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[1] We have developed a model to calculate the production rates and densities of positive
and negative ions in the troposphere of Mars at evening. Using this model, the densities of
35 ions (Ar

+, O2
+, CO2

+, O2
+CO2, NO

+, H3O
+, H3O

+H2O, H3O
+(H2O)2, H3O

+(H2O)3,
H3O

+(H2O)4, H3O
+HO, CO2

+CO2, CO
+, C+, N2

+, NO+CO2, N
+, O2

+(CO2)2, O2
+H2O,

O2
+(H2O)2, O4

+, O+, CO3
�H2O, CO3

�(H2O)2, CO3
�, CO4

�, NO2
�, NO2

�H2O, NO2
�(H2O)2,

NO3
�, NO3

�H2O, NO3
�(H2O)2, O2

�, O3
�, O�) are estimated in summer and winter at

latitudes 67�N and 62�S for solar zenith angles 80� and 85�, respectively. The impact
ionization source is taken as galactic cosmic rays. The model atmospheres at these
locations are constructed from air density measured by radio occultation experiment
aboard Mars Global Surveyor. The maximum electron densities in southern winter and
northern summer are obtained at altitudes �25 km and �30 km, respectively, due to
high efficiency of electron attachment to Ox molecules. Of the 35 ions considered in the
model, the chemistry of 9 major ions (H3O

+(H2O)n for n = 1, 2, 3, 4 and CO4
�, CO3

�,
NO2

�H2O and CO3
�(H2O)n for n = 1, 2) are discussed in this paper. The ion densities are

changed by factors of 5 to 10 between these two seasons.
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1. Introduction

[2] The Radio occultation experiment onboard Mars
Global Surveyor (MGS) contributes detailed measurements
to an improved understanding of the basic thermal structure,
circulation, and dynamics of the troposphere of Mars. These
results are based on analysis of the radio signal received
from MGS as it enters and exits occultation by the planet.
Occultation studies with MGS encompass a range of diverse
phenomena that has been investigated based on high vertical
resolution profiles of atmospheric density, pressure, and
temperature [Tyler et al., 2001]. These measurements are
made available by radio science team at NASA’s Planetary
Data System (http:/pds-geophys.wustl.edu/pds/mgs/rs/).
[3] In this paper we have used temperature and air density

profiles measured by radio occultation experiment at solar
zenith angles 85� and 80� on 3 March and 30 December
1998 for Ls = 285� and 67� in southern and northern

hemispheres, respectively, at nearly same latitude and
longitude (62�S, 205�E; 67�N, 200�E). At the time of these
measurements, Mars had winter in south and summer in
north with moderate solar activity period (f10.7 = 132–181).
Two model atmospheres of 12 gases (CO2, N2, Ar, O2, H2,
CO, H2O, O, O3, NO, NO2, and HNO3) are obtained at
these locations from measured air density by multiplying it
by the mixing ratio of their gases [Rodrigo et al.,1990; Nair
et al., 1994; Tyler et al., 2001]. We have examined the
seasonal variability in the calculation of ion production rates
and electron density. The model calculations are carried out
between altitudes 1 to 40 km at observed points. The ion
production rates are calculated because of the impact of
galactic cosmic rays by using the energy loss method which
is described in section 3. The production rate and temper-
ature have been used later in the continuity equation for the
calculation of ion and electron densities under photochem-
ical steady state condition.
[4] The first theoretical study of the Martian lower

ionosphere was carried out by Whitten et al. [1971]. They
considered the ionization by cosmic rays and solar radiation
in the dayside ionosphere of Mars. Later Molina-Cuberos et
al. [2002] calculated electron density in the nighttime lower
ionosphere of Mars. Recently Haider et al. [2007] have
estimated mean electron density in the nighttime ionosphere
of Mars due to absorption of solar wind electron and
galactic cosmic rays between altitudes 0 and 220 km.
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These authors did not study the lower atmosphere/iono-
sphere of Mars at daytime. In this region, the ion neutral
chemistry is similar to the D region of Earth’s ionosphere,
which is formed because of the following ionization sources:
(1) solar Lyman a (1216 Å) ionizing the minor constituent
NO, (2) solar X-ray (l < 8 Å) ionizing N2 and O2, (3) cosmic
ray ionizing all atmospheric constituents and (4) photo-
ionization of the metastable O2(

1Dg) by solar UV radiation
(l < 1118 Å). We have found earlier that maximum
ionization occurs in the dayside Martian ionosphere at
altitudes �125 km and �105 km due to absorption of
solar EUV (�1025.7 Å) and X-ray photons (�90 Å),
respectively [Haider et al., 2002]. The ionization due to
Lyman a (1216 Å) is not studied in the lower ionosphere of
Mars. This source plays active role in the mesosphere of
Earth. The cosmic ray ionization is found an important
process in the lower atmosphere of Mars at nighttime
[Molina-Cuberos et al., 2002; Haider et al., 2007].
[5] The objective of this paper is to calculate production

rate, ion and electron densities in the evening due to
precipitation of galactic cosmic rays in Marian troposphere
at high northern and southern latitudes during summer and
winter seasons, respectively. This calculation suggests that
the hydrated hydronium ions H3O

+(H2O)2,3 and water
cluster ions NO2

�H2O and CO3
�(H2O)1,2 are dominant in

the Martian troposphere. The densities of these ions are
changed by factors of 5 to 10 between the two seasons.
The maximum electron densities in southern winter and
northern summer are obtained at altitudes �25 km and
�30 kmwith the concentrations of�70 cm�3 and�80 cm�3,
respectively, because of the high efficiency of electron
attachment to Ox molecules. The concentrations of negative
ions are higher than that of electron below 25 km.
[6] It is generally accepted that global electric circuit is

driven by thunderstorms. The cloud and dust particle have
been observed in the troposphere of Mars [Montmessin et
al., 2006]. Thunderstorm and lightning are formed on earth
by charging of clouds. The electrical conductivity is not
observed in the Martian troposphere. However such charg-
ing would occur within the clouds observed on Mars. We
have calculated densities of positive ions, negative ions, and
electrons in the troposphere of Mars. Attachment of these
particles to dust is an important loss process for the
atmospheric electricity [Michael et al., 2007]. In absence
of conductivity measurement at Mars, this calculation can
be used as a diagnostic tool for future design of electrical
payloads and for the subsequent data analysis to confirm the
presence of lightning in the Marian troposphere.

2. Composition of the Martian Atmosphere: An
Overview

[7] In the first observation of the Martian atmosphere,
Kuiper [1952] has inferred carbon dioxide abundance
� 4.4 � 105 Dobson (Dobson � 10�3 cm-amagat).
Grandjean and Goody [1955] pointed out that this amount
of Martian CO2 was dependent on Kuiper’s implicit
assumption a surface pressure close to one-half the sea level
pressure on earth. After several years, Spinrad et al. [1963]
discovered the presence of water vapor inferring a column
abundance of 10mm. Soon afterKaplan et al. [1964] reported

a pressure independent evaluation of the CO2 abundance of
55 ± 20 � 105 Dobson and derived Martian surface pressure
� 25 ± 15 mb. These conclusions were greatly strengthened
by determination of the total pressure� 4.1–6.0 mb from the
Mariner 4 spacecraft [Kliore et al., 1965]. Since 80 � 105

Dobson of CO2 would produce a surface pressure of 6 mb on
Mars, it appeared likely that at least 90% of the atmosphere
consisted of this gas.
[8] Carbon monoxide was first detected in the 2–0 band

near 2.5 mm by Kaplan et al. [1969], who deduced CO
abundance of 5.6 � 103 Dobson. These observations were
also carried out by Young and Young [1977], who had
reported same result �5.6 ± 0.5 � 103 Dobson. The
amount of atomic hydrogen at �250 km was deduced to
be 3 � 104 atoms/cm3 [Anderson and Hord, 1971].Atomic
oxygen at 135 km was estimated to lie between 0.5 and 1%
of the total density at that altitude [Strickland et al., 1972].
After many unsuccessful attempts, molecular oxygen was
finally detected by Barker [1972] and by Carleton and
Traub [1972] as 9.0 ± 0.6 � 103 Dobson and 10.4 ± 1.0 �
103 Dobson, respectively.
[9] Ozone was discovered by Barth and Hord [1971]

from observations with UV spectrometer onboard Mariner 7
spacecraft. Abundance less than 3 � 10�1 Dobson were
recorded over most of the planet, while values ranging from
3 � 10�1 to 60 � 10�1 Dobson were found over the cold
polar caps [Barth et al., 1973]. An upper limit of 0.5 to 5%
of N2 was reported from Mariner 6 and 7 measurements
[Dalgarno and McElroy, 1970]. Mars 6 measurements
seemed to indicate that as much as 35% of the atmosphere
might be a noble gas [Istomin and Grechnev, 1976]. Finally,
Viking Lander verified the presence of nitrogen and argon
[Nier et al., 1976; Owen and Biemann, 1976]. The molec-
ular oxygen, carbon monoxide, and atomic oxygen were
also confirmed in the Martian atmosphere. Subsequent
analysis and data from the second Viking Lander added
nitric oxide, krypton, xenon, and neon to the list of species
in the Martian atmosphere [Nier et al., 1976; Biemann et al.,
1976; Owen et al., 1976; McElroy et al., 1976; Owen et al.,
1977].
[10] Modeling has provided a better knowledge of the

neutral compositions and structure compared to what was
known earlier. Rodrigo et al. [1990] and Nair et al. [1994]
have modeled the atmospheric constituents CO2, N2, Ar, O2,
CO, H2O, H2, O, O3, NO, NO2, and HNO3. Molina-
Cuberos et al. [2002] have used this model atmosphere to
study nighttime lower ionosphere of Mars. We have used
mixing ratios of these gases in the construction of model
atmospheres of two different seasons at high northern and
southern latitudes. Same mixing ratios are taken in both
model atmospheres. Variation in mixing ratios can vary
neutral density of minor constituents. The concentrations of
major gases are not much affected because of the change in
mixing ratios. Additional refinement of meteorological
models and further calibration of mass spectrometer data
may be expected to change the mixing ratios somewhat in
both hemispheres. Although it will require additional in situ
analysis of the Martian atmosphere to bring about substan-
tial improvements. Figures 2a and 2b represent the derived
neutral density profiles for summer and winter seasons at
latitudes 67�N and 62�S, respectively. The neutral densities
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are larger in northern summer by a factor of �2 than that of
southern winter.

3. Energy Loss Model

[11] The high energy cosmic rays pass through the atmo-
sphere, producing nucleonic cascades. The impact of primary
cosmic rays, mainly protons and a particle onto the atmo-
spheric molecules produces protons, neutrons, and pions.
Fast secondary nucleons can gain enough energy to increase
the production of particles by neutral collisions. Neutral
pions quickly decay to gamma rays, and their contribution
to the energy deposition is very important in the lower part of
the atmosphere. At high altitude the maximum ion produc-
tion rates are due to protons. Charged pions decay to muons,
which do not decay before reaching the ground, and hence the
muon energy is mainly transferred to the surface.
[12] The atmospheric thickness of Mars is defined as

[Turunen et al., 1996]:

X ¼
Z1
s

r ds ð1Þ

where r is the mass density along slant paths as shown in
Figure 1. Assuming a spherical atmosphere, whose density
falls exponentially with increasing radius, the atmospheric
depth becomes

X ¼ ro

Z1
s

exp �h=hoð Þds ð2Þ

From ideal gas law, ro = Xo/ho, where h0 is the scale height
equal to 11 km, X0 (= 20 gm/cm2) is the total atmospheric
depth of Mars in the vertical direction and h is height which
can be represented as:

h ¼ s coscþ s2=2R ð3Þ

Using equations (1), (2), and (3) we can calculate
atmospheric thickness in troposphere of Mars as given
below:

X s;cð Þ ¼ X0

h0

Z1
s

exp � s2=2Rþ s: cosc
� �

=h0
� �

ds ð4Þ

where R is the radius of Mars equal to 3390 km and c is the
zenith angle. The value of term s2/2R is insignificant for c
up to �85�, therefore we can use the approximation as:

X s;cð Þ ¼ X0

cosc
exp �s: cosc=h0ð Þ ð5Þ

[13] The differential flux of the particles generated by
galactic cosmic rays at depth X is given by O’Brien et al.
[1996] as:

Fj X ;Eð Þ ¼ Bj

� �X
l
e�X=L L0

Egþ1 1þ uj
� � ð6Þ

Figure 1. Schematic diagram for cosmic ray absorption in
the Martian troposphere at solar zenith angle c.

Figure 2a. Neutral densities of Martian troposphere at latitude 67�N and longitude 200�E for solar
zenith angle 80�.
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uj ¼
Hmj

ctjE
ð7Þ

Bj

� �
¼

Z1

0

nj rj
� �

:rj:drj ð8Þ

where E is the energy, L0
Egþ1 is the cosmic ray nucleon

spectrum at the top of the atmosphere, L and l are the
attenuation and interaction mean free path of the nucleon,
respectively, mj and tj are the mass and life time of the
particle j, H is the scale height of the atmosphere, nj(rj) is
the number of particles of type j, which receive a fraction
rj of the incident nucleon energy in an interaction. In order
to derive equation (6), it is assumed that interaction mean
free paths of pions and kaons are equal to L. The value of
L0 is taken to be 2.35 � 104, if the flux is measured in
m�2 s�1 ster1 GeV1. g is equal to 1.67. The interaction
and attenuation mean free path of nucleons are equal to
75 gm/cm2 and 120 gm/cm2, respectively.
[14] The energy loss per cm path into the material media

by a particle traveling with the velocity V and undergoing
inelastic collisions is written as [cf. Evans, 1955; Haider et
al., 2007]:

dE

dh

� 	
ion

¼ 2pe4

m0V 2
NZ ln

m0V
2E

I2 1� b2
� �

" #
� b2

( )
ergs=cm ð9Þ

[15] For simplicity, it is convenient to introduce m0V
2 =

b2m0c
2 and E + m0c

2 = m0c
2/

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

p
thus obtaining from

equation (9)

dE

dh

� 	
ion

¼ 4pr20
m0c

2

b2
NZ lnb

E þ m0c
2

I

� 	
E

m0c2

� 	1
2

(

� 1

2
b2

�
MeV=cm ð10Þ

where E is the energy, I is ionization potential, N is the
neutral density r0 is classical electron radius with 4pr0

2 =
1.00� 10�24 cm2/electron; b2 = (V/c)2 = 1� [(E/m0c

2) + 1]�2,
m0c

2 = 0.51 MeV (rest energy of electron), Z is the atomic
number and c is the velocity of light.
[16] Using equation (10) the ion production rate at

height h and solar zenith angle c is given below:

p h;cð Þ ¼ 1

Q

Z
E

Z
W

dE=dhð Þ F c;E;Wð ÞdWdE ð11Þ

where Q = 35 eV is the energy required for the formation of
an electron ion pair, c are taken as 80� and 85�, F is the total
differential flux of the galactic cosmic rays being expressed
in cm�2 s�1 GeV�1 ster�1 at height h and W is the spatial
angle. Since the cosmic rays penetrate isotropically into the
atmosphere, equation (11) reduces as follows:

p h;cð Þ ¼ 2p
Q

Z
dE=dhð ÞF c;Eð ÞdE ð12Þ

[17] The ion density is calculated from the continuity
equations neglecting transport as follows:

dni

dt
¼ qi � nili ð13Þ

where qi and li are the total production rate (because of
cosmic ray ionization and chemical reactions) and loss rate
coefficient of ith gas, respectively. ni is the ion density. The
time dependent chemical production and loss rates of a
general reaction A+ + B ! C+ + D are given below:

dqCþ

dt
¼ R Aþ½  B½  ð14Þ

dlAþ

dt
¼ R Aþ½  B½  ð15Þ

Figure 2b. Neutral densities of Martian troposphere at latitude 62�S and longitude 205�E at solar zenith
angle 85�.
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[18] In this reaction ion C+ is produced and A+ is lost at
same chemical rate coefficient R. Under steady state con-
dition, dni

dt
= 0. Using equations (13), (14), and (15) the

concentration of positive ion ni
+, negative ion ni

�, and
electron ne are calculated by iteration process as given
below:

nþi ¼
Pi þ

P
k;j

Ri
k;jnkn

þ
j þ

P
j

gijn
þ
jP

k

Ki
knk þ ai

ene þ aiin� þ Gi
ð16Þ

n�i ¼

P
j

Ai
jnjne þ

P
k;j

Ri
k;jnkn

�
j þ

P
j

gijn
�
jP

k

Ki
knk þ aiin� þ Gi

ð17Þ

ne ¼

P
j

Pj þ
P
j

gej n
�
jP

j

Bjnj þ
P
j

ai
en

þ
i

ð18Þ

nþ ¼ n� þ ne ð19Þ

nþ ¼
X
i

nþi ð20Þ

n� ¼
X
i

n�i ð21Þ

where Pi is the production rate of positive ion i by galactic
cosmic rays; Rk,j

i is the rate coefficient of the reaction of

neutral k with ion j to produce the ion i; gj
i is the rate

coefficient of production of ion i by photon collision with
ion j; Kj

i the rate coefficient of the reaction to remove ions i
by reaction with neutral k; ae

i and aii are the ion-electron
and ion-ion recombination rate coefficient; n+ and n� are
the total density of positive and negative ions; Gi is the
coefficient rate of loss of ion i by photon collision; Aj

i is the
rate coefficient of the production of negative ion i by
electron attachment to neutral k; gj

e is the rate coefficient of
electron production by photodetachment of ion j; and Bj is
the attachment of electron to molecule nj.

4. Results and Discussions

[19] In Figures 3a and 3b, we represent production rates
of major ions (CO2

+, N2
+, Ar+, O2

+, CO+, H2O
+, and H2

+) at
high northern and southern latitudes for summer and winter
seasons, respectively. The production rates of O+, O3

+, NO+,
NO2

+, and HNO3
+ are very low, therefore they are not plotted

in these figures. These production rates are used in the
calculation of the densities of 35 ions viz. Ar

+, O2
+, CO2

+,
O2
+CO2, NO

+, H3O
+, H3O

+H2O, H3O
+(H2O)2, H3O

+(H2O)3,
H3O

+(H2O)4, H3O
+HO, CO2

+CO2, CO
+, C+, N2

+, NO+CO2,
N+, O2

+(CO2)2, O2
+H2O, O2

+(H2O)2, O4
+, O+, CO3

�H2O,
CO3

�(H2O)2, CO3
�, CO4

�, NO2
�, NO2

�H2O, NO2
�(H2O)2,

NO3
�, NO3

�H2O, NO3
�(H2O)2, O2

�, O3
�, O�.

[20] The number densities of five major positive ions
(H3O

+(H2O)n for n = 1, 2, 3, 4) and H3O
+ are shown in

Figures 4a and 4b at latitudes 67�N and 62�S during
summer and winter seasons, respectively. The ions CO2

+

and O2
+ are produced initially because of the impact of

galactic cosmic rays with the lower atmosphere of Mars.
Later nearly 100% O2

+CO2 is formed because of the three
body reaction, which is fully destroyed by water vapor in
the formation of H3O

+ as:

O2 þ CR ! Oþ
2ðR1Þ

Figure 3a. Model calculation of ion production rates of CO2
+, N2

+, Ar+, O2
+, CO+, H2O

+, and H2
+ at

latitude 67�N and longitude 200�E for solar zenith angle 80�.
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CO2 þ CR ! COþ
2ðR2Þ

Oþ
2 þ CO2 þM ! Oþ

2 CO2 þMðR3Þ

Oþ
2 CO2 þ H2O ! Oþ

2 H2Oþ CO2ðR4Þ

Oþ
2 H2Oþ H2O ! H3O

þ þ HOþ O2ðR5Þ

The ion H3O
+ is lost by three body reaction in the formation

of hydrated ions H3O
+(H2O)n for n = 1, 2, 3, and 4. Once

H3O
+ ion has been produced water vapor molecules are

associated into it. We have considered the reactions of
production and loss to form cluster ions up to four water
molecules as:

H3O
þ H2Oð ÞnþH2OþM $ H3O

þ H2Oð Þnþ1þMðR6Þ

These reactions are important for the formation of hydrated
ions in the troposphere of Mars. The dissociative recombi-
nation of H2O

+(H2O)n are always smaller than any other
loss process in the troposphere.
[21] The nighttime ionosphere of Mars has been observed

above the surface of Mars from Mars 4 and Mars 5 on 10

Figure 3b. Model calculation of ion production rates of CO2
+, N2

+, Ar+, O2
+, CO+, H2O

+, and H2
+ at

latitude 62�S and longitude 205�E for solar zenith angle 85�.

Figure 4a. Altitude profiles of positive ion densities in the Martian troposphere at latitude 67�N and
longitude 200�E due to precipitation of galactic cosmic rays at solar zenith angle 80�.
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and 18 February 1974 [Savich and Samovol, 1976]. These
observations were carried out by radio occultation experi-
ment in spring season at coordinate 38�N 214�W and local
time 0430 with solar zenith angle 106� during low solar
activity period. In Figure 4a the calculated electron density
is compared with these measurements. Each measured
profiles show existence of plasma at height below 40 km
with a small shoulder of electron density between�103 cm�3

and 2 � 103 cm�3 at altitude � 20 km. This signature is not
very prominent and other published Mars low altitude
profiles do not show similar features [Zhang et al., 1990].
There has been found that calculated electron density is
smaller from the measurements by an order of magnitude
around the peak altitude. This difference increases up to
�3 order of magnitude near the surface of Mars. Our low
values of electron density may arise because of several
reasons: (1) If the measured electron density on 10 and 18
February 1974 is caused by high cosmic ray fluxes, it
should have high values from the estimated electron density.
The present calculation is made using galactic cosmic ray
population of fluxes 103 to 10�5 particle m�2 s�1 GeV�1

ster�1 for energy range 1–1000 GeV. We do not know how
much flux of galactic cosmic rays actually precipitate in the
daytime/nighttime atmosphere of Mars. (2) There is a large
error in the measurements. The presence of plasma in the
lower ionosphere is derived on the basis of formal inversion
of the set of observations in symmetrical approximation.
During the occultation measurements, the possible displace-
ment of electron density due to this error was estimated to
be �±500 cm�3 [Savich and Samovol, 1976]. This could be
an important reason for the difference between calculation
and measurement at low ionospheric region. (3) Because of
the large uncertainty in the measurements, ion and electron
density could not separate out. If it is true, the calculated
total (ion + electron) density can be brought into close
agreement with the measurements. (4) Mars 4/5 have
observed plasma density at low solar activity period. The

flux of cosmic radiation is correlated with the solar activity
through the solar wind, which decelerates the low energy
cosmic particles in the interplanetary medium. During the
period of low solar activity the cosmic rays’ ionization and
plasma density become higher. (5) Finally, A global dust
storm could also enhance the measured plasma density due
to heating effect in the Martian troposphere [cf. Bougher et
al., 1999]. The ground-based observations have reported
that Mars was covered by dust storms at most of the time of
radio measurements carried by Mars 4/5 in 1974 [Martin,
1975; Dollfus et al., 1984].
[22] The number densities of five major negative ions

(CO4
�, CO3

�, CO3
�H2O, CO3

�(H2O)2, and NO2
�H2O) are

shown in Figures 5a and 5b for the same locations as
shown in Figures 4a and 4b. Water cluster of CO3

� and
NO2

� (i.e., CO3
�(H2O)n, NO2

�(H2O)n for n = 1 and 2) are
dominant ions below 30 km. Above this altitude electron
plays an important role in the lower ionosphere of Mars.
The electron density is plotted in both figures. The relative
high abundance of oxygen bearing molecules permits the
presence of negative ions in the lower ionosphere. Initially,
negative ions O� and O2

� are produced through electron
capture by ozone and molecular oxygen, respectively, as
given below:

eþ O3 ! O� þ O2ðR7Þ

eþ O2 þM ! O�
2 þ hnðR8Þ

Later CO3
� and CO4

� are produced from three body reactions
as:

O� þ CO2 þM ! CO�
3 þMðR9Þ

O�
2 þ CO2 þM ! CO�

4 þMðR10Þ

Figure 4b. Altitude profiles of positive ion densities in the Martian troposphere at latitude 62�S and
longitude 205�E due to precipitation of galactic cosmic rays at solar zenith angles 85�.
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The ion CO4
� is destroyed by atomic oxygen producing

CO3
�, whose peak occurs at about 25 km. The loss of CO3

�

with H2O is the major source of production of CO3
�H2O and

CO3
�(H2O)2 as given below:

CO�
3 þ H2OþM $ CO�

3 H2OþMðR11Þ

CO�
3 H2Oþ H2OþM $ CO�

3 H2Oð Þ2þMðR12Þ

These reactions produce 100% CO3
�(H2O)2 at all heights in

the troposphere of Mars. The ion CO3
� is also destroyed by

NO forming NO2
� ion. Later NO2

� was hydrated by three
body reaction with water vapor producing second important
ions NO2

�(H2O)n for n = 1 and 2 as:

CO�
3 þ NO ! NO�

2 þ CO2ðR13Þ

NO�
2 þ H2OþM $ NO�

2 H2OþMðR14Þ

NO�
2 H2Oþ H2OþM $ NO�

2 H2Oð Þ2þMðR15Þ

Figure 5a. Altitude profiles of negative ion densities in the Martian troposphere at latitude 67�N and
longitude 200�E due to precipitation of galactic cosmic rays at solar zenith angle 80�.

Figure 5b. Altitude profiles of negative ion densities in the Martian troposphere at latitude 62�S and
longitude 205�E due to precipitation of galactic cosmic rays at solar zenith angles 85�.
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(R6), (R11), (R12), (R14), and (R15) are reversible reactions.
Near the surface, the densities of negative ions and electron
are reduced by about an order of magnitude in northern
summer than that of southern winter. The position of the
ionization peak is also varying between these two seasons. In
summer the ionization peaks are found at altitude� 25 km for
ions CO3

�H2O, CO3
� and CO4

� and for ion NO2
�H2O at

altitude 28 km. In winter the maximum ionizations for ions
CO3

�/CO4
� and NO2

�H2O occur at altitude� 20 km and 7 km,
respectively. The ions CO3

�H2O and CO3
�(H2O)2 do not

represent clear ionization peaks in southern and northern
seasons, respectively. In this model calculation we have used
ion-neutral, electron neutral, photo dissociation of positive
and negative ions, electron photo-detachment, ion-ion, ion-
electron recombination processes through over 133 chemical
reactions. Three body reactions are very important at Mars,
but most of them have been measured using N2 or O2 as a
third body and the rate coefficient with CO2 is unknown.
When no rate coefficient for CO2 is available, we have used
the known data as valid for Mars’ atmosphere conditions.
However the rate coefficient does not depend too much on
third body. It is known that three body reaction rate
coefficient asymptotically approach a limit at high pressure
and that the high pressure behavior of such reactions is
similar to bimolecular processes. The density of Martian
atmosphere is not high enough to saturate the trimolecular
reactions included in this model and no limit in the effective
bimolecular rate was used here. The chemical reactions are
taken from Haider et al. [2007]. They have not used
photodissociation and electron photo-detachment reactions,
which occur in the daytime troposphere. These reactions are
given in Table 1. The units of these reactions are s�1. Their
rate coefficients are calculated from known values of the
terrestrial atmosphere and divided by 2.25 to account for the
reduced solar radiation at Mars compared with that on earth.
The solar flux on Mars is scaled by 1/R2 where R is the
heliocentric distance equal to 1.5 AU. The photodissociation
of CO3

�, CO4
�, and NO3

� leads to initial values of oxygen and
nitric anions, respectively. The electron photodetachment of
negative ions are not found very important process between
altitudes 0 and 10 km. Above this height photodetachment of
CO3

�/CO4
� plays a significant role for the production of

electron density. The transport of molecular ions is not
considered in this model calculation because the transport
time is several orders of magnitude higher than the chemical
life time.

[23] In comparing dayside ion density with our nightside
calculation [Haider et al., 2007], we find that densities of
daytime hydronium ions (H3O

+(H2O)n for n = 1, 2, 3, and 4)
are lower from the nighttime by a factor of �2. The
negative ion densities of water clusters of NO2

� and
CO3

�(i.e., NO2
�(H2O)n and CO3

�(H2O)n for n = 1, 2) are
more structured in the dayside ionosphere as compared to
that of nighttime. The difference between daytime and
nighttime ion densities is due to different model atmos-
pheres used in both model calculations. The chemistry of
the negative ions is very sensitive to the neutral density.
Therefore, more variations are found on the densities of
negative ions as compared to the positive ions.
[24] D layer is observed in the lower ionosphere of earth

at 65–70 km because of the precipitation of galactic cosmic
rays. The mean atmospheric pressure of Mars is nearly 1000
times less than that on earth (The atmospheric pressures on
Mars and earth are nearly 6 mb and 1000 mb, respectively).
Therefore, galactic cosmic rays penetrate deeper into the
Martian atmosphere as compared to that on earth’s atmo-
sphere. By analogy to earth’s ionosphere, we suggest that
Martian ionosphere consists D layer in the troposphere. The
position and value of this layer are different in summer and
winter seasons at high northern and southern latitudes,
respectively. In the dayside ionosphere, we have neither in
situ measurements of low altitude ion layers nor remote
sensing measurements from Mars surface. The direct meas-
urements of cluster ions and electron density in the lower
ionosphere of Mars can be performed by Sounding rocket
and Langmuir probe experiments onboard Mars Lander,
respectively. Sounding rockets carrying quadrupole ion
mass spectrometer has been found very useful experiment
to measure positive and negative ion densities in the D
region of Earth’s ionosphere. Langmuir probe has been used
in rockets and balloons to measure electron density in the
lower ionosphere of Earth. Ground-based remote sensing
experiments such as ionosondes and Incoherent Scatter
Radars are routinely used to measure D layer on Earth.
These two experiments can also be performed on Mars from
a ground-based laboratory.

5. Conclusions

[25] We have analyzed MGS/radio science data in the
Martian troposphere at high latitudes 67�N and 62�S and

Table 1. Chemical Reactions

O4
+ + hn (l � 6000–9000 Å) ! O2

+ + O2 0.13 Totmatsu [1990]
O2

+H2O + hn (l � 6000 Å) ! O2
+ + H 0.18 Totmatsu [1990]

O2
+(H2O)2 + hn (l � 6000 Å) ! Products 0.27 Totmatsu [1990]

CO� + hn (l � 6000 Å) ! e + CO 0.01 Whitten et al. [1971]
CO3

� + hn (l < 6800 Å) ! e + CO3 0.0098 Turunen et al. [1996]
CO3

� + hn (l < 6800 Å) ! O� + CO2 0.076 Turunen et al. [1996]
CO3

�H2O + hn (l < 7000 Å) ! CO3
� + H2O 0.27 Fritzenwallner and Kopp [1998]

CO3
�(H2O)2 + hn (l < 6900 Å) ! CO3

� + H2O + H2O 0.27 Molina-Cuberos et al. [2002]
CO4

� + hn (l � 3500 Å) ! O2
� + CO 0.0028 Turunen et al. [1996]

NO2
� + hn (l < 5200 Å) ! e + N 0.018 Totmatsu [1990]

NO3
� + hn (l < 3200 Å) ! e + NO +O2 0.002 Swider [1996]

NO3
� + hn (l < 3200 Å) ! NO2

� + O 0.026 Swider [1996]
O� + hn (l < 8500 Å) ! e + O 0.62 Turunen et al. [1996]
O2

� + hn (l � 8500 Å) ! e + O2 0.17 Turunen et al. [1996]
O3

� + hn (l < 5900 Å) ! e + O3 0.021 Turunen et al. [1996]
O3

� + hn (l < 5900 Å) ! O� +O2 0.21 Turunen et al. [1996]
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longitudes 200�E and 205�E, respectively. These data sets
were observed in northern summer (Ls = 67�) and southern
winter (Ls = 285�) at solar zenith angles 80� and 85�,
respectively. At the time of these measurements, Mars had
moderate solar activity period (f10.7 = 132–181). We have
used these data in the calculation of production rate,
positive ion density, negative ion density, and electron
density. The calculations are made under photochemical
steady state condition using energy loss model and conti-
nuity equation. The calculated electron density is compared
with nighttime observations made by Mars 4 and 5. The
impact ionization source is taken as galactic cosmic rays
with the population of fluxes 103 to 10�5 particles m�2 s�1

GeV�1 ster�1 for energy range 1–1000 GeV [Haider et al.,
2007]. We do not know what fraction of galactic cosmic
rays actually precipitate at high northern and southern
latitudes during summer and winter seasons. Therefore,
we have used same energy flux of galactic cosmic rays in
both calculations. The hydrated hydronium ions
(H3O

+(H2O)n for n = 1, 2, 3, and 4) and water cluster
of NO2

� and CO3
� (i.e., NO2

�(H2O)n and CO3
�(H2O)n for

n = 1, 2) are dominated in the Martian troposphere. The
maximum electron densities in southern winter and northern
summer are obtained at altitudes �25 km and �30 km with
the concentrations �70 cm�3 and �80 cm�3, respectively,
because of the high efficiency of electron attachment to Ox

molecules. The positive/negative ion densities are changed
by factors of 5 to 10 between these two seasons due to use
of different model atmospheres.
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