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Using analytical yield spectrum approach based on Monte Carlo method, the current study calculated the
photoelectron Cux, electron density, emission rate and limb intensity of carbon monoxide (CO)(a3p)
bands between altitudes 90 and 200 km. The observation conditions that prevailed when the spectroscopy
for investigation of the characteristics of the atmosphere of Mars (SPICAM) onboard Mars Express
measured the CO(a3p) band limb intensity during orbits #3301 and #8488 that occurred on 4 August
2006 and 20 August 2010 were simulated. Recently, imaging ultraviolet spectrograph onboard Mars
atmosphere and volatile evolution also observed the limb intensity of CO(a3p) bands in the Martian
thermosphere under nearly the same aerophysical conditions of SPICAM/MEX observations in MY35.
The simulated limb intensities of CO(a3p) bands are in good agreement with both observations considering the uncertainties of the measurements. We have also compared our estimated limb intensity with
other model results of G
erard et al. (2019, J. Geophys. Res. Space Phys. 124(7) 5816–5827). The
erard et al. (2019) is larger by a factor of *2 than that
intensity of CO(a3p) bands estimated by G
estimated by us because their excitation cross sections are high.
Keywords. Ionosphere; thermosphere; airglow.

1. Introduction
The CO Cameron band is produced between 190
and 270 nm due to spin-forbidden transition
A.
a3p–X1R+ in the wavelength region 1800–2600 
The possible sources of CO(a3p) band are photodissociation of CO2, photoelectron impact dissociation of CO2, dissociative recombination of CO2+
with electrons and photoelectron impact excitation
of CO (Gonz
alez-Galindo et al. 2018). In the upper
atmosphere of Mars, CO Cameron band dayglow

emission was Brst observed by an ultraviolet
spectrometer onboard Mariners 6, 7 and 9 (Barth
et al. 1971, 1972; Stewart et al. 1972). During
1975–2005, the airglow spectra were not measured
by Mars missions. After 30 years, the spectroscopy
for investigation of the characteristics of the
atmosphere of Mars (SPICAM) onboard MEX
observed similar features of CO Cameron band as
observed by Mariners 6–9 in the ultraviolet dayglow spectra (Leblanc et al. 2006). Recently, Mars
atmosphere and volatile evolution (MAVEN) also
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observed ultraviolet (UV) dayglow spectra from
imaging ultraviolet spectrograph (IUVS) instrument (McClintock et al. 2015).
Several theoretical models have been reported to
study the CO Cameron band dayglow intensity in
the Martian atmosphere (e.g., Fox and Dalgarno
1979; Shematovich et al. 2008; Simon et al. 2009;
Cox et al. 2010; Jain and Bhardwaj 2012; G
erard
et al. 2017, 2019). Fox and Dalgarno (1979) constructed a model based on Viking 1 data and presented a quantitative description of the processes
responsible for Martian dayglow and compared the
calculated dayglow intensities with measured
intensities of Mariner 6, 7 and 9 spacecrafts. They
found a difference between the calculated and
measured intensities which was attributed to the
difference in the level of solar activity between the
Mariner 9 observations and the R74113 Cuxes,
which was used in the model calculations. The
Mariner observations were in the period of highsolar activity whereas the Hinteregger R74113
Cuxes are for low-solar activity levels. Shematovich
et al. (2008), using a Monte Carlo model for electron transport, calculated the vertical proBles of
CO and CO2+ far-UV emissions and compared
them with the observations obtained with SPICAM during MEX orbit 1426 on 26 February 2005.
Their model results were lower than the measurements by *30% at the peak region.
Simon et al. (2009) calculated the intensities of
CO Cameron bands using the advanced kinetic
model trans-Mars and compared their calculations
with the SPICAM UV dayglow observations. The
trans-Mars model overestimated the observed
intensities of CO Cameron bands by about 25%.
Cox et al. (2010) used the airglow code developed
by Shematovich et al. (2008) to calculate the
Cameron band dayglow intensity. They found that
the distribution of peak brightness is widespread
with a standard deviation of about 30%, and the
peak altitudes vary in a 25 km range with a standard deviation of 7 km. Jain and Bhardwaj (2012)
used a two-dimensional analytical yield spectrum
(AYS) approach to study the CO Cameron dayglow emissions for minimum, moderate and maximum solar activity conditions. The calculated limb
intensities were compared with the observations
provided by MEX and Mariners. Their model
overestimated the SPICAM observations on an
average by a factor of 2. However, it was consistent
with the Mariner observations. Recently, G
erard
et al. (2019) used a Boltzmann kinetic transport
model to study the Cameron band limb intensity
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observed by SPICAM and IUVS instruments.
Their model results overestimated these observations by a factor of *2.
In this paper, we have used a two-dimensional
AYS approach based on the Monte Carlo method
(Haider et al. 2011, 2016; Jain and Bhardwaj 2012;
Haider and Mahajan 2014). Jain and Bhardwaj
(2012) also used the same methodology to model
the CO Cameron band emission for different levels
of solar activity. Their calculations were carried
out for average condition. We have estimated CO
Cameron band emission intensity at aerophysical
conditions of SPICAM and IUVS observations.
Our results are compared with these two observations and other model calculation.
We have estimated photoelectron Cux, production rate, emission rate, ion density and CO
Cameron band dayglow limb intensity between
altitudes 90 and 200 km, where a two-dimensional
AYS approach is valid for local loss approximation.
The simulations were carried out for the MEX
observation conditions during orbits #3301 and
#8488 that occurred on 4 August 2006 and 20
August 2010 in MY28 and MY30, respectively. The
estimated limb intensities of CO(a3p) bands are
compared with the SPICAM and IUVS observations. The modelling of IUVS observations is not
carried out because the neutral densities are not
available corresponding to this measurement.
However, the estimated results for IUVS measurement will not be significantly different from
the modelled results for SPICAM observations
because both observations were carried out under
nearly the same aerophysical conditions. The
model reproduces the observations of the dayglow
limb intensity of CO Cameron band emissions
provided by SPICAM and IUVS.
2. Objectives
The four main objectives of this paper are:
(1) Recently, CO(a3p) dayglow limb intensity is
observed by SPICAM and IUVS instruments
onboard MEX and MAVEN, respectively. The
current study makes a comparison between
these two observations to understand how well
these observations from two different spacecrafts agree with each other.
(2) We have modelled plasma density, emission
rates and CO(a3p) dayglow limb intensity.
(3) The previous models overestimated or underestimated the observed CO(a3p) limb
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intensity. To address the shortcomings of
previous models, an update AYS dayglow
model is developed and the simulated CO(a3p)
limb intensity is compared with both observations. The estimated limb intensity is in good
agreement with the observations within the
uncertainties of the measurements.
(4) The estimated limb intensity is also compared
with other model results of G
erard et al. (2019)
whose results are high by a factor of *2 than
the measurements and our simulation.
The methodology for the calculations of production rates, loss rates and limb intensity of
CO(a3p) are discussed next.
3. Production rates of CO(a3p)

ð1Þ

where rT(E) is the total inelastic cross-section and
N(E) is the number of inelastic collisions when the
spectral energy of electron is between E and E +
DE where DE is the bin width, f(E, E0) is the
equilibrium Cux or degradation spectrum of
Spencer and Fano (1954). The analytic form of
equation (1) is given below (Green et al. 1977):

þdðE0  EÞ;

X¼

ðE0 =1000Þ0:585
;
E þ1

ð3Þ
ð4Þ

where C0, C1 and C2 are the adjustable parameters
(Singhal and Green 1981). For mixtures of gases,
the composite yield spectra Uc(E, E0) are obtained
by weighting the component of the yield spectrum
(Haider and Singhal 1983; Singhal and Haider
1984) as:
X
fi Ui ðE; E0 Þ:
ð5Þ
U c ðE; E0 Þ ¼
In this equation, fi indicates the relative
contribution of the ith gas towards the total yield
spectrum of the mixture of gases and is given by

In AYS model, monoenergetic electrons of E0 are
introduced in a gas medium. The energy of secondary
or tertiary electrons is calculated at that time when
the primary electrons excite the atmospheric gases.
It is assumed that secondary electrons are ejected
isotropically. In this way, yield spectrum function
was generated for the calculation of the yield of any
state in the mixture of gases. The function was Btted
analytically later. The two-dimensional approach is
used where the magnetic Beld is uniform and horizontal in direction (Haider and Singhal 1983; Singhal
and Haider 1984; Haider and Bhardwaj 2005). In this
case, the vertical transport of electrons is inhibited.
Thus, the electrons lose their energy at the same
height where they are produced.
The two-dimensional yield spectra U(E, E0) is
deBned as:

U ðE; E0 Þ ¼ Ui ðE; E0 ÞH ðEm  E  E0 Þ

Ui ðE; E0 Þ ¼ C0 þ C1 X þ C2 X 2 ;

i

3.1 Photoelectron Cux and photoelectron
production rate of CO(a3p)

U ðE; E0 Þ ¼ rT ðEÞf ðE; E0 Þ ¼ N ðE Þ=DE;

d(E0  E) is the Dirac delta function, E is the energy
of secondary electrons and E0 is the energy of incident
electrons in eV. Ui(E, E0) can be represented by

ri ni ðhÞ
;
fi ¼ P
j rj nj ðhÞ

where ri =rj is the average value of rTi ðE Þ=rTj ðE Þ
between Emin = 2 eV and E0, rTi ðE Þ is the total
(elastic + inelastic) cross-sections, Emin is the
minimum energy of the cross-sections available and
ni(h) is the neutral density at altitude h.
The two-dimensional AYS approach is used to
calculate the photoelectron Cux /ðh; E Þ as a function of electron energy E and altitude h by using
the following expression:
Z 1
Pe ðh; E0 ÞU c ðE; E0 Þ
P
dE0 ; ð7Þ
/ðh; E Þ ¼
ni ðh ÞrTi ðE Þ
E
where Pe ðh; E0 Þ is the primary photoelectron
production rate as a function of incident energy E0
at altitude h. The primary photoelectron production
rate Pe ðh; E0 Þ is calculated as given below:


X
X
hc
I
Pe ðh; E0 Þ ¼
ni ðhÞ
ri ðkÞFh ðkÞd
 E  Ip ;
k
i
k
"
Fh ðkÞ ¼ F1 ðkÞ exp  secðhÞ

ð2Þ

where H is the Heavyside function with Em
the minimum threshold of the states considered,

ð6Þ

X
i

rA
i ðkÞ

Z

1

ð8Þ
#
ni ðhÞ dh ;

h

ð9Þ
where rIi ðkÞ and rA
i ðkÞ are the photoionisation
and photoabsorption cross-sections, respectively
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(Haider et al. 2012); Fh ðkÞ and F1 ðkÞ are the
attenuated and unattenuated solar Cuxes at
wavelength
k from 5 to 1025 
A, respectively;

d hc=k  E  Ip is the delta function in which,
hc=k is the incident photon energy, E is the energy
of ejected electrons, Ip is the ionisation potential of
atmospheric gases and h is the solar zenith angle
(SZA).
The photoelectrons of energy[ 6.2 eV can excite
CO to COða3 pÞ through the electron impact excitation as:
 
ð10Þ
CO þ eph ðE [ 6:2 eVÞ ! CO a3 p þ e:
Using equation (7), the excitation rate due to
photoelectron impact on CO is calculated as given
below
Z E
/r1 ðE Þ dE;
ð11Þ
P1 ðhÞ ¼ nCO ðhÞ
Eth

where P1(h) is a photoelectron impact excitation
rate and nCO is the neutral density of CO. The
photoelectron of energy [ 11.5 eV can also
dissociate CO2 and produces COða3 pÞ through
the following reaction:
 
CO2 þ eph ðE [ 11:5 eVÞ ! CO a3 p þ O þ e:
ð12Þ
The photoelectron Cux, obtained using equation
(7), is used for calculating the dissociative
excitation rate of COða3 pÞ as:
P2 ðhÞ ¼ nCO2 ðhÞ

Z

E

/ðh; E Þr2 ðE Þ dE;

ð13Þ

Eth

where P2(h) is a dissociative excitation rate of
COða3 pÞ due to photoelectron impact on CO2 and
Eth is the threshold energy. The r1 ðE Þ and r2 ðE Þ
are photoelectron impact excitation and photoelectron impact dissociation excitation cross-sections of COða3 pÞ due to impact on CO and CO2,
respectively. The values of r1 ðE Þ and r2 ðE Þ are
taken from Sawada et al. (1972).

 
CO2 þ hmðk\108:2 nmÞ ! CO a3 p þ O:

The production rate P3 ðh Þ due to photodissociative excitation of CO2 is calculated as
given below:
Z k2
Fh ðkÞr3 ðkÞg1 ðkÞ dk; ð15Þ
P3 ðhÞ ¼ nCO2 ðhÞ
k1

where r3 ðkÞ is the photodissociative absorption
cross-section of CO2 at wavelength k, and g1 ðkÞ is
the yield of COða3 pÞ. The r3 ðkÞ and g1 ðkÞ are taken
from Lawrence (1972). The nCO2 is the neutral
density of CO2 in equations (13 and 15).
3.3 Dissociative recombination of CO2þ
The dissociative recombination of COþ
2 with thermal electron also produces COða3 pÞ state:
 3 
k
COþ
2 þ eth ! CO a p þ O:

The photodissociative excitation of CO2 due to
solar extreme UV (EUV) radiation with wavelength \108.2 nm can produce COða3 pÞ through
the following reaction:

ð16Þ

The production rate P4 ðh Þ of COða3 pÞ due to
dissociative recombination of COþ
2 with electron
can be calculated from the following expression:


ð17Þ
P4 ðhÞ ¼ kg nCOþ2 ðhÞ ðne ðhÞÞ;
where k is the reaction rate coefBcient, g is the yield
of COða3 pÞ, nCOþ2 is the density of COþ
2 ion and ne is
the electron density. The rate coefBcient (k) is taken
from Viggiano et al. (2005). The yield (g) of COða3 pÞ
is taken from Rosati et al. (2003) and Seiersen et al.
(2003). We have developed an ion-neutral model to
calculate the densities of electron and ions under
steady-state photochemical equilibrium conditions.
The coupled chemistry incorporated in the ionneutral model is given in table 1. The photoionisation and photoelectron impact ionisations of atmospheric constituents (CO2, N2, O2, O and CO) are
included in the ion-neutral model.
The total production rate PT ðz Þ of COða3 pÞ at
altitude h due to sources (11), (13), (15) and (17) is
given by:
PT ðh Þ ¼

3.2 Photodissociation production rate of
COða3 pÞ

ð14Þ

4
X

Pi ðhÞ:

ð18Þ

i¼1

4. Loss rates of CO(a3p)
The COða3 pÞ produced in the upper atmosphere of
Mars is quenched through collisions with CO2 and
CO, and lost by radiative decay:
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Table 1. Chemical reactions and rate coefBcients used in the ion-neutral model.
Rate coefBcient (cm3 s1 )

Reaction

Reference

k1 ¼ 7:7  1010

Le TeuA et al. (2000), Krasnopolsky (2002)

k2 ¼ 1:3  1010

Le TeuA et al. (2000), Krasnopolsky (2002)

þ
Nþ
2 þ CO ! CO þ N2

k3

k3 ¼ 7:4  1011

Le TeuA et al. (2000), Krasnopolsky (2002)

k4

k4 ¼ 3:3  1010

k1

þ
Nþ
2 þ CO2 ! CO2 þ N2
k2

þ
Nþ
2 þ O ! NO þ N

þ
Nþ
2 þ NO ! NO þ N2

07

 k5

k5 ¼ 2:2  10

Nþ
2 þ e !Nþ N

Chen et al. (1978); Fehsenfeld et al. (1970)
0:39

 ð300=Te Þ

þ
Nþ
2 þ O2 ! O2 þ N2

Chen et al. (1978); Golden et al. (1968)

11

Schunk and Nagy (2009), Matta et al. (2013)

k6 ¼ 9:6  10

k6

þ
COþ
2 þ O ! O þ CO2

11

k7

þ
COþ
2 þ O ! O2 þ CO
k8

þ
COþ
2 þ NO ! NO þ CO2
k9

þ
COþ
2 þ O2 ! O2 þ CO2
k10


COþ
2 þ e ! CO þ O
k11

COþ þ CO2 ! COþ
2 þ CO

k7 ¼ 1:64  10

Schunk and Nagy (2009), Matta et al. (2013)

k8 ¼ 1:2  1010

Chen et al. (1978), Fehsenfeld et al. (1970)

k9 ¼ 5:0  1011

Chen et al. (1978), Fehsenfeld et al. (1970)

k10 ¼ 4:2  1007  ð300=Te Þ0:75

Schunk and Nagy (2009), Matta et al. (2013)

k11 ¼ 1:0  1009

Anicich and Huntress (1986), Krasnopolsky (2002)

10

Anicich and Huntress (1986), Krasnopolsky (2002)

k12 ¼ 1:4  10

k12

COþ þ O ! Oþ þ CO

10

Haider et al. (2007)

k13 ¼ 3:3  10

k13

COþ þ NO ! CO þ NOþ

07

 k14

k14 ¼ 2:75  10

COþ þ e ! O þ C

 ð300=Te Þ

0:5

11

k16 ¼ 2:0  1011  ð300=Tn Þ

k16

Oþ þ O2 ! Oþ
2 þO

Schunk and Nagy (2009), Matta et al. (2013)
Chen et al. (1978), McFarland et al. (1974)

k15 ¼ 1:0  10

k15

Oþ þ NO ! NOþ þ O

Schunk and Nagy (2009), Matta et al. (2013)

11

k6 ¼ 5:0  10

k6

0:5

Chen et al. (1978), Ferguson et al. (1969)

12

k17 ¼ 1:2  10

Schunk and Nagy (2009), Matta et al. (2013)

k18 ¼ 1:1  1009

Schunk and Nagy (2009), Matta et al. (2013)

k19

k19 ¼ 3:26  1012  ð300=Te Þ0:7

Schunk and Nagy (2009), Matta et al. (2013)

k20

k20 ¼ 2:4  107  ð300=Te Þ0:7

Schunk and Nagy (2009), Matta et al. (2013)

k21 ¼ 4:4  1010

Haider et al. (2007)

k17

Oþ þ N2 ! NOþ þ N
k18

Oþ þ CO2 ! Oþ
2 þ CO
O þ þ e ! O

Oþ
2 þ e !Oþ O
k21

þ
Oþ
2 þ NO ! NO þ O2

7

 k22

k22 ¼ 4:0  10

NOþ þ e ! O þ O

R1

COða3 pÞ þ CO2 ! CO þ CO2 ;
R2

COða3 pÞ þ CO ! CO þ CO,
A1

COða3 pÞ ! CO þ hv;

0:5

 ð300=Te Þ

Schunk and Nagy (2009), Matta et al. (2013)

ð19Þ

L3 ðzÞ ¼ A1 ðnCOða3 pÞ Þ.

ð20Þ

Here, nCOða3 pÞ is the density of COða3 pÞ which
is calculated under photochemical equilibrium
conditions by using the following equation:

ð21Þ

where R1 (*1 9 1011 cm3 s1) (Skrzypkowski
et al. 1998) and R2 (*5.7 9 1011 cm3 s1)
(Wysong 2000) are the rate coefBcients and A1
(*1.26 9 102 s1) is the spontaneous emission
transition probability (Lawrence 1971). The loss
rates of COða3 pÞ due to reactions (19, 20 and 21)
are calculated from the following expressions,
respectively:

nCOða3 pÞ ¼

PT ðhÞ
:
A1 þ R1 nCO2 þ R2 nCO

ð24Þ

ð25Þ

It has to mention that radiative decay is the
dominant loss process of COða3 pÞ than the other
two processes given by equations (19 and 20). Now,
the total volume emission rate VT ðz Þ of CO
Cameron band for dayglow emission at altitude h
can be expressed as follows:

L1 ðzÞ ¼ R1 ðnCO2 ÞðnCOða3 pÞ Þ;

ð22Þ

VT ðh Þ ¼ PT ðhÞ  Qf ðh Þ;

ð26Þ

L2 ðzÞ ¼ R2 ðnCO ÞðnCOða3 pÞ Þ;

ð23Þ

where PT ðhÞ is calculated from equation (18). The
quenching factor Qf ðh Þ of COða3 pÞ is given by
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A1

A1 þ R1 nCO2 þ R2 nCO

:

ð27Þ

Since R1 and R2 are very low, the second and
third term in the denominator of equation (27) will
have negligible values as compared to the Brst term
because of which the quenching factor will be
approximately 1.0 and hence the total volume
emission rate given by equation (26) will be equal
to the total excitation rate.
5. Limb intensity of CO(a3p)
The total volume emission rate is equal to the total
production rate because the quenching factor is
almost equal to 1, since radiative decay is the
dominant loss process of COða3 pÞ. To compare
model results with the SPICAM limb observations,
we need to calculate limb intensity. The limb
intensity of CO Cameron band dayglow emission is
calculated at each tangent point by integrating the
total production rate along the horizontal line of
sight using the following expression:

Z 1 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PT
X 2 þ ðr þ h Þ2  r dX; ð28Þ
I ðhÞ ¼ 2
0

where X is the horizontal distance along the line of
sight, h is the altitude of tangent point and r is the
radius of Mars (r = 3390 km) and PT is the total
production rate. The multiplication factor 2
accounts for the symmetry along the line of sight
with respect to the tangent point.
6. Results and discussion
6.1 Comparison of SPICAM and IUVS
observations of CO(a3p) band intensity
In this section, we compare the CO(a3p) Cameron
band intensities observed by SPICAM and IUVS
under nearly the same aerophysical conditions,
even though the time of observation by the two
spacecrafts differ by several years. The SPICAM
observations were carried out on 4 August 2006
and 20 August 2010 in the northern and southern
hemispheres from the MEX during orbits #3301
and #8488, respectively. Similar observations were
also made on 22 September 2019 and 25 January
2020 in the northern and southern hemispheres
from IUVS instrument during MAVEN orbits
#9960 and #10,974, respectively. The orbit, season, latitude, longitude, SZA, f10.7 and MY

corresponding to SPICAM and IUVS measurements are given in table 2. The SPICAM data are
given in ADU (analogue to digital unit), which is
an output of CCD reading (Bertaux et al. 2006).
The following expression is used to convert the
dayglow intensity from ADU to photons/
(cm2 s str nm) (Bertaux et al. 2006; Leblanc et al.
2006; Cox et al. 2008)
I ðkÞ ¼

I ðADUÞ
;
Seff ðkÞ  G  dk  dt  p  dw

where I ðkÞ is the intensity in photons/
(cm2 s str nm), I (ADU) is the number of ADU
recorded in one pixel, Seff ðkÞ is the eDcient area of
the instrument in cm2, G is the gain which is
deBned as number of ADU per photo-event and can
be controlled by the high voltage applied to the
microchannel plate of the intensiBer, dk is the
wavelength interval covered by one spectral pixel
(*0.54 nm), dt is the integration time (\ 1 s),
p is the binning value of CCD lines for each band
(p = 2, or 4, 8, 16, 32) and dw is the solid angle
subtended by one CCD line (*7.986 9 108 str).
The intensity I ðkÞ is further converted into
Rayleigh (R) which is a familiar unit for airglow,
where one Rayleigh is equal to 106 photons/
(cm2 s str) (Leblanc et al. 2006).
Figures 1 and 2 present the emission intensities
of CO(a3p) bands system observed by SPICAM on
4 August 2006 and 20 August 2010 corresponding
to orbits #3301 and #8488 in the northern and
southern hemispheres, respectively (various peaks
of these Bgures correspond to different intensity of
CO(a3p–X1R+) band system). The emission
intensities of this band peak at about 120 and
110 km on 4 August 2006 and 20 August 2010,
respectively. The main features of CO(a3p)
Cameron band occurred between wavelength
170–270 nm. We have selected IUVS observations
corresponding to MAVEN orbits #9960 and
#10,974 on 22 September 2019 and 25 January
2020, respectively. These MAVEN orbits are in
close observing conditions with MEX observations
carried out in orbits #3301 and #8488 (see
table 2). In Bgure 3(a), the altitude proBles of
SPICAM and IUVS observations of CO(a3p)
Cameron band are compared in the northern
hemisphere during orbits #3301 and #9960,
respectively. In Bgure 3(b), the same observations
are compared in the southern hemisphere during
orbits #8488 and #10,974, respectively. In
Bgure 3(a), we have found good agreement between
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Table 2. Characteristics of CO(a3p) dayglow measurements made by SPICAM and IUVS instruments.
Orbit
3301 (SPICAM)
8488 (SPICAM)
9960 (IUVS)
10,974 (IUVS)

Date

f10.7

Ls (°)

Latitude

4/8/2006
20/8/2010
22/9/2019
25/1/2020

71.6
78.9
68.8
70.4

88.5
135.9
83.1
140.6

18.3°N
15.8°S
32.4°N
15.4°S

Figure 1. Spectrum between wavelength 170 and 270 nm for
CO(a3p) Cameron band intensity obtained at altitudes 90 to
140 km by SPICAM onboard MEX on 4 August 2006 during
orbit #3301 in the northern hemisphere of Mars.

two observations while in Bgure 3(b) the limb
intensity observed by SPICAM is larger by a factor
of *2 than the IUVS measurements at altitude
\120 km. It should be noted that SPICAM and
IUVS measurements were carried out in different
years. However, their corresponding physical conditions in terms of season, f10.7 and location are
nearly the same. It can be noted from Bgure 3(a
and b) that the peak altitude of IUVS proBle is
higher than SPICAM proBle because of the eAect of
SZA differences. The uncertainty in the SPICAM
and IUVS observations have been reported *15%
(Bertaux et al. 2006) and 25% (G
erard et al. 2019),
respectively. All four orbits selected in our paper
correspond to minimum solar activity. The difference in viewing geometry and SZA rises due to
spacecrafts orbits around Mars.

Longitude (°E)
76
157
78
158

SZA (°)
6–24
29–40
46–51
66–72

MY
28
30
35
35

Figure 2. Spectrum between wavelength 170 and 270 nm for
CO(a3p) Cameron band intensity obtained at altitudes 90 to
140 km by SPICAM onboard MEX on 20 August 2010 during
orbit #8488 in the southern hemisphere of Mars.

6.2 Photoelectron Cux and ion production rates
In Bgure 4, we have plotted (a) primary photoelectron spectrum and (b) photoelectron Cux in the
northern hemisphere for 4 August 2006 at different
altitudes corresponding to orbit #3301 at SZA
*15°. Figure 5 presents the same results as shown
in Bgure 4 but for 20 August 2010 corresponding to
orbit #8488 in the southern hemisphere at SZA
*35°. The primary photoelectron spectrum and
photoelectron Cux are highly structured. In this
calculation, the energy grids are chosen for 2 eV
between 0 and 10 eV and 2.5 eV between 10 and
100 eV. The largest peak is produced at about
27 eV due to absorption of solar He II line at 304 
A.
The ionisation of CO2 by various solar lines
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Figure 3. Comparison of altitude proBles of CO(a3p) Cameron
bands obtained from SPICAM and IUVS instruments (a) on 4
August 2006 and 22 September 2019, when MEX and MAVEN
were crossing from the northern hemisphere of Mars during
orbits #3301 and 9960, respectively and (b) on 20 August
2006 and 25 January 2020, when MEX and MAVEN were
crossing from the southern hemisphere of Mars during orbits
#8488 and #10,974, respectively.

between 764 and 790 
A is responsible for low energy
peak layer at *8 eV and the strong solar line at
171 
A is responsible for the peak at 58 eV. The solar
Cux, photoabsorption and photoionisation cross
sections decrease rapidly at shorter wavelengths.
Therefore, the primary photoelectron spectrum
and photoelectron Cux fall oA by several orders of
magnitude at high energy. It is found that photoelectron Cux is independent of altitude above
120–130 km because solar EUV produces maximum
ionisation at this altitude.
We have used two different neutral atmospheres
of Bve gases CO2, N2, O2, O and CO from Mars
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climate database (MCD) (Millour et al. 2014) in
the calculations of production rates, photoelectron
Cux, and CO(a3p) Cameron band intensities, which
were carried out for the conditions of SPICAM
observations when MEX was crossing from the
northern and southern hemispheres during orbits
#3301 and #8488 on 4 August 2006 and 20 August
2010, respectively. The air density and mixing
ratios of these gases are given by the MCD model.
We have multiplied mixing ratios with air density
to obtain the neutral densities. The solar EUV Cux
on 4 August 2006 and 20 August 2010 are taken
from Solar 2000 model (v2.37) (Tobiska et al.
2008). These Cuxes are scaled to Mars atmosphere
by multiplying with a factor 1/R2, where R is the
distance between Mars and Sun. The elastic,
inelastic, photoabsorption and photoionisation
cross sections of CO2, N2, O2, O and CO are taken
from the compilation of Pandya and Haider (2014).
Various branching ratios for N2, O2 and O have
been taken from Torr and Torr (1979). The
branching ratio for CO2 is obtained from Gustafsson et al. (1978), and that for CO from Gardner
and Samson (1975).
In Bgure 6, we have plotted (a) photoionisation
rates, (b) photoelectron impact ionisation rates
and (c) ion/electron densities in the northern
hemisphere for 4 August 2006 corresponding to
orbit #3301 at SZA*15°. Figure 7 presents the
same results as shown in Bgure 6 but for 20 August
2010 in the southern hemisphere corresponding to
orbit #8488 at SZA*35°. It is found that the
photoionisation and photoelectron impact production rates are dominant at *110–115 km. The
photoionisation is a dominant process and photoelectron impact ionisation contributes *30% at
this altitude range. These production rates are
proportional to their neutral densities around the
peak altitude. Therefore, the ion production rates
of CO2+ are highest because CO2 is a major gas in
the atmosphere of Mars. The photo-peak production rates and photoelectron peak production rates
are larger by a factor of *1.5–2.0 on 20 August
2010 than that estimated for 4 August 2006
because the solar Cux on 20 August 2010 is more by
a factor of *1.5 than that for 4 August 2006. These
production rates are used in the calculations of ion
and electron densities of six ions CO2+, N2+, O2+,
O+, CO+ and NO+. The total ion densities are also
plotted in Bgures 6(c) and 7(c). Initially, CO2+ ion
is produced by photoionisation and photoelectron
impact ionisations. The other production and loss
mechanisms are obtained from ion-neutral
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Figure 4. (a) Primary photoelectron production spectrum and (b) photoelectron Cux at different altitudes on 4 August 2006 in
the northern hemisphere during the MEX orbit #3301 at SZA *15°.

Figure 5. The same results as shown in Bgure 4 but for 20 August 2010 corresponding to the MEX orbit #8488 in the southern
hemisphere at SZA *35°.

chemical reactions. The CO2+ ion is quickly
removed by O leading to O2+ as a dominant ion in
the upper ionosphere of Mars. The ion NO+ is produced due to destruction of O2+ with NO. This ion is
entirely destroyed by dissociative recombination.
Our model calculations provided the peak electron
densities 2 9 105 and 4 9 105 cm3 at altitudes 110
and 112 km, respectively (cf. Ma et al. 2004).
6.3 Excitation and emission rates of CO(a3p)
band
In Bgure 8, we have shown (a) excitation rates and
(b) emission rates for the MEX orbit #3301 due to

four production processes of (a3p) band: (1) photodissociation of CO2, (2) photoelectron dissociation
of CO2, (3) photoelectron impact on CO and (4)
dissociative recombination of CO2+ with electron.
Figure 9 presents the same results shown in Bgure 8
but for the MEX orbit #8488. The total production
rate and total emission rate are also plotted in
Bgures 8 and 9, respectively. It is found that photodissociation of CO2 is the dominant process for the
production of CO(a3p) band. The quenching of
CO(a3p) on CO2 and CO can be neglected above
100 km because the rate coefBcients of these processes R1 * 1.0 9 1011 cm3 s1 (Skrzypkowski et al.
1998) and R2 * 5.7 9 1011 cm3 s1 (Wysong 2000)
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Figure 6. (a) Photoionisation rates of CO2+, N2+, O2+, O+
and CO+, (b) photoelectron impact ionisation rates of CO2+,
N2+, O2+, O+ and CO+ and (c) ion densities of CO2+, N2+,
O2+, O+, CO+ and NO+ estimated on 4 August 2006 in the
northern hemisphere during orbit #3301.

J. Earth Syst. Sci. (2022)131:78

Figure 7. (a) Photoionisation rates of CO2+, N2+, O2+, O+
and CO+, (b) photoelectron impact ionisation rates of CO2+,
N2+, O2+, O+ and CO+ and (c) ion densities of CO2+, N2+,
O2+, O+, CO+ and NO+ estimated on 20 August 2010 in the
southern hemisphere during orbit #8488.

J. Earth Syst. Sci. (2022)131:78

Figure 8. (a) Excitation rates and (b) emission rates estimated on 4 August 2006 in the northern hemisphere during
orbit #3301 due to photo dissociation of CO2, photoelectron
impact on CO, photoelectron dissociation of CO2 and dissociative recombination of CO2+ with electrons. The total
excitation rate is also plotted in this Bgure.

lead to the transition probabilities on CO2*1.0 and
CO*0.1 respectively, which are very small compared to the probability of the spontaneous emission
from a(3p) state *1.26 9 102 s1 (Lawrence 1971).
Thus, quenching factor Qf(h) is equal to *1 above
100 km. Therefore, emission and excitation rates of
a(3p) band are nearly the same.
6.4 Observations and model comparison
In Bgure 10(a), we have compared the present
result for CO(a3p) Cameron band intensity with
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Figure 9. (a) Excitation rates and (b) emission rates estimated on 20 August 2010 in the southern hemisphere during
orbit #8488 due to photo dissociation of CO2, photoelectron
impact on CO, photoelectron dissociation of CO2 and dissociative recombination of CO2+ with electrons. The total
emission rate is also plotted in this Bgure.

other model calculation of G
erard et al. (2019) and
the dayglow observations carried out by the SPICAM and IUVS instruments in the northern
hemisphere during orbits #3301 and #9960,
respectively. In Bgure 10(b), we have also compared our estimated CO(a3p) Cameron band
intensity with the SPICAM and IUVS observations
but in the southern hemisphere during orbits
#8488 and #10,974, respectively. The IUVS and
SPICAM instruments observed the peak intensity
of CO(a3p) band at 120 and 110 km, respectively.
The increase in the peak height of IUVS observations can also be attributed to SZA because the
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Figure 10. (a) Comparison of present calculation of limb
intensity of CO(a3p) bands with the observations carried out
by SPICAM and IUVS in the northern hemisphere during
orbits #3301 and #9960, respectively. The present calculation
is also compared with the model of G
erard et al. (2019).
(b) Comparison of present calculation of limb intensity of
CO(a3p) bands with the observations carried out by SPICAM
and IUVS in the southern hemisphere during orbits #8488 and
#10,974, respectively.

IUVS observations were carried out at high SZA
*66–72° in comparison with that observed by
SPICAM at low SZA *29–40°. Below the peak
height Cameron band intensity observed by IUVS
is lowered by a factor of *2 than that observed by
SPICAM. Our results have shown reasonable
agreement with both observations within the
uncertainties of the measurements. There is no
significant variation in the peak heights of SPICAM observations during orbits #8488 and #3301
at low SZA *29–40° and 6–24°, respectively.

J. Earth Syst. Sci. (2022)131:78
In Bgure 10(a), we have also compared our estimated CO Cameron band dayglow intensity with
the model calculation of G
erard et al. (2019).
G
erard et al. (2019) have estimated CO Cameron
dayglow intensity for an average condition using
Boltzmann kinetic model. We have used AYS
method and calculated the dayglow emission
intensity of CO(a3p) band for SPICAM observing
conditions. In both models elastic and inelastic
cross sections are taken from the same reference
except for the excitation cross-sections. In AYS
approach, we have taken excitation cross-sections
of a3p state due to electron impact on CO and CO2
from Sawada et al. (1972). G
erard et al. (2019)
have taken these cross sections from Shirai et al.
(2001).
The excitation cross sections were estimated by
Sawada et al. (1972) and Shirai et al. (2001) using
different analytical expressions of semi-empirical
formulae. The electron impact excitation crosssection of CO(a3p–X1R+) band has a large error in
the laboratory measurements because its radiative
lifetime is uncertain. Lawrence et al. (1972) measured the lifetime of CO Cameron band as *7.5 ±
1 ms. Gilijamse et al. (2007) observed the lifetime
of this band as *3 ms in the v = 0 level. Erdman
and Zipf (1983) observed a peak value of 2.4 9
1016 cm2 at 80 eV, whereas Ajello (1971) measured
a value of 7.1 9 1017 cm2 at 80 eV. Shirai et al.
(2001) renormalised the electron impact excitation
cross-section of CO(a3p) based on the peak value of
2.4 9 1016 cm2 as suggested by Erdman and Zipf
(1983) to account for the downward revision of the
radiative lifetime of CO(a3p) state by Gilijamse
et al. (2007). Therefore, the cross-section of Shirai
et al. (2001) is larger by a factor of *2 in comparison with that estimated by Sawada et al.
(1972) (see Bgure 11). Recently, Lee (2021) has also
observed radiative life-time 3 ± 1 ms of CO
Cameron band. They observed a peak value *1.0
9 1016 cm2 at 10 eV of this cross-section. This
value is in close agreement with the peak value of
Sawada et al. (1972). Thus, the excitation crosssection of Sawada et al. (1972) is more accurate
than found by Shirai et al. (2001).
We have divided the emission intensity of
G
erard et al. (2019) by a factor of 2 to get a close
agreement between two different model calculations. There is a good agreement between IUVS
and SPICAM observations except at the peak
altitude. The IUVS and SPICAM have observed
the peak intensity of CO(a3p) band at *120 and
115 km, respectively (Leblanc et al. 2006; G
erard
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observed by SPICAM because the later observations
were carried out at low SZA.
We also compared our estimated CO Cameron
band dayglow intensity with the calculation of
G
erard et al. (2019). The CO Cameron band
intensity calculated by G
erard et al. (2019) is larger by a factor of *2 than that estimated by us
because their excitation cross sections are high.
They have used cross-sections of Shirai et al.
(2001). We have used cross-sections of Sawada
et al. (1972), which is more accurate and useful for
the modelling of CO(a3p) limb intensity in the
dayside atmosphere of Mars.
Acknowledgements

Figure 11. Comparison of excitation cross sections between
Shirai et al. (2001) and Sawada et al. (1972) due to electron
impact on CO and CO2.

et al. 2019). This increase in peak height can be
attributed to SZA (cf. Fallows et al. 2015; Jain
et al. 2015). The SPICAM and IUVS observations
are carried out at SZA 6–24° and 46–51°, respectively. Our calculated result for CO(a3p) Cameron
band intensity is in good agreement with both the
observations within the uncertainty limit.
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7. Summary and conclusion
We estimated photoelectron Cux, ion and electron
densities and CO(a3p) Cameron band dayglow limb
intensity between 90 and 200 km in northern and
southern hemispheres at SZA *15° and *35°,
respectively. These calculations are for the MEX
observation conditions on 4 August 2006 and 20
August 2010, when the spacecraft crossed the orbits
#3301 and #8488 in the northern and southern
hemispheres in MY28 and MY30, respectively. The
calculations show that the photo-dissociation of CO2
is the dominant process for the production of
CO(a3p) band. The simulated limb intensity of
CO(a3p) Cameron bands are in good agreement with
the SPICAM and IUVS observations considering
the uncertainties of the measurements. The IUVS
and SPICAM observations were carried out under
nearly the same aerophysical conditions but corresponded to different years. The peak limb intensity
observed by IUVS instrument is higher than that
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