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[1] Understanding aerosol charging and atmospheric conductivity are necessary in
describing the global electric circuit, the aerosol coagulation rate, aerosol-cloud interaction
and their subsequent affect on the climate. The importance of aerosol charging for the
conductivity variations of the lower Martian atmosphere during both day and night is
calculated. Galactic cosmic rays are the dominant ionizing agent in the lower atmosphere,
producing molecular ions and ion clusters. During the nighttime these ion clusters get
attached to the aerosols and charging occurs. Solar UV photons are an additional
ionizing agent during the day-time. Only solar photons of energy less than 6 eV reach the
surface of Mars as those with energies greater than 6 eV are absorbed by atmospheric
molecules before they reach the lower atmosphere. Those photons which do reach the
lower atmosphere ionize the aerosols as the ionization potential of most of the aerosols is
less than 6 eV and produce electrons. Aerosols become charged by the attachment

of ions and electrons during the day-time. The ion-aerosol and electron-aerosol attachment
coefficients, as well as the ion-ion and ion-electron recombination rates are calculated.
The charge distribution of aerosols is obtained by the simultaneous solution of the
ion-aerosol charge balance equations. Both the steady state and time dependent
concentration of charged aerosols are calculated. More than 60% of the ions and 95% of
the electrons get attached to the aerosols. There are more negatively charged aerosols in
steady state due to the presence of highly mobile electrons during the day-time.

The presence of electrons increases the conductivity during the day time. The day-time

results are compared with the nighttime results.
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1. Introduction

[2] The atmosphere of Mars always has a thin veil of dust
particles suspended in the air. The amount of dust in the
atmosphere varies significantly with season, with a mini-
mum during northern summer (optical depth ~ 0.1-0.3)
and maximum during northern winter (optical depth ~ 2-5)
[Read and Lewis, 2004]. The behavior of dust and its long-
range transport during dust-storms within the atmosphere
are major components of the atmospheric environment and
climate system on Mars.

[3] These dust particles can be electrically charged by
various mechanisms [Melnik and Parrot, 1998] which is
important for a number of reasons. Electrical charging
reduces the aerosol coagulation rate. The lower coagulation
rate increases the settling time of the aerosols and thereby
increases aerosol concentrations that in turn affect the
optical depth of the atmosphere and hence the atmospheric
structure. The charging of aerosols enhances the aerosol-
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cloud interactions and ice nucleation, and reduces the
conductivity of the atmosphere by reducing the mobility
of the charge carriers. Knowledge of atmospheric conduc-
tivity is very important in understanding the global electric
circuit of the Martian atmosphere. A constant current
generator and a finitely conducting atmosphere are essential
for the existence of a global electric circuit in an atmo-
sphere. Farrell et al. [1999] modeled the possible electrifi-
cation of Martian dust storms based on the effective
electrical charging of an individual dust grain. Farrell and
Desch [2001] have suggested that Mars possesses a global
electric circuit driven by dust storms. Therefore the altitude
profile of the conductivity of the atmosphere discussed in
the present work will be valuable in the investigation of the
global electrical circuit in the Martian atmosphere.

[4] Melnik and Parrot [1998] modeled the occurrence of
electrical discharge in the large dust storms on Mars. It was
shown that the breakdown electric field is lower in the
Martian atmosphere than on Earth and breakdown can occur
under certain conditions prevailing in the Martian atmo-
sphere [Melnik and Parrot, 1998]. Krauss et al. [2006]
studied in detail the electrostatic discharges on Mars.
Turbulent motions within a dust storm cause dust grains
to come into contact with one another. When two particles
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Figure 1. Atmospheric density in the atmosphere of Mars

reported by Seiff and Kirk [1977], and Magalhaes et al.
[1999].

of identical composition collide, the particle with the larger
radius preferentially becomes positively charged. Upwinds
during dust storms cause smaller negatively charged par-
ticles to be lifted to higher altitudes while larger, positively
charged particles remain closer to the surface. This charge
separation causes the formation of an electric field. The
strength of the electric field depends on the dust density and
the amount of charge generated on each grain. When the
electric field within the dust cloud exceeds the breakdown
electric field of the surrounding atmosphere, the charge is
released in a discharge similar to lightning. Theory, labora-
tory experiments, and field measurements on Earth suggest
that the electrically charged Martian dust storms are poten-
tial hazards to Landers. The development of a large-scale
electric field on Mars is important for the transport of dust
particles, since for micron size particles electrical forces
may become comparable to the drag forces, and surface
material chemistry etc.

[5] As none of the missions to Mars included electrical
instrumentation, the only experimental evidence for electri-
cal activity is the electrostatic adhesion of dust to the wheels
of the Mars Pathfinder and Sojourner rovers [Ferguson et al.,
1999]. Most of the previous studies of the charging mech-
anisms operating in the Martian atmosphere are focused on
aerosols close to the surface. The present work calculates the
aerosol charging for altitudes from 0 to 70 km. Michael et al.
[2007] have recently studied the aerosol charging and
conductivity during the nighttime lower atmosphere and
discussed the major results of the study. The present work
concentrates more on the day time calculations and compar-
ison with the nighttime results.

[6] Charging of aerosols occurs by the attachment of ions
and electrons. As discussed by Yair and Levin [1989],
charge balance equations can be used to calculate the steady
state ion and electron concentrations and aerosol charge
state. These equations are solved to obtain steady state
concentrations of positive and negative ions, electrons and
charged aerosol particles. A similar procedure was recently
used by Borucki et al. [2006] and Whitten et al. [2007,
2008] to calculate the electrical conductivity and charging
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of aerosols in the atmosphere of Titan and Jupiter. The
atmospheric environment, aerosol characteristics, ion and
electron production rates, ion-ion and ion-electron recom-
bination coefficients and ion-aerosol and electron-acrosol
attachment coefficients are described in the following sec-
tions. These are used to calculate ion and aerosol concen-
trations and the conductivity of the lower atmosphere of
Mars.

2. Atmospheric Environment

[7] The spacecraft Mars 6 obtained the first in situ
measurements of the atmospheric structure during its entry
into the Martian atmosphere in 1974 [Kerzhanovich, 1977],
confirming remote sensing observations of a 5.45 mbar
surface pressure. The Atmosphere Structure Experiment on
the two 1976 Viking landers [cf. Seiff, 1976] provided the
first high vertical resolution profiles of temperature, pres-
sure, and density from the surface to 120 km [Seiff and Kirk,
1977]. The altitude profiles of density and temperature from
Seiff and Kirk [1977] are provided in Figures 1 and 2,
respectively. There were no spacecraft observations until
Mars Pathfinder landed in July 1997, within 850 km of the
Viking 1 landing site in the northern summer. The Mars
Pathfinder atmospheric structure investigation (ASI) accel-
erometer data had improved sensitivity and higher digital
resolution compared to the data from the Viking missions
[Magalhaes et al., 1999]. The atmospheric density and
temperature observed by the Pathfinder ASI accelerometer
is presented in Figures 1 and 2, respectively. The number
density for altitudes less than 70 km is in good agreement
with the Viking 2 observations and is used in the present
study.

[8] Hinson et al. [2004] have discussed the profiles of
temperature obtained from the Thermal Emission Spec-
trometer (TES) and the Radio Science (RS) experiment
onboard Mars Global Surveyor. These observations were
made in the latitudes of 62°—85°N during midspring to
early autumn. The zonally averaged temperature profiles
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Figure 2. Temperature structure of the atmosphere of
Mars reported by Seiff and Kirk [1977], Magalhaes et al.
[1999], and Mars Global Surveyor RS and TES observa-
tions from Hinson et al. [2004].
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from RS and TES are presented in Figure 2. Though Mars
Express, Mars Odyssey and Mars Reconnaissance Orbiter
have been collecting excellent data, none of the publica-
tions include profiles of atmospheric density and tempera-
ture for the altitudes of interest of the present work.

3. Ion Production

[o] Ionization rates are required to calculate the ion
concentrations and, therefore, it is essential to consider the
various ionization processes. Whitten et al. [1971] carried
out a detailed study of the lower ionosphere of Mars,
considering ionization by galactic cosmic rays (GCR) and
solar radiation in an ion-neutral model and calculating the
concentration of ions and electrons below 80 km. Molina-
Cuberos et al. [2001] improved the study of the lower
ionosphere of Mars by developing a more detailed ion-
neutral model which includes more neutral compounds and
reaction rates than previous studies. Molina-Cuberos et al.
[2001] have calculated the GCR ionization rates of CO,, N,
and Ar. GCR come from interstellar medium and as they
approach the Sun they encounter the solar wind and the
magnetic field associated with it. As a result, the GCR lose
some of their energy and many do not reach Earth (or Mars).
In times of higher solar activity this effect is stronger and
fewer cosmic rays reach the Earth or Mars. Therefore GCR
flux is minimum during the period of maximum solar activity.
The ionization by GCR in the Martian atmosphere is mainly
due to the slowing down of protons and Molina-Cuberos
et al. [2001] have used measurements of the dissociative
and nondissociative ionization of CO, and N, by proton
impact. The maximum ion concentration occurs at the
surface. Hydrated hydronium ions H;O"(H,0), (n, varies
from 1 to 4) are the most abundant positive ions for all
altitudes below 70 km. CO3CO, becomes important at
altitudes more than 65 km. The most abundant negative
ion is CO5 (H,0),. In the present study the most abundant
positive ion considered is H3O'(H,O), and the most
abundant negative ion is CO3; (H,0),.

[10] O’Brien [1970] developed an analytical theory of the
transport of GCR through the Earth’s atmosphere and the
predictions of this model agree very well with the experi-
mental measurements of the particle fluxes at different
longitudes and magnetic conditions [Boella et al., 1968;
Roesler et al., 1998; Molina-Cuberos et al., 1999]. The
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same model has been applied to find the particle flux at
Mars. O’Brien (private communication) calculated the ion
production rates at different altitudes in the Mars atmo-
sphere corresponding to different solar activities. The ion
production rates for heliocentric potential 466, 500, 600,
800, 900, 1000, 1100, 1200, and 1300 MV are calculated
and a few of these are presented in Figure 3. The heliocen-
tric potentials 466 MV and 1300 MV correspond to the
minimum and maximum solar activities, respectively.

4. Aerosol Characteristics

[11] The size of the dust particles in the Martian atmo-
sphere has been known since Mariner 9 and Viking mis-
sions [Conrath, 1975; Pang and Ajello, 1977; Toon et al.,
1977]. Observations of Martian aerosols from Viking orbiter
and Lander cameras are discussed by Clancy and Lee
[1991] and Pollack et al. [1979]. Clancy and Lee [1991]
suggested that the effective radius of the dust particles, as
seen from the Martian surface, is ~2.5 um and the size
distribution of dust is constant at subsolar latitudes. Murphy
et al. [1993] have compiled all the results obtained from
spacecraft observations up to the Viking mission and
developed a zonally symmetric numerical model for aerosol
transport. Later the vertical profiles of the mixing ratio and
size of the dust particles in the 15-25 km altitude range
were estimated from the solar occultation measurements
performed by the Auguste instrument onboard Phobos 2
spacecraft [Korablev et al., 1993; Chassefiere et al., 1992].
The measurements were made in the equatorial region near
the northern spring equinox. The effective radius of the
particles was found to be ~0.8 um at 25 km and ~1.6 um at
15 km. Their number density is ~0.3 cm > in the same
altitude range and the effective variance of the distribution
is ~0.25. An effective radius of ~1.25 pm was inferred
from the analysis of the dust component observed by the
ISM infrared spectrometer [Drossart et al., 1991].

[12] Chassefiere et al. [1995] reanalyzed the phobos
results to obtain a consistent outlook. The solar occultation
measurements provided the vertical structure of the dust in
the 15-25 km altitude region and the infrared imaging
characterized the dust particles in the lower altitudes. These
two measurements were merged to obtain the vertical dust
profile from the surface to an altitude of 25 km. The
similarity between the vertical profiles of dust extinction
coefficient obtained by solar occultation at various longi-
tudes showed that atmospheric conditions do not change
much in space and time at these low latitudes during the early
northern spring period. Chassefiere et al. [1995] have ex-
trapolated the solar occultation profiles from the 15-25 km
altitude range down to the ground by using a specific
parameterization of the altitude dependence of the volume
of particles per unit atmospheric volume and the particle
effective radius. The parameterization procedure is based on
the simplified steady state model used by Chassefiere et
al. [1992]. The extrapolated quantities are then compared
to those observed by the infrared spectrometer. In view of
all the observations by Phobos, Chassefiere et al. [1995]
have estimated the variance in the effective radius to be
0.25. Considering the uncertainties in the observed data,
Chassefiere et al. [1995] have developed two more altitude
profiles of aerosol concentration and effective radius
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Figure 4. Acrosol density in the atmosphere [Chassefiere
et al., 1995].

corresponding to maximum (0.4) and minimum (0.1)
effective variances. All the three altitude profiles of the
concentration and effective radius of aerosols, which are
used in the present study, are presented in Figures 4 and 5.

[13] Mars aerosol studies with the Mars Global Surveyor
Thermal Emission Spectrometer during 1999-2001 have
been reviewed by Clancy et al. [2003]. They suggested that
the dust particle sizes vary with respect to latitudes. The
vertical structure of these variations is not available and
have not been included in the present model. Montmessin et
al. [2006] presented the aerosol size distribution from the
SPICAM ultraviolet instrument onboard Mars Express. It
was found that the UV measurements for aerosol particle
size for altitudes greater than 55 km agree with the profile
used in the present study, but for altitudes less than 55 km
the size distribution obtained from the UV instrument is not
consistent.

5. Solar UV Interaction and Electron Production

[14] Grard [1995] reported on the solar photon interac-
tion with the lower atmosphere of Mars. Those solar
photons which reach the lower atmosphere of Mars are
represented by energies which are too small to ionize any of
the gaseous constituents in the atmosphere. Solar UV
photons of energy greater than 6 eV are absorbed by
atmospheric molecules in the ionosphere. Grard [1995]
estimated that the particles in the lower atmosphere have
a wok function less than 6 eV and therefore photoelectrons
can be emitted. According to Grard [1995] the emitted
photoelectrons have a mean kinetic energy which is 3 times
less than that in space and a flux which is 100 times less
than it would be in the absence of any atmosphere. Solar
photons incident on the Martian atmosphere are obtained by
scaling the measurements performed at the Earth orbit
[Kuhn and Atreya, 1979].

[15] A flow diagram of the solar UV interaction and the
production of electrons is presented in Figure 6. The solar
radiation that reaches the upper boundary (70 km) is
attenuated by the absorption and scattering of aerosols in
the atmosphere. The photon flux with energies less than
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Figure 5. Effective radius of the aerosols in the atmo-
sphere [Chassefiere et al., 1995].

6 eV were obtained from Grard [1995]. The absorption and
scattering cross sections were calculated by using a Mie
code [Dave, 1968] for a given size parameter and refractive
index. The code cites the algorithm in which the Helmholtz
equation is solved in the spherical coordinate system.
Incident and scattered electric and magnetic fields are
expressed in terms of suitable vector spherical functions
which work as a basis to expand the field space. The
expanded fields satisfy the divergence-free and radiation
condition. The unknown coefficients used in expansion of
fields are computed using tangential boundary conditions.
The numerical value of the field expansion coefficients
leads to the optical properties of the spherical particle.
The major inputs for the Mie code are the size parameters
and the refractive index (the real and imaginary parts are 1.4
and 0.04 respectively) of the dust particles [Chassefiere et
al., 1995]. The size parameter depends on the effective
radius [Chassefiere et al., 1995] of the particle and the
wavelength used. The size parameter varies from about 1 to
50 between the two boundaries (70—0 km). The extinction
cross section is higher for particles of larger size parameter

Solar UV Photons of energy < 6 eV reach the lower
atmosphere of Mars

]

Solar flux is attenuated by absorption and scattering of
aerosols

!

Absorption and scattering cross sections are
calculated using Mie Code Inputs: refractive index and
size parameters

|

Solar flux attenuation is calculated by developing a
radiative transfer model

]

The attenuated flux of photons knockout electrons
from aerosols

}

The electron preduction rate is calculated

Figure 6. Flow diagram of the photoelectron production
by the interaction of solar UV radiation with aerosols.
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Figure 7. Crosssection of absorption of solar UV radiation
by aerosols.

and thus the absorption and scattering cross sections are
higher at lower altitudes where the radius of the particles are
larger. As the aerosols have a work function of about 4 eV
[Grard, 1995], the solar photons of energy between 4 to
6 eV (~206-310 nm) are considered. Figure 7 presents the
photon absorption cross section by aerosols and Figure 8
depicts the scattering cross section at different altitudes.
Absorption and scattering cross sections are functions of
particle size; the cross sections decrease as the size of the
aerosol decreases, i.e., the cross sections decrease as the
altitude increases.

[16] The attenuation of the solar photons in the atmo-
sphere is then calculated using a two-stream radiative
transfer model in which the radiation directions are either
downward or upward via backscattering. The equations
used are the following [Banks and Kockarts, 1973].

‘@T(ZZ’)‘) + (0at)N(2)7 (2, A) = N(2)00a® (2, A) (1)
d@’T(ZZ,/\) — (Ot )N(2)® (2, \) = —=N(2)05ear® (2, A)  (2)

Here o, is the sum of the absorption and scattering
cross sections and oy, is the scattering cross section of
aerosols, N(z) is the number density of the aerosols, ®*(z, \)
and ® (z, \) are, respectively, the downward and upward
(scattered) solar ultraviolet intensities as functions of altitude
and wavelength. The boundary conditions are: ®" is the
unattenuated intensity at the upper boundary and @~ is zero at
the planetary surface [Kuhn and Atreya, 1979; Borucki et al.,
2006]. The computations are initiated by assuming that
®~ = 0 at all altitudes.

[17] The photoelectron production rate is then calculated
as

Amax

qe = / W(z, N)ox(N)dA (3)
Amin

Here W(z, \) is the attenuated solar flux (the sum of ®'(z, \)

and @ (z, \)) at each altitude for each wavelength. o, is the
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cross section for the photo-production of electrons by
aerosols. A, and A\, provide the wavelength range (206
to 310 nm) from the short wavelength cut off to the longest
wavelength that produces photo-ionization. o, is approxi-
mated as two orders of magnitude less than absorption cross
section analogous to the ionization cross-section of mole-
cules. The work function for the aerosols to produce
ionization in the atmosphere of Mars is ~4 eV [Grard,
1995]. As mentioned above, all the solar photons of energy
greater than 6 eV are absorbed in the ionosphere and those of
energy less than 4 eV are not able to knock out electrons from
particles. Therefore photoelectrons are produced only when
solar photons of energy 4—6 eV interact with the aerosol
particles. The photoelectron spectra thus obtained at a few
altitudes are presented in Figure 9 and the integrated
photoelectron production rate as a function of altitude is
presented in Figure 10. It is evident from Figure 10 that the
photoelectron production peaks at the surface of Mars.

6. Attachment Coefficients

[18] There are three types of theories for ion-acrosol
attachment [Yair and Levin, 1989]. Ion diffusion to surface
of particles occurs when the radii of particles are larger than

===-70 km
—=—40 km
20 km
=+=-10 km
——0km

)
=]

Photoelectron spectra s e

5
Energy (eV)

Figure 9. Photoelectron flux at different altitudes in the
atmosphere.
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the ionic mean free path. Here ions are trapped by image
force. Free molecular theory uses a kinetic approach when
the radii of particles are much smaller than the ionic mean
free path. Here the attachment occurs via 3-body collision
(similar to the ion-ion recombination). Transition regime
theory is used when the size of the particles and the ionic
mean free path become comparable. In this regime a
combination of the above two mechanisms are used. The
ionic mean free path can be written in terms of the mobility
and ionic mass by means of the equation

)\ M 1/2
K= 0.75% (1 +E) (4)

where ) is the mean free path, K is the ionic mobility, m is
the mass of the ion, M is the mass of the gas (CO,) and 7 is
the average thermal velocity. The ionic mobility is
calculated as [Borucki et al., 1982],

K =3.74 x 102 ()"0 (5)

where (1 is the reduced mass of the ion-gas system, ¢ is the
polarizability of CO,, and n is the number density of CO..
The value of £ is 2.6 A [Borucki et al., 1982].

[19] As the Martian atmosphere is tenuous, the ionic
mean free path is comparable to the size of the aerosols
close to the surface and is larger than the size of the aerosols
at higher altitudes. Therefore free molecular theories and
transition theories prevail in the lower atmosphere. A direct
comparison of the size of the particles and the mean free
path is provided by Michael and Tripathi [2008].

[20] The theory of the diffusion of ions to aerosols with
radii larger than the ionic mean free path is well established.
The study of the attachment of ion to aerosols of radii
comparable to or smaller than the ionic mean free path has
been more difficult [Hoppel and Frick, 1986]. The concept
of the limiting sphere, which is concentric with the aerosol
but with radius the order of one mean free path larger than
the aerosol, was defined by Fuchs [1964]. The diffusion
mobility treatment hold outside this sphere and kinetic
theory is applied inside.

[21] If the aerosol carries a single charge then the ion-
aerosol recombination coefficient reduces to the ion-ion
recombination coefficient and can be explained using 3-body
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trapping theory, which requires the trapping distance. Three-
body recombination was originally developed to describe
ion-ion recombination. When two ions approach one
another the relative kinetic energy increases at the expense
of the potential energy. If one of the ions experiences a
thermalizing collision with a third body while in the
vicinity of the other ion, then the relative kinetic energy
is reduced. If such a thermalizing collision occurs within a
certain minimum separation distance between the ions, the
total relative energy of the ion pair can be reduced and the
ions will then move in bound trajectories about one
another and recombination will result. Natanson [1960]
used the same theory for the ion-aerosol attachment when
the size of the particle is very small, which is the case for
the tenuous atmosphere of Mars.

[22] lon-aerosol trapping distance is obtainable from the
ion-ion trapping distance, which can be calculated from the
ion-ion recombination coefficient [Natanson, 1960]. In
addition to the 3-body trapping there can be trapping of
the ion by image force (forces which increase faster than the
inverse square law). Image force can lead to orbits which
spiral into the aerosol, which means any ion which approach
the aerosol closer than the image capture distance will spiral
into the aerosol under the influence of the image force.
Jensen and Thomas [1991] used the expression developed
by Natanson [1960] to calculate the ion capture rates by
small ice and meteoric particles in the mesosphere of Earth’s
atmosphere.

[23] Hoppel and Frick [1986] estimated the relative
importance of image capture and three-body trapping and
both effects are included in a single theory to calculate the
attachment coefficients. Figure 11 demonstrates the two
trapping spheres. The image capture sphere is defined by
the distance (A) which is the minimum apsidal distance.
Minimum apsidal distance is the distance of closest ap-
proach where radial velocity vanishes. If the impact param-
eter is greater than ba the ion escapes, and if the impact
parameter is less than b the ion spirals into the aerosol.

[24] When an ion collides with an aerosol, part of its
kinetic energy is removed by the aerosol. If this energy is
sufficiently high the ion will be trapped in the coulomb field
of the aerosol. The 3-body trapping distance 6 is defined as
the average separation distance where the removed energy is
enough to ensure trapping. If the image capture distance A
is greater than the three body trapping distance 0, then three
body trapping is not important. A is always larger than 6 for

Figure 11. Schematic of the image capture and 3-body
trapping distances.
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uncharged aerosol. However if the ion and the aerosol have
opposite polarity, there is a critical radius of the aerosol
below which the 3-body trapping becomes important. If the
ion is more than one mean free path from the larger of A or
6, then the diffusion mobility equation is assumed to hold.

[25] In the present work the method developed by Hoppel
and Frick [1986] is used to calculate the attachment
coefficients of ions to the aerosols. For more details of the
calculations the reader is referred to Tripathi and Michael
[2008] and Tripathi et al. [2008]. The ion-aerosol attach-
ment coefficients for positively and negatively charged ions
with aerosols charged from —100 to +100 is calculated and
presented in Figure 12. It is apparent from Figure 12 that the
attachment coefficients of positive ions with positively
charged particles decreases as the charge on the particle
increases and vice versa. Similarly, attachment coefficients
of negative ions with negatively charged particles decrease
as the charge on the particle increases and vice versa.

[26] According to Gunn [1954] the electron-aerosol at-
tachment coefficient can be calculated using the formula,

4mpK,

T1- exp(—pe/akT) (6)

Be

where a is the radius of the aerosol, p is the average number
of elementary charges, e is the electron charge, k is the
Boltzmann constant and 7 is the temperature. Here K, is the
electron mobility which is calculated using the following
equation [Borucki et al., 1982].

K. =e/vm, (7)

where m,, is the mass of the electron and v is the momentum
transfer collision frequency of electrons in CO,, which is
about 1.0 x 107" n s~', where n is the number density of
CO,. The altitude profile of the electron attachment
coefficient is presented in Figure 13. It is evident from the
figure that the attachment coefficients to negatively charged
aerosols decreases as the charge on the aerosol increases
and the attachment coefficient increases as the positive
charge on the particle increases. As it is a function of
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coefficient.

mobility (which increases as altitude increases) and aerosol
size (which decreases as altitude increases) the attachment
coefficients initially decrease with altitude and then become
saturated or slowly increase.

7. Day-Time Calculations

[27] The flow diagram of the charging calculations is
presented in Figure 14. Concentrations of ions, electrons
and aerosols can be found from the three-level probabilistic
master equations. These constitute a set of 2p + 4 simulta-
neous differential equations, p being the maximum number
of elementary charges allowed on a particle [ Yair and Levin,
1989]. For the day time calculations a new equation for
electron concentration has been added to the set of equa-
tions for the nighttime calculations which are presented by
Michael et al. [2007]. The production terms in this equation
are the electron production rate and the electron detachment
from negative ions. The loss terms are the electron-positive
ion recombination and attachment of electrons to the aero-
sols. The additional term of electron-positive ion recombi-
nation appears in the equation for the concentration of
positive ions. The maximum charge an aerosol can attain
is assumed as +100 [Michael et al., 2007] and therefore
there are 201 equations for the neutral and charged
aerosol concentrations. For the day-time calculation there
are two additional terms of electron attachment to aero-

Input — standard atmosphere, Temperature, pressure
Aerosol density, Efective radius of aerosols

1

1 processes]_ Might
| s v

Cosmic rays - CO,, Ny, Ar | 0%
Solar UV -  aerosols

Cosmic rays - €O, N, Ar

Positive and negative
lons are produced

lons, electrons and charged
aerosols are produced

i }

Electron loss: b foae

Bisction-asroeol sttachment lon-ion and lon-electron recombination

¥ ¥

Steady state concentrations of ions, electrons
and aerosols are calculated by solving the
charge balance equations
1
Conductivity of the atmosphere is then calculated
using the mobilities and steady state
concentrations of ions and electrons

Figure 14. Schematic of the aerosol charging calculation.
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sols in each of the 201 equations for the nighttime
aerosol concentrations.

[28] The ion and electron charge balance equations can
thus be written as

dn* - +oe (i) +ari
?:qm*ann fozennfz<[7’lnN) (8)

dn~ b
% = Qion —on’n” — Z (ﬁ?n’N’) — Fn~ 9)

1

dn®

 — _ +e (i) e n7i -
g de = Qenn Z(ﬁgnN>+Fn

i

(10)

Here, « is the ion-ion recombination coefficient, «, is the
electron-ion recombination coefficient, ¢;,, is the ion
production rate, g, is the electron production rate, [3; is
the attachment coefficient for ions of polarity j (1 for
positive and 2 for negative) to particles with charge i, (3, is
the electron attachment coefficient to particles with charge i,
and N is the density of particles of charge i. F represents the
detachment of electrons from negative ions. F is evaluated
using the equation from Borucki et al. [1982].

L. P ,(/SKT\'*(E E
Frpr'220 o2 222 24 - 11
PTT kT’ \m xr )Pl mgr) (D

Here p is the probability of an energetic collision removing
an electron (~0.02), L,,/L; is the ratio of the mean free path
of neutral molecules to that of ions, P is the pressure, o is
the collision cross section (~10~* cm?), E, is the electron
affinity of the negative ions (~2 eV), m is the mass of the
negative ions, k is the Boltzmann constant, and T is the
temperature. F was estimated and found that in the
atmosphere of Mars it is negligible. Borucki et al. [1982]
calculated the value of F in the atmosphere of Venus and
found that the electron concentration would be significantly
affected by electron detachment only when F is at least 10%
of the ionization rate and is important only near the surface.
As the atmospheric pressure of Mars is much lower than
that at Venus, F becomes negligible in the atmosphere of
Mars.

[20] Parthasarathty [1976] derived a steady state recur-
rence relation to compute the build-up of electric charge on
aerosol particles due to collision with positive and negative
ions and electrons. Whitten et al. [2007] modified the
recurrence expression given by Parthasarathty [1976] to
reflect the time dependence of the charge accumulation by
acrosols. The time dependent charge balance equations for
the aerosols can be written as

dN'
dt

_ ﬁg’;l)fﬁN([f') + B(Ziﬂ)n—N([ﬂ) + ﬂen"N(”l) _ ﬁ(li)n+Ni

— 05N’ = BN’ (12)
Here e is the electron-aerosol attachment coefficient. Since
the elementary charges on the aerosols are allowed to vary
between plus and minus 100, there are 204 simultaneous
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differential equations for each altitude. The differential
equations are solved using the 4th order Runge-Kutta
method. Runge-Kutta methods are an important family of
iterative methods for the approximation of solutions of
ordinary differential equations. This method numerically
integrates ordinary differential equations by using a trial
step at the midpoint of an interval to cancel out lower-order
error terms. This approach is used to solve the set of
equations at every 10 km altitude intervals using the charge
conservation as a constraint on the calculations. This
requirement that every volume of space be electrically
neutral entails the following condition.

zp+nt —nm —n=0 (13)
Here n", n~ and »n° are the positive, negative and electrons
densities, respectively and zp is the total charge on the
aerosols which is expressed as,

zp = Zpr
p

(14)

where N, is the density of acrosols with charge state p.

[30] After the steady state is achieved, the conductivity of
the atmosphere is calculated as

oc=e(n Ky +n_K_+nK,) (15)

where, e is the electronic charge, n and n, are the number
densities of ions and electrons and K and K, are the
corresponding mobilities. The ionic mobility is calculated
using equation (5) and the electron mobility is calculated
using equation (7).

8. Results and Discussion

[31] GCR are the only source of ionization at night and
both positive and negative ion clusters are considered for
aerosol charging at night [Michael et al., 2007]. Therefore
there were charge balance equations for positive and neg-
ative ions and neutral and charged aerosols. During the day-
time, besides cosmic rays, there are solar photons which
knock out electrons from aerosols. Therefore a charge
balance equation for electrons is also included for the
day-time study. Equations (8), (9), (10) and (12) were
solved to find the steady state concentrations of ions,
electrons and neutral and charged aerosols. The positive
and nesgative ionic concentrations were considered equal,
(q/a)?, initially. As the electrons are produced from
aerosols the initial concentration of electrons is considered
(qe/ﬂe)O‘S. The initial charged aerosol densities are estimat-
ed in such a way that the condition of electrical neutrality
is preserved. The ion production from GCR corresponds to
that of the solar minimum conditions, so that the GCR flux
and the ion production are the maximum. The aerosol
concentration and effective radius correspond to the vari-
ance of 0.25. The atmospheric density and temperature are
taken from Magalhaes et al. [1999].

[32] Figure 15a presents the probability of particles to
acquire charges at 0 km for the day and nighttime atmo-
sphere. Apparently the charge distribution peaks at 9
negative charge at altitude 0 km during the day-time and

8 of 11



E07010

——Day at0 km
===-Night at 0 km

Probability

-20 -15 -10 -5 0 5 10 15 20
Charge on the Aerosol

Figure 15a. Probability of charge distribution on aerosols
at 0 km for the day and nighttime.

the aerosols are symmetrically charged during the night-
time. Close to the surface there are more negatively charged
aerosols as the electron density is higher. The charge
distribution at altitudes 0, 10, 20, and 50 are presented in
Figure 15b. As solar UV radiation removes electrons from
aerosols, there is a charge distribution of aerosols at the
beginning of the calculation, which is generated using
equation (13). Since the mobility of electrons is about 3
orders of magnitude larger than that of the positive ions,
there are more negatively charged particles at 0 km. At
higher altitudes the aerosol charge distributions become
symmetric as the electron contribution is very small at those
altitudes. Though the electron attachment coefficient
increases at higher altitudes, the electron concentration
becomes very small to entail an effect on aerosol charging.
For a direct comparison, the charge distribution of aerosols
during the nighttime at similar altitudes are presented in
Figure 15c¢. During the nighttime there are only positive and
negative ions and no electrons. The ions have similar
mobility and attachment coefficients and therefore the
aerosols are almost symmetrically charged as depicted in
Figure 15c.

10° . : : : : :
— 0 km

Concentration (m)

Charge on the Aerosol

Figure 15b. Steady state charged aerosol concentration as
a function of charge for the day-time.
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Figure 15¢c. Steady state charged aerosol concentration as
a function of charge for the nighttime.

[33] Steady state ion and electron concentrations are
presented in Figure 16. The initial concentrations of ions
and electrons are also shown in Figure 16 for comparison. It
is evident that more than 60% of the ions get attached to
aerosols that are close to the surface and most of the ion-
aerosol attachment occurs at altitudes less than 30 km. More
than 95% of the electrons get attached to aerosols close to
the surface. Though the electron concentration is less
than the ion concentration by more than 2 orders of
magnitude, the mobility and the electron attachment coef-
ficients are about 3 orders of magnitude higher than those of
ions. Therefore the electron attachment to the aerosols does
make an impact on the aerosol charging.

[34] When the steady state is achieved the conductivity of
the atmosphere is calculated. The atmospheric conductivity
can be expressed in terms of the number densities and
mobilities of the individual charged species as expressed in
equation (15). The attachment of ions and electrons to
aerosols reduces the conductivity as they become almost
immobile. The calculated atmospheric conductivity is pre-
sented in Figure 17 in the presence (solid line with squares)
and absence (solids line with circles) aerosols It is evident
that the conductivity of the atmosphere is reduced by a
factor of 2 at the surface for the day-time atmosphere of
Mars. The atmospheric conductivity with and without

70 R e o e Ay
o Initial Positive lon

Altitude (k)

IHy L
10° 10°
lon and electron concentrations (m'a}

10

Figure 16. Initial and final ion and electron concentration
for the day-time.
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Figure 17. Conductivity of the atmosphere for the day and
nighttime.

aerosols for the nighttime is also presented in Figure 17 for
direct comparison.

[35] Bertherlier et al. [2000] and Grard [1995] suggested
that the best estimate of the conductivity at the surface is in
the range ~10"?—10"'° Ohm ' m~". In the present work
the electrical conductivity of the atmosphere was found to be
1 x 107" Ohm ™' m™" at the surface, which is within the
predicted range. The variation in conductivity corresponding
to different aerosol characteristics, opacities, solar conditions
and temperature are discussed by Michael et al. [2007]. The
effect of dust storms on the atmospheric conductivity is
illustrated by Michael and Tripathi [2008].

9. Summary

[36] The charging of acrosols and the conductivity of the
day-time lower atmosphere of Mars has been calculated.
The study of atmospheric conductivity is very important in
understanding the global electric circuit of the Martian
atmosphere. Galactic cosmic rays are the major atmospheric
ionization agent for both the day and nighttime atmosphere.
In addition, solar UV photons of energy less than 6 eV can
reach the lower atmosphere. These photons interact strongly
with aerosols producing photoelectrons. Therefore molecu-
lar ions and electrons contribute to the conductivity of
the day-time atmosphere. Ion and electron attachment rates
to aerosols have been estimated for the altitude range (0—
70 km) considered. Coupled charge balance equations for
ions, electrons and aerosols have been solved to find the
steady state concentrations. There are more negatively
charged aerosols than positively charged aerosols in steady
state close to the surface due to the efficient attachment of
electrons to the aerosols. The steady state concentrations of
ions and electrons were then used to calculate the conduc-
tivity of the atmosphere. The presence of free electrons
increases the atmospheric conductivity by a factor of about
2.5 at the surface.

[37] Acknowledgments. The authors acknowledge the support of the
Indian Space Research Organisation Planex program. The authors also
gratefully acknowledge Karen O’Brien for providing the ionization rate
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