Gérard et al., 2010; Soret et al., 2010, 2012b; Migliorini
et al., 2011), the IR nitric oxide (García-Muñoz et al., 2009b) and
the oxygen emissions in the visible range (García-Muñoz et al.,
2009a; Migliorini et al., 2013). Combined with the O2 nightglow
emissions, all these species contribute to build up a 3-D picture
of the night side of Venus, providing information about dynamics
and photochemistry of the upper atmosphere. From the oxygen
airglow observations, it was possible to infer the abundance of
atomic oxygen, with a peak at about 105 km varying in the range
1–5 � 1011 cm�3 (Gérard et al., 2009). Soret et al. (2012a) report
a O hemispheric average density of 1.9 � 1011 cm�3 at 106.1 km
height, derived by combining O2 nadir and limb observations with
VIRTIS.

Hydroxyl is a minor species widely investigated in the upper
atmosphere of terrestrial planets. It has been observed on the Earth
since 1950 (Meinel, 1950) and on the night side of Venus (Piccioni
et al., 2008; Krasnopolsky, 2010), as stated above, but no indication
about OH airglow in the Mars’ atmosphere has been reported so
far. An upper limit equal to 50 R was set from the Mars-5 space-
craft data (Krasnopolsky and Krys’ko, 1976).

The so-called Bates-Nicolet mechanism (Bates and Nicolet,
1950) is invoked to explain the excited OH production with m 6 9:

Hþ O3 ! OH�ðm 6 9Þ þ O2: ðcÞ

This reaction is effective for both the Earth and Venus. However,
in the case of the Earth, the following reaction is also important:

OþHO2 ! OH� þ O2: ðdÞ

On Earth, the OH emission generally exhibits a maximum lo-
cated between 85 and 90 km height (Lowe et al., 1996; She and
Lowe, 1998), which varies with season. The (8–3) OH emission,
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centered at 727.45 nm, was largely studied by Liu et al. (2008) in
order to derive its seasonal variability. The emission rate is maxi-
mum at 40� latitude during winter on both hemispheres, but it suf-
fers also from variability with latitude. The annual variability is
stronger at morning, and it tends to disappear during night-time,
at mid latitudes. On the contrary, the equatorial semi-annual var-
iation with maxima at the equinoxes is weaker in the morning than
in the evening.

The height profile is sometimes complex, with two maxima in
the volume emission rate separated by several km, as reported
on WINDII measurements (Melo et al., 2000). The double peak is
preferentially observed early in the night, at low-mid latitudes.
The phenomenon is also more frequent during equinoxes. Gravity
waves are likely to generate double-peaked profiles, while the
structures with a large horizontal scale and long durations are
more probably caused by temperature inversion layers (Melo
et al., 2000).

Although the OH Meinel band emissions with Dm > 3, which oc-
cur mainly in the visible, are weaker than those with Dm = 1,2 in
the infrared, the visible spectral range is the most studied in the
Earth case, using rocket measurements. These observations were
used to determine the altitude of OH emission in the Earth atmo-
sphere, observed at about 87 km with a full width at half maxi-
mum (FWHM) of about 8 km (Heppner and Meredith, 1958;
Lowe, 1960; Packer, 1961; Baker and Stair, 1988). However, it
was found that the peak altitude also varies with the observed
transitions (Rogers et al., 1973; Lopez-Moreno et al., 1987; McDade
et al., 1987). A difference of 1–2 km, depending on the m0 levels
from 1 to 9, was explained considering the quenching and vibra-
tional deactivation processes (McDade, 1991; Mende et al., 1993).

The OH nightglow was unambiguously identified also in the Ve-
nus nightside atmosphere, using the VIRTIS (Visible and InfraRed
Thermal Imaging Spectrometer) instrument onboard Venus-Ex-
press (Piccioni et al., 2008). The (1–0) band at 2.80 lm, the (2–1)
at 2.94 lm, and the (2–0) at 1.43 lm were observed, reporting a
relative intensity of 880 ± 90 kR and 100 ± 40 kR for the integrated
horizontal emission rates of the (1–0) and (2–0) bands, respec-
tively, which become 16 kR and 1.8 kR, assuming a factor of 55.4
to convert from limb to vertical direction.

The value of the mean intensity and altitude was investigated
on a statistical basis by Soret et al. (2012b), reporting a slight dif-
ference in the mean peak altitudes for the OH(Dm = 1) and
OH(Dm = 2). Limb data reveal a great deal of similarities between
the OH Meinel and O2(a1Dg � X3R) airglow emissions. Both emis-
sions show their maximum close to the anti-solar point (Gérard
et al., 2010; Migliorini et al., 2011), at an altitude of 95.3 ± 3 km
and 96 ± 2.7 km respectively for OH and O2. According to Soret
et al. (2010), the OH(Dm = 1) presents on average an intensity value
of 0.35 MR along the line of sight, centered at 96.4 ± 5 km. In
Migliorini et al. (2011), the zonal distribution of the OH(1–0) and
OH(2–0) bands was shown to be in good agreement with the O2

airglow distribution (Piccioni et al., 2009; Gérard et al., 2008; Shak-
un et al., 2010). On the contrary, several local maxima and minima
are observed in the meridional distribution of the OH emission,
without a clear trend with latitude. A detailed analysis of simulta-
neous VIRTIS limb images of the O2(a1Dg) and the OH (Dm = 1)
emissions showed that their 2-D morphology was very similar
(Gérard et al., 2012). The authors argued that these similarities
confirm that atomic oxygen is a common precursor to O2(a1Dg)
and ozone, which produces excited OH through reaction (c).

Krasnopolsky (2010) reported ground-based observations of the
OH P1(4.5) line of the (1–0) band and the Q1(1.5) line of the (2–1)
band in the Venus atmosphere. The intensities of the (1–0) and (2–
1) bands, derived from these measurements, were respectively
7.2 ± 1.8 kR and <1.4 kR at 21:30, and 15.5 ± 2 kR and 4.7 ± 1 kR
at 4:00. According to photochemical models, reaction (c) is the
most likely source of excited OH in the Venus atmosphere, and
hence the VIRTIS observations represent the first indirect measure-
ment of O3 in the Venus nightside atmosphere. A refinement of the
chemical processes acting in the upper atmosphere of Venus was
proposed following these measurements (Krasnopolsky, 2010).
According to the author, although OH is produced with m 6 9
through the Bates-Nicolet mechanism, OH states with m > 2 are
strongly quenched by CO2. This would explain why only OH vibra-
tional distribution with m 6 2 have been observed in Venus atmo-
sphere, while no OH emissions in the visible spectral range were
observed. However, because of low ozone density on Venus, contri-
bution from reaction (d) could not be excluded in producing ex-
cited OH on the planet. Later on, O3 was directly detected by the
SPICAV (Spectroscopy for Investigation of Characteristics of the
Atmosphere of Venus) experiment onboard Venus Express in the
star occultation mode (Montmessin et al., 2011), confirming the
theory that the Bates-Nicolet mechanism is the most efficient in
producing excited OH in the Venus atmosphere. Considering reac-
tion (c), a density product of [H] � [O3] = 4–9 � 1015 cm�6 was in-
ferred (Montmessin et al., 2011). This detection of ozone on the
Venus night side prompted Soret et al. (2012b) to study the spec-
tral distribution of the OH spectra observed with VIRTIS and the
expected brightness. They showed that the single vibrational quan-
tum jump model for quenching of OH� by CO2 provides a good fit to
the VIRTIS spectra and matches the observed limb intensity with
O3 densities compatible with the SPICAV measurements.

In the present paper, we discuss results obtained with VIRTIS
instruments on board Rosetta and Venus Express missions. A
description of Rosetta and Venus Express missions and of the
observations performed with VIRTIS instruments on board the
two spacecraft is provided in Section 2. Subsequently, results ob-
tained for the Earth and Mars with VIRTIS/Rosetta and a summary
of the Venus results with VIRTIS/Venus Express are discussed in
Section 3. Conclusions and a short comparison of the three terres-
trial planets are provided in Section 4.

2. Observations with VIRTIS-M

2.1. Rosetta mission

Rosetta is the first European mission devoted to the close inves-
tigation of Solar System small bodies, using ten experiments on
board the spacecraft (Schulz, 2009). It was launched on 2nd March
2004 and its trajectory towards the primary target, comet 67P/
Churyumov–Gerasimenko (C–G), is quite complex. The main scien-
tific objectives of Rosetta mission deal with the study of the comet
67P/C–G, with special emphasis on its nucleus and coma. However,
gravity assist maneuvers with the Earth and Mars were performed
during the cruise phase, as well as fly-bys with the main belt Aster-
oids (2867) Steins and (21) Lutetia. The investigation of the plane-
tary airglow emissions is one of the goals foreseen for the mission
during the Earth and Mars fly-bys. Finally, the spacecraft will start
orbiting the comet in May 2014 and will closely escort it on its way
to perihelion.

In the present work, we discuss results obtained by VIRTIS, the
Visible and InfraRed Thermal Imaging Spectrometer, on board the
spacecraft (Coradini et al., 2007). VIRTIS enables the investigation
of surface properties of the comet and other bodies of the Solar
System at hundreds of wavelengths simultaneously, in the visible
and infrared spectral domains. It is the precursor of a series of
imaging spectrometers, which are currently operating on other
interplanetary missions, such as the VIRTIS instrument on board
the ESA/Venus Express spacecraft and the VIR instrument aboard
the NASA/Dawn mission.

VIRTIS is in turn made up of two spectrometers. VIRTIS-H, the
high resolution channel, is an echelle spectrometer working in
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the 2–5 lm spectral range, while VIRTIS-M, the mapping channel,
is an imaging spectrometer operating in the 0.3–5.1 lm range
using two co-aligned detectors devoted to the VIS and IR ranges,
respectively. The infrared region (1.0–5.1 lm) is covered using
432 spectral bins with an average spectral sampling of �10 nm
(i.e. the distance between the center of two consecutive spectral
channels), while the visible channel covers the range 0.3–1.1 lm,
with an average spectral sampling of �2 nm.

VIRTIS-M allows one to build up a two-dimensional image for
each of the 864 spectral bands, divided as 432 in the visible and
432 in the infrared parts respectively. Each image cube in the vis-
ible and/or infrared has a dimension of 432 � Ns � Nl, where 432 is
the number of spectral channels, Nl (number of lines) depends on
(a)

(c)

(b)

Fig. 1. (a) Mean spectrum of the dayglow emission in the Earth atmosphere. The spectru
(0–1) transitions at 1.27 lm and 1.58 lm respectively, the OH emission around 1.46 lm
spectrum of the Earth, acquired during the 3rd swing-by in the infrared (b) and visible (c)
the O2 (0–0) Atmospheric band at 760 nm is observed in the visible. The visible spectru
the length of the observation, while Ns (number of samples) is the
number of spatial pixels composing a line, usually equal to 256.
However, a spatial binning mode, by 2 or by 4, is often applied in
order to increase the signal-to-noise ratio (SNR), giving an Ns value
of 128 or 64 respectively. The field of view of each square-shaped
pixel is 0.25 mrad wide, hence a 256 pixel � 256 pixel image, ob-
tained by using a scanning mirror, covers a 64 mrad � 64 mrad
field (which corresponds to 220 arcmin � 220 arcmin).

Results obtained so far by VIRTIS/Rosetta at Mars and the aster-
oids have been reported in Coradini et al. (2010, 2011), Schulz et al.
(2012), and Tosi et al. (2010, 2012). We now focus on VIRTIS-M
data acquired during the four fly-bys, three with the Earth (the first
occurred on 04-03-2005, the second on 13-11-2007, and the third
m was obtained by averaging data in the altitude range 35–55 km. The O2 (0–0) and
, and the non-LTE fluorescence emission of CO2 at 4.26 lm are observed. Nightside
spectral ranges. O2 and OH emissions are observed in the infrared region, while only
m is normalized at unity at 760 nm.



Table 1
List of VIRTIS/Rosetta data used in the present work for the Earth investigation.

Image name Observation
type

Slant distance
(km)

Latitude
(deg)

Local
time

Earth Swing-by #2
I1_0015605457 Limb day side 28,000–30,000 58�S–72�S 16.5–17
I1_0015605802 Limb day side 24,000–27,000 58�S–72�S 16.2–17
I1_0015606182 Limb day side 20,800–23,500 58�S–70�S 15.3–

16.2
I1_0015606608 Limb day side 16,000–19,500 57�S–66�S 14.5–

15.7

Earth Swing-by #3
I1_00216713355 Limb night side 53,000–60,000 30�N–55�N 0.7–2.7
I1_00216714855 Limb day side 32,000–45,000 37�S–60�S 14.3–

15.4
I1_00216716264 Limb day side 28,000–31,000 36�S–53�S 14.6–

15.2
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on 13-11-2009) and one with Mars (on 24-02-2007). In the follow-
ing sections, the Rosetta observing geometry during the Earth and
Mars fly-bys will be described.

2.1.1. Earth fly-bys
The first close encounter of Rosetta with the Earth, occurred on

4th March 2005, is not discussed here as the data acquired on this
occasion are not suitable for airglow investigation, because of the
low phase angle.

The second Earth swing-by (here after ESB#2) occurred be-
tween 13 and 14 November 2007. In the approach phase, from a
slant distance of 25,000–20,000 km, a sequence of scans of the limb
was executed from a tangent altitude of about 300 km above the
surface and downward, focusing on the dusk side of the planet.
The acquired observations were optimized for the study of the
non-LTE emissions of the CO2 and the O2 airglow. Fig. 1a shows
the dayside spectrum of the Earth, observed at the limb with VIR-
TIS, in the altitude range 35–55 km. The O2 emissions at 1.27 lm
and 1.58 lm, as well as the non-LTE CO2 emission at about
4.27 lm can be recognized in the spectrum. Other fainter emis-
sions can be identified in the spectrum, such as the OH emissions
around 1.46 lm.

During the approach phase of the third Earth swing-by (here
after ESB#3), which occurred on 13 November 2009, a sequence
of full-disk images of the night side of the planet was acquired
from a distance spanning the range 228,000–240,000 km. These
data were not suitable for the O2 nightglow investigation, due to
the low spatial resolution, hence they are not considered in this
study. When the spacecraft was at a distance smaller than
55,000 km, limb scans of the night side of the Earth were acquired,
starting from 150 km above the surface. The spatial resolution ran-
ged between 15 and 13 km, and each scan lasted 2 min.

The mean infrared spectrum of the night side of the Earth atmo-
sphere at 87–90 km is shown in Fig. 1b. The most intense emission
is due to the O2(0–0) transition centered at 1.27 lm. The OH(m = 2)
and OH(m = 1) sequences at about 1.5 lm and 2.81 lm are also ob-
served. The simultaneous observation in the visible is used to study
the nightglow emission associated with the O2ðb1Pþ

g � X3P�
g Þ(0–

0) band, centered at 762 nm. It results from the recombination of
atomic oxygen with O2 following the two-step Barth mechanism
(Greer et al., 1981; McDade et al., 1986; Murtagh et al., 1990). The
mean spectrum is shown in Fig. 1c, normalized at unity at 760 nm.

Subsequently, the spacecraft faced the dayside of the Earth, and
starting from a distance of about 150 km above the surface, five
scans of the dayside of the planet were acquired, with a spatial res-
olution of 11.5 or 7.5 km depending on the slant distance. While
the spacecraft was departing from the Earth, a sequence of full disk
images of the day side of the planet was performed with an on-
ground spatial resolution of about 70 km. During this phase, VIRTIS
observed also the Moon to measure its thermal emission.

A summary of the data used in this study is reported in Table 1.
It includes images acquired in the two mission periods, reporting
the exposure time integration, and the slant distance.

2.1.2. Mars fly-by
The fly-by of Mars by Rosetta took place between 24 February

2007 18.14 UTC and 25 February 7.33 UTC, which corresponds to
the martian year 28 (MY28) and solar longitude Ls = 189. Most of
the observations were performed in the eastern hemisphere of
Mars, due to the fly-by geometry. A detailed description of VIRTIS
observations achieved during the Mars fly-by is given in Coradini
et al. (2010).

Daytime measurements in the range 1–3.5 lm are dominated
by the surface reflectance of incoming solar radiation (Fig. 2a).

Such reflectance is driven by the mineralogy and physical con-
ditions of the soil. In this spectral range, absorption bands of the
main atmosphere component CO2 are present at 2.8, 2.0, 1.6, and
1.42 lm. The O2 emission at 1.27 lm is also visible, albeit embed-
ded in the continuum due to the solar radiation. This emission is
used to trace the ozone distribution, as explained before (Fedorova
et al., 2006; Altieri et al., 2009).

In the nighttime data, the continuum in the 1.0–3.0 lm region
is negligible, and a very faint emission at about 1.27 lm due to
the O2(a1Dg) (0–0) band is observed (Fig. 2b). This region was used
for the oxygen nightglow detection in the martian atmosphere, ob-
served for the first time with OMEGA/Mars Express (Bertaux et al.,
2012), SPICAM/Mars Express (Fedorova et al., 2012), and CRISM
(Clancy et al., 2012).

2.2. Venus Express mission

Venus Express, ESA’s mission to Earth’s nearest planetary neigh-
bor, was launched from Baikonur’s cosmodrome on 9 November
2005, and the spacecraft entered orbit around Venus in April
2006. The spacecraft revolves on a stable elliptical polar orbit with
a period of 24 h. The pericentre is at 250 km altitude above the
North Pole, whereas the apocentre is at 66,000 km altitude from
the South. The main objective of the mission is to study the com-
plex dynamics and chemistry of the Venus’ atmosphere, as well
as its interactions with the surface, which provides clues about
the surface’s characteristics. It also studies the interplanetary envi-
ronment (solar wind, plasma and magnetic field) to better under-
stand the evolution of the planet (Svedhem et al., 2007).

The VIRTIS instrument onboard Venus Express is similar to the
one included in the Rosetta payload. For instrument details, see
description in Section 2.1.

We now discuss results obtained with VIRTIS/Rosetta data for
the Earth and Mars, acquired during the four close encounters of
the spacecraft with the planets. For the Venus case, we review re-
sults obtained with VIRTIS/Venus Express.

3. Results

3.1. Earth airglow observed by VIRTIS/Rosetta

The available data at limb acquired during the ESB#2 were used
to investigate the O2 dayglow, due to the ozone photo-dissociation
through reaction (a). The mean spectrum of the Earth’s dayglow is
shown in Fig. 1a. Spectra in the altitude region between 35 and
55 km were selected and averaged. The most intense feature is
due to the O2 emission at 1.27 lm. The (0–1) O2 band at 1.58 lm
is also observed, while the region 4.2–4.6 lm is dominated by
the CO2 non-LTE emission. From these data, the vertical profile of
the (0–0) O2 band was derived (Fig. 3).



(a)

(b)

Fig. 2. (a) Mars dayglow spectrum acquired in the approaching phase of the Rosetta fly-by. The continuum is quite high in the region at 1.25–1.3 lm, where the O2(0–0)
emission occurs. The CO2 absorption bands are present at 2.8, 2.0, 1.6, and 1.42 lm. The small panel shows a zoomed region around the O2 Infrared Atmospheric band at
1.27 lm. (b) Oxygen nightglow emission in the southern hemisphere of Mars. The mean spectrum refers to a local time close to midnight.
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The peak altitude of the (0–0) O2 band at limb is found on aver-
age at 43.7 ± 2 km. A statistical investigation with respect to lati-
tude was performed. The peak position is in good agreement
with previous observations (Tarasick and Evans, 1993), while the
intensity ranges between 44 and 250 MR, depending on latitude.
The associated error is 5% of the peak intensity, evaluated for the
VIRTIS spectral channel #30 (which corresponds to the wavelength
1.27 lm) from the Noise Equivalent Spectral Radiance (NESR).

Despite some spurious features in the VIRTIS/Rosetta nightside
spectrum of the Earth’s atmosphere, the (0–0) O2 band at 1.27 lm,
as well as the OH transitions with Dm = 1, around 2.81 lm, and
those with Dm = 2, at 1.5–2.2 lm, were observed (see Fig. 1b). At
4.2 lm, the CO2 band can be recognized, although the signal is
saturated above 4.3 lm. The spectrum is in good agreement with
Fig. 3. Limb profile of the O2 dayglow emission in the Earth atmosphere. The
maximum is observed in this case at about 46 km, and the peak intensity is 75 MR.
previous SPIRE rocket-borne experiment observations in the range
1.4–4.5 lm (Stair et al., 1985), although with a worse resolution
with respect to VIRTIS.

In Fig. 4 we show a comparison between the average VIRTIS
spectrum (black curve) and the ground-based spectrum (gray
curve) acquired with ESO/ISAAC instrument (Rousselot et al.,
2000). The two spectra are normalized at unity at the wavelength
1.5 lm, since the wavelength calibration and the spectrum shape
are the real purpose of this comparison, as discussed below, while
the intensity of the bands will be modeled and presented in a fu-
ture work.

Relative line intensities derived from the spectrum by Rousselot
et al. (2000) were convolved to the VIRTIS resolution, using a
FWHM of 20 nm. This high-resolution spectrum is often used to
Fig. 4. Comparison between the VIRTIS nightside spectrum of the Earth and the
high resolution spectrum (gray curve) acquired with ESO/ISAAC instrument in the
1.2–2.5 lm range, convolved to the VIRTIS resolution. The VIRTIS spectrum is
shifted by 11.5 nm towards shorter wavelengths to match the ground-based
spectrum.
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spectrally calibrate in the near-infrared domain. We used this
spectrum to refine the spectral calibration of VIRTIS, by evaluating
the shift between each OH peak position in the current VIRTIS cal-
ibration and the correct position of the bands. The shifts vary in the
range 7.5–18 nm. The variation of the band wavelength shift can be
attributed to uncertainty in the convolution process and to a well-
known VIRTIS grating distortion, described in Appendix A. These
errors contribute in total to 30% of the observed shift. A mean shift
equal to 11.5 nm towards the shorter wavelengths is finally ap-
plied to the original VIRTIS spectrum. The small distortion of the
VIRTIS grating makes the required shift with respect to the higher
resolution spectrum nonlinear, but rather variable with position
along the slit. Moreover, an even effect is known to exist between
the left and right side of the image. This effect is taken into ac-
count, and appropriately corrected by keeping separated the two
parts of the image during the spectra selection, and by correcting
each part separately. A detailed correction of instrumental aspects
is described in Appendix A.

The agreement between the two spectra in Fig. 4 is satisfactory
following application of the mean value shift.

In the visible spectral range, about 100 spectra are selected in
the middle of the image and averaged. The low SNR is mainly
due to the low sensitivity of the instrument and to the short expo-
sure time (equal to 5.8 s), which mainly affects the region at short-
er wavelengths. At wavelengths longer than 800 nm, the measured
signal is affected by spurious effects caused by high orders coming
from the infrared grating (Filacchione, 2006); hence caution must
be adopted with the peaks observed in this spectral region. The
O2ðb1Pþ

g � X3P�gÞ(0–0) Atmospheric band at 762 nm, which is
due to O2 recombination, is identified. It is modeled with a syn-
thetic spectrum obtained by using the HITRAN database, and con-
volved to the VIRTIS resolution with a FWHM equal to 3 nm. A shift
of about 3.5 nm (almost corresponding to two spectral channels)
towards shorter wavelengths is applied to the simulated spectrum
in order to match the observed one. The (0–1) Atmospheric band
centered at 864.5 nm is not observed in the VIRTIS spectrum, prob-
ably because of the low SNR. This observation is unique because for
the first time the IR Atmospheric (at 1.27 lm) and Atmospheric (at
760 nm) bands of O2 have been observed simultaneously. Although
the observing geometry prevents observations of the full limb
intensity distribution of emissions both in the visible and the infra-
red ranges, VIRTIS data point out that the IR emission is about 80–
100 times stronger than the visible one.

Despite the low spectral resolution of the VIRTIS observations in
the visible and infrared ranges, the data analyzed here provide also
the opportunity to spectrally calibrate the instrument in prepara-
tion to the incoming observations of the comet. The same proce-
dure was not possible with other observations, such as those
obtained during the Rosetta fly-bys of Asteroids (2867) Steins (on
5 September 2008) and (21) Lutetia (on 10 July 2010). These ob-
jects do not present narrow spectral features in the visible and
infrared spectral regions to be used to this purpose, while the
Atmospheric bands observed in the Earth atmosphere represent a
good test. Further technical details about the correction of the
spectral calibration response as function of the instrument’s tem-
perature are provided in Appendix A.

In addition, we verified the absence of the atomic oxygen green
and red lines in the VIRTIS spectrum, which are usually observed in
the Earth’s atmosphere at 557.7 nm and 630 nm, respectively.
These transitions are not present in the VIRTIS mean spectrum be-
cause of the low instrument sensitivity at these wavelengths and
because of the low SNR. In the spectral region of the two atomic
oxygen emissions, we measured a radiance about 130 and 2500
times less intense than the radiance at 760 nm, for the 557.7 and
630 nm wavelengths, respectively. This rules out the possibility
of atomic oxygen lines detection in the available data.
ESB#3 data were also used to investigate the vertical distribu-
tion of the nightglow emission. The 1.27-lm O2 nightglow emis-
sion is usually found to occur at about 87 km height, as reported
in previous observations (Tarasick and Evans, 1993, and references
therein). Because of the pointing geometry, no information below
85 km is available. However, a maximum in the emission is seen
close to 86 km (not shown here), which does not contradict the
previous observations, though this cannot be verified on the avail-
able data. Similarly, the intensity of the emission cannot be veri-
fied, because only a part of the emission, which extends for
about 10 km around the peak maximum, is observed due to geom-
etry restrictions. The estimated error for the nightglow emission is
10%, considering the intensity at 1.27 lm. It is estimated as the ra-
tio between the NESR and the radiance at the considered wave-
length, as for the dayside.

3.2. Mars airglow observed by VIRTIS/Rosetta

During the Mars flyby of Rosetta (corresponding to Ls = 189),
images of the full disk of the planet were returned from a slant dis-
tance of about 200,000 km. Because of the observing geometry,
images of the dayside of Mars were acquired at limb during the ap-
proach phase, while the majority of the data refer to the full disk of
the planet. For the nightside of the planet, only full disk images are
available.

Data were divided in eight regions on the basis of local solar
time (5–6 h, 6–12 h, 12–16 h, 18–20, 20–24 h) and latitude ranges
(northern and southern hemispheres for the dayside, while only
northern hemisphere for the nighttime), as listed in Table 2. Six re-
gions refer to dayside of Mars (i.e. the local times 5–6 h, 6–12 h,
12–16 h for North and South), while two regions are selected as
representative of the night side of the planet (local time ranges
18–20 h and 20–24 h) in the northern hemisphere.

For each region, a mean spectrum was calculated. We also eval-
uate the error affecting the measurements at 1.27 lm (spectral
channel #30) through the ratio of the NESR with the average radi-
ance of each region. The estimated errors are 6% and 20% for day
and night side Mars observations, respectively.

On the dayside, solar radiation plays an important role in the
measured spectra, as discussed in Section 2.1.2. To subtract this
contribution, we modeled it as a line fitting the spectrum slope
around the O2(0–0) band at 1.27 lm. This method allows one to
estimate at first order the continuum and subtract it, but its effec-
tiveness is limited to the spectral region of interest. The average
spectrum of each region and local times concerning the dayside
of Mars is shown in Fig. 5a for the northern and in Fig. 5b for the
southern hemispheres.

The emission intensity is about 2 times higher in the southern
hemisphere than in the northern, at all local times considered. This
confirms the results obtained with OMEGA observations during the
same MY (Altieri et al., 2009). Moreover, an increase of the inten-
sity is observed after the morning terminator, while the region at
5–6 local time is the least intense. Because of the observing geom-
etry, no clear indications about the altitude of the emission can be
derived.

Two regions on the Mars night side were identified in the avail-
able data (see Table 2 for the local time and latitude regions). One
of them refers to a local time well after the dusk terminator, hence
we are quite confident that the observed emission at 1.27 lm is
produced through the nightglow mechanism (reaction b). After
the spectrum conversion into Rayleigh units and the continuum
subtraction, the mean spectrum of the selected region at 20–
24 LT clearly shows an emission in the region 1.24–1.31 lm
(Fig. 2b).

Despite the poor spatial resolution of the available data, an indi-
cation of the nightglow peak altitude can be provided (Fig. 6).



Table 2
List of VIRTIS/Rosetta data used for the Mars investigation. For each image, the selected latitude and local time regions are reported. From the available data, eight regions are
identified as follows: six in the dayside of the planet, considering the local times 5–6, 6–12, 12–16, for both the North and South hemispheres, and two in the northern
hemisphere for the local times 18–20, 20–24.

Image name LT 5–6 LT 6–12 LT 12–16 LT 18–20 LT 20–24

I1_00130961622 68�S–85�S 68�S–85�N
I1_00130962500 42�S 84–86�N 80�S

70�N
I1_00130963310 80�N–87�N 70�S–90�S

0�N–6�N
I1_00130964121 69�S–88�S 65�N

80�N–81�N
I1_00130964930 83�N–87�N 51�N–72�N
I1_00130965741 24�N–14�N 14�N–87�S 71�S–77�S

77�N–87�N 48�N–85�N
I1_00130966610 13�N–23�N 5�N–11�N 51�S–88�S

76�N–87�N 43�N–74�N
I1_00130967541 66�S–75�S 77�S–81�S 12�N–16�S

73�N–87�N 55�N–71�N
I1_00130972701 81�N–83�N
I1_00130973361 65�N–75�N
I1_00130974021 3�N–18�N 77�S–88�S 71�S–75�S
I1_00130974741 7�N–9�N 72�S–80�S 13�S–19�S

82�N–86�N 64�N–85�N
I1_00131004789 65�N–69�N
I1_00131006589 67�N–70�N
I1_00131007789 65�N–77�N 78�N–82�N

(a)

(b)

Fig. 5. (a) O2 dayglow spectrum of the northern hemisphere of Mars at selected
local times. (b) The same for the southern hemisphere.

Fit 2
Fit
VIRTIS

Fig. 6. Tangent profile of the O2 nightglow emission in the Mars atmosphere. The
image shows the nightglow emission versus tangent altitude. To derive the profile,
we divided the altitude range into 30-km bins and averaged the intensity of each
bin (dotted black curve). The peak is found on average at 45 ± 15 km, and the
emission intensity is 2.4 MR at peak. The same result is found by fitting the data
with a Gaussian curve (gray curve).
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In the figure, measured radiance versus altitude of the line of
sight in km is represented. The altitude range considered is divided
into bins 30-km wide. The intensity is then averaged in each alti-
tude bin. The resulting peak altitude is 45 ± 15 km, in agreement
with both OMEGA and SPICAM observations (Bertaux et al.,
2012; Fedorova et al., 2012). The same result is obtained by fitting
the VIRTIS data with a Gaussian distribution (gray curve in Fig. 6).
On the other hand, in the shown image, the distance of the space-
craft from the planet is on average about 165,000 km, hence the
spatial resolution is about 40 km per pixel. By fitting the data with
a Gaussian profile, we can also infer a peak intensity equal to
2.4 MR, which corresponds to 0.13 MR at the nadir, assuming a
factor of 18 to convert from the limb to nadir view. This conversion
factor is obtained by assuming 80 km as the effective limb thick-
ness (i.e. twice the spatial resolution of 1 pixel) and 40 km for
the altitude at the limb. However, it should be noted that the
uncertainty associated to this value is strongly affected by the
low spatial resolution of the image cube considered.

Previous observations of the O2 nightglow in the Mars’ atmo-
sphere were obtained by OMEGA (Bertaux et al., 2012) and SPICAM
(Fedorova et al., 2012) experiments on board Mars Express, and by
CRISM/MRO (Clancy et al., 2012). The LMD general circulation
model was run to derive a zonally averaged O2(a1Dg) vertical emis-
sion produced by the 3-body recombination mechanism (Bertaux
et al., 2012). It predicts the distribution of the emission with re-
spect to latitude and solar longitude at midnight. In order to inter-
pret our nightglow detection, we superimposed VIRTIS observation
to the modeled O2 intensity distribution (Fig. 7), taken from Bert-
aux et al. (2012). It is displayed in Fig. 7 with a red star. OMEGA
positive detections of the O2 nightglow are marked with a pink star
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in the same plane, while OMEGA data where the emission is not
present are shown with a white star.

Considering the solar longitude and the latitude of our observa-
tion, the predicted intensity of the nightglow emission is in the
range 0.6–1 MR. This value is widely different from the one mea-
sured in the VIRTIS image. This may be attributed to the high
uncertainty of the measurement, to a real day-to-day variability
in the martian atmosphere, or to an uncertainty in the 3-body
recombination model not well known at the low temperatures of
the martian atmosphere (Bertaux et al., 2012).
3.3. Venus observed by VIRTIS/Venus Express

In this Section, we review the results about the airglow detec-
tion in the Venus atmosphere, obtained using experiments on
board Venus Express and also from ground. After the Venus Ex-
press orbit insertion, a great improvement in the nightglow obser-
vations of Venus was obtained. Apart from the minor species
detection, reviewed in Section 1, several results about the atmo-
spheric circulation (Hueso et al., 2008) and composition (Marcq
et al., 2008; Irwin et al., 2008; Cottini et al., 2012; Yung et al.,
2009), winds (Peralta et al., 2008; Piccialli et al., 2008; Moissl
et al., 2009; Hueso et al., 2012), wave activity (Peralta et al.,
2012), the thermal structure (Tellmann et al., 2009; Grassi et al.,
2008, 2010; Migliorini et al., 2012), and clouds (Barstow et al.,
2012; Titov et al., 2012) have been published so far. Concerning
the nightglow, the (0–0) and (0–1) O2 emission bands of the
ða1Dg � X3P�

g Þ at 1.27 lm and 1.58 lm, as well as the Herzberg
II and the Chamberlain systems in the 0.3–0.7 lm spectral range
were simultaneously detected by VIRTIS (Piccioni et al., 2009; Gar-
cía-Muñoz et al., 2009a; Migliorini et al., 2013). A comparison be-
tween the O2 emissions in the visible and infrared ranges observed
simultaneously shows that there is a slight but significant differ-
ence in the peak altitude location of the emissions due to the Herz-
berg II, Chamberlain and Infrared Atmospheric bands (Migliorini
et al., 2013). This behavior is explained in terms of different effi-
ciency of collisional quenching by CO2 and O on the O2 metastable
states, as reported in Gérard et al. (2013).

Table 3 summarizes the dayglow and nightglow intensities for
O2 emission bands of the terrestrial planets.
Fig. 7. Nightglow intensity distribution calculated with the LMD general circulation
model (Bertaux et al., 2012). The red star indicates the position of our nightglow
detection, in terms of latitude and season indicated by the solar longitude Ls. The
model predicts a 0.6–1 MR intensity for our detection, which is higher than the
actual intensity observed with VIRTIS (130 kR). The white and pink stars, in the
same plane, refer to OMEGA/Mars Express observations which report a negative or
positive O2 nightglow detection, respectively.
4. Conclusions

In the present work we compare the oxygen and hydroxyl air-
glow emissions observed in Earth, Venus, and Mars data returned
by the VIRTIS instruments. In particular, we reviewed the results
obtained using Venus Express data about the nightglow of O2

and OH in the visible and infrared, and we present data acquired
with the VIRTIS experiment on board Rosetta mission, during the
Earth and Mars fly-bys, never published so far.

As a general remark we point out the unique opportunity we
had because for the three terrestrial planets, the same type of
instrument was used to perform observations suitable for the air-
glow measurements. In principle, this eases the comparison of the
results. Moreover, the VIRTIS instruments on board Venus Express
and Rosetta allow one to simultaneously sound the visible and
infrared spectral ranges, which is possible neither with Earth-
based instrumentation nor with other space-borne instruments
operating on current planetary missions.

The observations described in the present work can be summa-
rized as follows:

1. For the Earth, the O2 dayglow emission at 1.27 lm is inves-
tigated by considering 5-deg bins of latitude, reporting a
slight variability with this parameter. The nightglow is also
observed but, due to pointing restrictions, it is limited to
altitudes higher than 87 km. Hence it is not possible to
derive the altitude and intensity of the emission peaks.
The mean spectrum, showing O2 and OH(m = 1,2) signa-
tures, is used to refine the VIRTIS spectral calibration, by
means of a high resolution OH spectrum, acquired with
ESO/ISAAC spectrometer. A major result is that to fit the
VIRTIS spectrum with the spectral calibration a mean shift
of 11.5 nm towards shorter wavelengths is required. Simul-
taneous observations in the visible and infrared spectral
ranges allowed us to derive a band ratio equal to 80–100
for the O2 (0–0) IR Atmospheric band and the Atmospheric
band. Although the same comparison is in principle possi-
ble for the venusian case by means of the VIRTIS/Venus
Express instrument, the O2 (0–0) Atmospheric band at
760 nm has not been detected so far in the Venus atmo-
sphere. The estimated upper limit of this emission along
the vertical direction is 40 R, four times less than the upper
limit estimated by Krasnopolsky (2011).

2. Dayglow and nightglow O2 measurements are reported for
Mars. The observations by VIRTIS/Rosetta confirm the
major findings for the O2 dayglow, and sign the first O2

nightglow detection with this instrument in the martian
atmosphere, reporting a value of 0.13 MR in the vertical
direction. The observation places well in the latitude–longi-
Table 3
Oxygen airglow in the terrestrial planets.

Venus Earth Mars

O2ðb1Pþ
g � X3P�

g ÞDay – 100 kRa –

O2ðb1Pþ
g � X3P�

g ÞNight 40 Rb 4 kRe –

O2ða1Dg � X3P�
g ÞDay 1.5 MRc 1.5 MRf,g 0.9 MRf

O2ða1Dg � X3P�
g ÞNight 0.52 MRd 80 kRe 0.130 MRf

a Rikitake (1990).
b Upper limit from VIRTIS/VEx data.
c From Connes et al. (1979).
d From Piccioni et al. (2009).
e Greer et al. (1986).
f This work.
g The value is obtained considering the gain factor to convert from limb to Nadir

view equal to 50.
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tude intensity distribution, predicted by the LMD general
circulation model. Simultaneous observations of the day
and night airglow were compared in this investigation.

Finally and importantly, the analysis of VIRTIS/Rosetta data ac-
quired during the fly-bys mission phases allows one to further im-
prove the knowledge of the instrument’s response. We have also
demonstrated that this analysis is worth to fine tune the spectral
calibration of the instrument in view of the upcoming salient phase
of the mission, devoted to the investigation of comet 67P/Churyu-
mov–Gerasimenko.
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Fig. A1. VIRTIS-M/IR channel acquisition of the internal calibration source (IR lamp
equipped with polystyrene filter). Left: resize of the signal on the spectral region
between bands 230–270 (3171.59–3549.19 nm) where the most intense absorption
features of the polystyrene filter can be seen. In this figure the spectral dispersion is
along x axis and the spatial along �y axis. Right: the spectral shift between the two
edges of the FoV is clearly evident comparing the position of the bands on the two
zoomed images: the absorption features are shifted toward longer wavelengths on
the bottom image resulting in a linear drift of about 1.5 bands moving along the slit
from low to high samples.
Appendix A. VIRTIS-M-IR spectral calibration update

In this appendix we discuss about two instrumental effects,
never discussed before, affecting the spectral response of VIRTIS-
M/IR channel and therefore influencing the scientific interpretation
of the results. The first effect is the non-uniformity of the spectral
response along the spectrometer’s slit (e.g. the ‘‘sample’’ spatial
direction); the second is the drift of the spectral response induced
by the thermal load on the instrument mechanical mount.

The VIRTIS-M instrument was characterized on the ground, be-
fore the Rosetta launch, using a dedicated setup (Ammannito et al.,
2006; Filacchione et al., 2006; Filacchione, 2006). Thanks to a com-
bination of monochromator’s spectral scans and absolute spectral
source (HgNe lamp) acquired with the optical head in a thermal-
vacuum chamber and stabilized at the nominal operative temper-
ature (spectrometer’s mount at T = 135 K, IR focal plane at
T = 80 K), the following spectral dispersion law was inferred:

kcðbÞ ¼ 1000:39þ 9:44 � b; ðA:1Þ

where b is the spectral band index (0 6 b 6 431), 1000.39 nm is the
wavelength of the first spectral band (b = 0) and 9.44 nm/band is
the spectral sampling. Such values are an average response for pix-
els close to the bore sight (110 6 sample 6 140).

We know that the accuracy and uniformity of the spectral re-
sponse of a complex imaging spectrometer like VIRTIS-M result
from a compromise: it is necessary to maximize the contribution
of the grating’s dispersion while reducing the effects of the aberra-
tions caused by optical elements, in particular the astigmatism
introduced by the convex grating. As a result, the spectral response
of the instrument along different pixels of the field of view is not
perfectly constant. We have characterized this effect thanks to
the acquisitions of the VIRTIS internal calibration lamps (Filacchi-
one et al., 2006; Filacchione, 2006) that allow us to measure a
reproducible reference signal during the different phases of the
mission. The internal calibration unit is designed in fact to illumi-
nate uniformly the internal wall of the cover placed at the optical
entrance pupil of the system. This solution allows performing rel-
ative checks of the instrument’s performances. In Fig. A1 is shown
a zoom of the IR internal source signal between bands 230–270
(3171.59–3549.19 nm) after having corrected the signal for the
corresponding dark current and background. At these wavelengths
the intense absorptions by C–H aromatics induced by the polysty-
rene plastic film housed on the lamp aperture are placed (Melchi-
orri et al., 2003). These features can be used to check the
uniformity of the spatial and spectral responses of the spectrome-
ter. Looking at signal image collected by the focal plane, it is evi-
dent that the position of the absorptions drifts linearly of about
1.5 bands moving along the slit from low to high samples (inset fig-
ure). Therefore the coefficient 1000.39 nm indicated in equation
A.1 and measured on central samples must be corrected in
995.39 nm at sample = 1, in 1005.11 nm at sample 256 and linearly
between these two extremes.

For a correct interpretation of the results a second instrumental
behavior needs to be considered. We have seen that changes in the
temperature of the spectrometer’s optical bench cause a shift in
the spectral response. This probably happens because the optical
bench is stressed and consequently the relative position of the fo-
cal plane changes respect to the grating. A similar effect is partic-
ularly evident on data taken after the Earth and Mars flybys
when the VIRTIS radiator was exposed for a significant time to
the thermal emission of the planets causing an increase of the tem-
perature of the optical bench. In Fig. A2 the internal calibration sig-
nals extracted at slit center (sample = 128) and towards the two
sides of the FoV (sample = 32 and 224) for the two extreme ther-
mal conditions occurred during the cruise phase are shown: the
cold case corresponds to internal calibration sequence
I1_00100355472, acquired on 2006-03-07T12:31:36 during one
of the Rosetta’s passive checkouts (spectrometer’s tempera-
ture = 134.56 K, FPA’s temperature = 86.56 K); the warm case
matches with sequence I1_00068628676 taken on 2005-03-
05T07:31:35 during the Rosetta Earth’s first flyby (spectrometer’s
temperature = 144.61 K, FPA’s temperature = 88.17 K). Starting
from 134.56 K, a 10 K increase of the spectrometer’s temperature
causes a spectral shift of about 1 spectral band towards longer
wavelengths (0.1 band/K). This was verified using the position of
the diagnostic absorption features introduced by the polystyrene
filter in the IR lamp signal.

The VIRTIS-M calibration pipeline, discussed in Filacchione
(2006), shall be updated to include the correction of these two



Fig. A2. Drift of the VIRTIS-M-IR spectral response induced by the spectrometer’s temperature: from top to bottom the spectral signals, corrected for background and dark
current, of the internal calibration source are shown for samples = 32, 128, 224. Cold (gray curves, sequence I1_001000355472) and warm (light gray curve, I1_00068628676)
cases are reported for temperature values of 134.56 K and 144.61 K, respectively. Starting from a spectrometer’s temperature of 134.56 K a shift towards longer wavelengths
of about 0.1 band/K is measured.
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additional effects in order to guarantee better results for the
upcoming Rosetta phase at comet 67P/Churyumov–Gerasimenko.
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