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[1] We report the first model results of zonal wind perturbations in the nighttime
D region ionosphere of Mars during winter and summer seasons at latitude ranges
60�S–64�S and 64.7�N–67.3�N, respectively. The production rate, ion density, and
electron density are calculated between longitudes 0� and 360�E due to impact of galactic
cosmic rays on the nighttime troposphere of Mars at these latitudes. In this calculation,
temperature and air density are used from the measurements made by the radio
occultation experiment on board Mars Global Surveyor at low solar activity period. In
these seasons the zonal distribution of temperature, air density, and electron density are
fitted by a least squares method at altitudes near the surface, 15 km and 30 km. The modes
of seasonal winds are also calculated from Fourier analysis at these heights. These
measurements suggest mode of wave number 2 in northern high latitudes and wave
numbers 3 and 8 in southern high latitudes, respectively. It is found that the nighttime
ionosphere of Mars consists of a permanent D peak, which varies with east longitudes in
both hemispheres. The modes 2 and 3 of semidiurnal tides dominate the D peak
oscillation during the summer and winter seasons, respectively. The water cluster ions
H3O

+(H2O)n, NO2
�(H2O)n and CO3

�(H2O)n are the major species in the D region
ionosphere of Mars.
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1. Introduction

[2] Mars has the highest orbital eccentricity of any planet
except Mercury. The distance from the Sun to Mars varies
from 1.64 AU to 1.36 AU over a Martian year. This large
variation, combined with an axial tilt gives rise to seasonal
changes far greater than what we experience on Earth. Since
a year on Mars lasts twice as long as a year on Earth, the
Martian seasons are twice as long as well. The big change in
distance during the orbit causes the two hemispheres to
receive different amounts of sunlight during their summers
and winters. Mars is closest to the Sun during the southern
summer and northern winter. The summer temperature in
the south can be �30�C warmer than the equivalent
summers in north. The changing seasons and temperature
differences across the planet produce huge dust storms
[Martin, 1984]. Some storms can affect just a small area,

while others can cover the entire planet. They usually
happen when the planet is nearing its closest point to the
Sun.
[3] Theories of photochemistry, ion chemistry, and day-

glow of Mars are now well developed and tested for specific
times and locations of spacecraft observations [Barth et al.,
1992]. Thermal structure is also reasonably well under-
stood, although some of the parameters have been deter-
mined empirically. The challenge for the future is to observe
diurnal and seasonal changes that occur over the entire
Martian globe. The solar energy input varies with different
periods such as daily rotation of Mars, season of Mars,
27 day rotation period of the Sun, 11 year cycle of the
solar activity and episodic events associated with solar
flares. Such observations under changing conditions will
be important on Mars in the future.
[4] Mars Global Surveyor (MGS) has observed temper-

ature, density and pressure from a radio occultation exper-
iment for over 3 Martian years in the northern and southern
hemispheres. This experiment has been found very useful
for Mars’ ionosphere/atmosphere observations. In this
experiment S and X band radio waves were used simulta-
neously to determine the frequency dependence of the phase
and amplitude variations [Hinson et al., 1999]. The S band
frequency of 2.3 GHz was used to measure the plasma
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density of Mars and the X band frequency of 8.4 GHz was
used to measure the neutral density, temperature and pres-
sure of Mars. These measurements are made available by
the radio science team at NASA’s Planetary Data System
(http://pds-geosciences.wustl.edu/missions/mgs/radioscience.
html).
[5] In this paper we have used temperature and air density

profiles measured by the radio occultation experiment in the
northern and southern hemispheres at nighttime. The data
sets for the northern hemisphere are composed of 36
profiles of temperature and density. These observations
were made after midnight (at local time 0300–0400 h) on
24–31 December 1998 near solar longitude (Ls) = 74�–77�
at latitudes 64.7�N–67.3�N and solar zenith angle 78�–81�.
The data sets for the southern hemisphere were obtained in
the late evening (after sunset at local time 2200–0100 h)
from 23 profiles of temperature and density, which were
observed on 2–15 March 1998 near Ls = 285�–291� at
latitudes 60�S–64�S and solar zenith angles 90�–93�. Both
observations are carried out in troposphere at different
longitudes between 0 and 360�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).
[6] The lower atmosphere of Mars consists of troposphere

and isothermal mesosphere at altitudes between 0 to 40 km
and 40 to 90 km, respectively [Mahajan and Kar, 1988].
The D layer is formed in the troposphere at altitude range
�25–35 km [Haider et al., 2009]. The first theoretical
study of the lower ionosphere of Mars was reported by
Whitten et al. [1971]. They calculated the electron density in
the dayside ionosphere of Mars due to ionization by cosmic
rays and solar radiation. Molina-Cuberos et al. [2002] have
also used these sources of ionization to obtain the electron
density profiles for the Martian dayside ionosphere. Later
Haider et al. [2007, 2009] have modeled the electron
density in D, E, and F regions due to absorption of solar
EUV, solar wind electron and galactic cosmic rays in the
daytime/nighttime Martian ionosphere. Recently, we have
developed a model to calculate the production rate and
densities in the troposphere of Mars. Using this model the
densities of ions and electrons were estimated in the
summer and winter seasons at high latitude [Haider et al.,
2008]. This model is extended now to study the zonal wave
oscillations in the nighttime Martian troposphere at nearly
same latitude and same solar zenith angle. The ion produc-
tion rates are calculated at high solar zenith angles between
longitudes 0 and 360�E due to impact of galactic cosmic
rays with the gases of northern and southern troposphere of
Mars. The production rate and temperature have been used
later in the continuity equation for the calculations of ion
and electron densities under steady state condition.

2. Objective

[7] The objective of this paper is to study the dynamical
perturbations in the nighttime troposphere of Mars. We have
calculated the longitudinal distribution of production rates, ion
and electron densities due to impact of galactic cosmic rays
with the gases of the Martian troposphere at high northern and
southern latitudes during summer and winter seasons, respec-
tively. The oscillations related to long planetary-scale waves
and baroclinic instability processes have been studied in the

upper atmosphere of Mars [Seth et al., 2006; Seth and
Brahmananda Rao, 2008]. This study is not carried out in
the nighttime D region ionosphere of Mars due to insufficient
observations. Mars is a very windy planet. Various types of
atmosphericmotions are expected to exist in the troposphere of
Mars. Thewind is composed of gravitywaves, tidal waves and
stationary waves. At high altitudes (�100–120 km) the
gravity waves dissipate rapidly due to molecular viscosity
and thermal conduction because of their short wavelengths
[Imamura and Ogawa, 1995]. Larger-scale winds such as tidal
oscillations are thought to be the dominant modes of the
motion in the thermosphere of Mars [Bougher et al., 2001].
Cavalie et al. [2008] have reported that zonal winds are
representative of the Martian seasons. One needs to know
what mode of the zonal wind predominates in the troposphere
of Mars. The propagating winds can lead to variations in the
nighttime tropospheric temperature and density. In this paper
we report wave like longitudinal variations of temperature
and density in northern and southern troposphere of Mars.
Modeling of waves induced ionosphere motion is also carried
out in both hemispheres. The propagation of 2 and 3 modes of
the semidiurnal atmospheric tide are found to be the dominant
cause of the troughs and sinks in the longitudinal distribution
profiles of peak electron density and peak altitude. The ion
production rate is directly proportional to the neutral density.
Therefore, the local maxima andminima of neutral densities at
fixed height will translate into corresponding electron density
peaks and troughs. A weak variation in electron density as a
function of temperature (altitude and longitude dependence)
can also exist owing to its influence upon ions.

3. Modeling and Analysis of Data

3.1. Analytical Spectral Fitting

[8] The characteristic of longitudinal distribution of tem-
perature and density in the Martian troposphere is assumed
to be approximated as follows:

Z ¼ C0 þ C1 siny þ C2 cosy þ . . .Cn sinðnyÞ þ Cn cosðnyÞ
ð1Þ

where y is east longitude and Z is a function of y . The
parameters C0, C1, C2. . .Cn are calculated using this
equation in the matrix form Z = A C, where A is coefficient
matrix and C is column matrix of parameters C1 to Cn. This
approach is similar to the approximation used by Bougher et
al. [2001] and Mahajan et al. [2007] for studying long-
itudinal variations in the thermosphere/ionosphere of Mars.
We have employed the above equation for a least squares
spectral fitting in the calculations based on observational
data to characterize the zonal structures in the Martian
troposphere. This model contains a constant temperature or
density term, an amplitude and phase for a sinusoid with one
cycle per 360� of the longitude which is labeled as wave 1
harmonic and higher harmonics up to and including wave 3
and so on. For waves 2 and 3 it will have 5 and 7 parameters,
respectively, which are different for each curve. Figures 1a–1c
and 2a–2c represent the nighttime zonal distribution of
observed temperatures for altitudes near the surface, 15 km
and 30 km during summer and winter seasons at latitudes
64.7�N–67.3�N and 60�S–64�S, respectively. The solid lines
are plotted for model fit values to the temperature. The dotted
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Figure 1. Zonal structures of summer temperature measured by MGS between longitudes 0� and 360�E
and latitudes 64.7�N and 67.3�N at altitudes (a) near the surface, (b) 15 km, and (c) 30 km. The solid line
represents the best fit to the data. The dotted and dashed lines represent lower and upper 0.95 confidence
limits. The error bar is also plotted.
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Figure 2. Zonal structures of winter temperature measured by MGS between longitudes 0� and 360�E
and latitudes 60�S and 64�S at altitudes (a) near the surface, (b) 15 km, and (c) 30 km. The solid line
represents the best fit to the data. The dotted and dashed lines represent lower and upper 0.95 confidence
limits. The error bar is also plotted.

A12315 HAIDER ET AL.: WAVE STRUCTURES IN THE D REGION OF MARS

4 of 18

A12315



and dashed lines are for lower and upper 0.95 confidence
limits, respectively. The measurement uncertainties are also
shown in Figures 1 and 2, which is much smaller near the
surface. However, it increases with altitude. The zonal
structure with the significant peaks in the temperatures at
�50�E and �200�E can be seen in northern summer at
altitudes near the surface and 30 km. However, there is a
longitudinal delay of�30� in the second peak of the northern
temperature profile at altitude 15 km. Therefore, the first peak
is probably absent in the temperature near 50�E at 15 km. The
tropospheric temperatures in southern winter do not represent
zonal structure clearly in the observed data at 30 km.
However, three significant peaks in longitudinal distribution
of southern temperature can be seen near 50�E, 200�E and
300�E at 15 km.
[9] Figures 3a–3c and 4a–4c represent the nighttime

zonal distribution of the observed density at the same
altitudes and latitudes as in Figures 1a–1c and 2a–2c,
respectively. The solid lines are plotted using model fit
values to the density. The dotted and dashed lines are for
lower and upper 0.95 confidence limits, respectively. The
measurement uncertainties are also shown in Figures 3
and 4, which is much smaller than in the other observa-
tions made by the radio occultation experiment shown in
Figures 1a–1c and 2a–2c. The zonal structure with two
significant peaks in the density at �150�E–175�E and
�325�E can be seen in the northern troposphere during
the summer season. We have observed three prominent
zonal peaks in the density of southern troposphere at
�50�E, 180�E, and 300�E during winter season.

3.2. Fourier Analysis

[10] In the troposphere the wind motion is related to
latitude and longitude variations of the temperature profile.
The wind speed can be computed approximately from
temperature data by using the hydrostatic equation as

@p

@y
¼ p

h

HT

@T

@y
ð2Þ

where h is height, H is scale height, p is pressure and T is
the temperature (assumed here not to vary with height). The
pressure gradient occurs in the north-south y direction due
to the variation of solar heating with latitude and it results in
an east-west wind. The pressure gradient is balanced by the
Coriolis force rUxf associated with an east-west wind Ux,
where f is the standard Coriolis parameter f = 2Dsinq. Here
q is the latitude and D is the angular velocity of Mars. The
Martian year is roughly twice as long as the Earth’s year.
This means that Mars angular speed is half that of Earth.
The angular speed of Earth is 7.29 � 10�5 radian/s. Thus,

Ux ¼ �
p

rf
h

HT

@T

@y
¼ �hg

fT

@T

@y
ð3Þ

where r is air density and g is Mars’ gravitational
acceleration equal to 3.72 m/s2. Using this equation the
speed of the wind in summer can be approximately
estimated for Figure 1c as �31 m/s at 30 km altitude with
temperature variation @T � 6�K and wind propagating
distance @y � 2500 km in about 3 h covering east longitude
�50�E.

[11] The semidiurnal tide has a period of 12 h and covers
the Mars circumference (2pRm) � 21290 km in 24 h, where
Rm is the radius of Mars. The various modes of tidal waves
can be described by Fourier analysis from the formula given
below:

an ¼
1

L

ZL

0

IðxÞ cos 2pnx
L

� �
dx � 1

72

X72
j¼1

IðxÞ cos 2pnj
72

� �
ð4Þ

bn ¼
1

L

ZL

0

IðxÞ sin 2pnx
L

� �
dx � 1

72

X72
j¼1

IðxÞ sin 2pnj
72

� �
ð5Þ

I ¼ An sinðKx þ dÞ ð6Þ

An ¼ sqrt ða2n þ b2nÞ; tan d ¼ ðbn=anÞ ð7Þ

where Kx is a wave number, an and bn are the amplitudes of
the harmonic components of temperature or density I(x)
evaluated at 72 equally spaced interval at 5� between
longitude 0� and 360�E. These measurements are distrib-
uted fairly well between longitude 0� and 360�E. A linear
interpolation method is used wherever radio occultation
data is not available at these intervals. It has been shown by
Whittaker and Robinson [1967] that the values of an and bn
as obtained above are also the least squares fit of the
harmonics. We can also calculate the contribution of each
harmonic from the total variance. If D is the zonal
distribution of the tropospheric temperature/density then
D = Dm + Dd, where Dm is the zonal mean and Dd is the
deviation. The variance V is given as V = D2. The
contribution of each harmonic is An

2/2. Thus the percentage
variance explained by harmonic n is [An

2/2V].
[12] In Figures 5 and 6 the normalized amplitudes of

different wave numbers for temperature and density of the
nighttime are represented, respectively. We compare our
calculated Fourier spectrum at altitudes near the surface
(Figures 5a and 6a), at 15 km (Figures 5b and 6b), and at 30
km (Figures 5c and 6c) for northern summer and southern
winter seasons at nearly same latitudes. Fourier analysis
suggests that the temperature and density of nighttime
Martian troposphere are dominated by wave number 2 in
the northern summer. There are two prominent and distinct
peaks at wave numbers around 3 and 8 in the temperature
and density profiles of the southern winter. The wave
numbers 2 and 3 are associated with semidiurnal oscilla-
tions, while the wave number 8 is a class of rapidly moving
transient disturbances, which may be associated with bar-
oclinic instability processes. Seth and Brahmananda Rao
[2008] have found evidence of baroclinic waves in the
upper atmosphere of Mars at high latitude. We report that
theses waves are initially generated in the troposphere from
where they propagate to the upper atmosphere by transport
processes. The differences in wave modes between northern
and southern hemispheres are due to differences in the
topography in these two regions. This is the evidence that
tropospheric winds are different in summer and winter
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Figure 3. Zonal structures of density measured by MGS during summer between longitudes 0� and
360�E and latitudes 64.7�N and 67.3�N at altitudes (a) near the surface, (b) 15 km, and (c) 30 km. The
solid line represents the best fit to the data. The dotted and dashed lines represent lower and upper 0.95
confidence limits. The error bar is also plotted.
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Figure 4. Zonal structures of density measured by MGS during winter between longitudes 0� and
360�E and latitudes 60�S and 64�S at altitudes (a) near the surface, (b) 15 km, and (c) 30 km. The solid
line represents the best fit to the data. The dotted and dashed lines represent lower and upper 0.95
confidence limits. The error bar is also plotted.
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Figure 5. Distribution of normalized amplitude and mode numbers during summer (solid line) and
winter seasons (dotted line) due to zonal structures of temperature for latitude ranges 64.7�N–67.3�N and
60�S–64�S at altitudes (a) near the surface, (b) 15 km, and (c) 30 km.
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Figure 6. Distribution of normalized amplitude and mode numbers during summer (solid line) and
winter seasons (dotted line) due to zonal structures of density for latitude ranges 64.7�N–67.3�N and
60�S–64�S at altitudes (a) near the surface, (b) 15 km, and (c) 30 km.
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seasons at high northern and southern latitudes, respectively.
The most important difference between the seasons of two
different hemispheres is the absence of a second peak in
Fourier spectrum at high wave number at northern latitudes.
[13] The Martian troposphere appears to be represented

by forced and free oscillations. The forced oscillations are
the atmosphere’s response to the daily cycle of the Sun, or
spatial difference in the heating and topography, while free
oscillations include atmospheric instabilities. On Earth the
forced oscillations are mainly due to stationary waves,
which are induced by topography and ocean-continent
heating differences. They have strong control over the
weather and thus are important to our daily life. Mars has
no ocean. But forced oscillations are important not only
through a possible influence on seasons but also by con-
tributing in a significant way to the overall distribution of
heat on the planet. The forced oscillations consist of thermal
tides and stationary waves. The thermal tides are relatively
strong on Mars compared to the Earth [Banfield et al.,
2003]. The thermal tides consist not only of the modes that
follow the Sun (so-called migrating tides), but also of
modes which do not follow the Sun, called nonmigrating
tides through the interaction of the winds with topography.
The nonmigrating tides are expected to exert their strongest
influence in the troposphere, modulating the density. The
stationary waves associated with the nonmigrating tides can
influence the stability of the atmosphere, enhancing the
formation of free disturbances at certain longitudes and
impeding their formation at others [Hollingsworth and
Barnes, 1996].

3.3. Energy Loss Model

[14] In the energy loss model, a charged particle loses its
kinetic energy, or is deflected from its original path,
involving four principal types of interactions: (1) inelastic
collisions with bound atomic electrons whereby a charged
particle loses kinetic energy in an absorber (as a result of
such collision, one or more atomic electrons experience a
transition leading to an excited state or an ionization state
of the atom), (2) inelastic collision with a nucleus that
causes a deflection of the particle (in some deflections, but
not all, a quantum of radiation is emitted (bremsstrahlung),
and a corresponding amount of kinetic energy is lost by the
colliding particles), (3) inelastic nuclear scattering in which
the incident particle is deflected but does not radiate, nor
does it excite the nucleus (the incident particle loses the
kinetic energy required for conservation of momentum
between the two particles), and (4) an incident charge
particle may be elastically deflected in the field of the
atomic electrons of a struck atom. Energy and momentum
are conserved, and the energy transfer is generally less than
the lowest excitation potential of the electrons, so that the
interaction is really with the atom as a whole. Such
collisions are significant for the case of very low energy
(<100 eV) incident electrons. In the absorbing material, a
moving particle is slowed down and finally brought to rest
by the combined action of all four of these elastic and
inelastic collision processes. From collision theory, one can
obtain the probabilities of any particular type of collision,
of any particular energy loss and of any particular change
of the direction of motion of incident particle. After the
first collision, these probabilities can be applied to a

second collision, then to a third etc. The cosmic ray
ionization is produced by this method.
[15] The high-energy cosmic rays propagate through the

atmosphere, producing nucleonic cascades. The impact of
primary cosmic rays, mainly protons and a particle with the
atmospheric 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 altitudes the
maximum ion production rates are due to protons. Charged
pions decay to muons, which do not decay before reaching
the ground and hence the muon energy is transferred to the
surface. The production rates due to absorption of galactic
cosmic rays at solar zenith angle c are given below:

qðh;cÞ ¼ 1

Q

Z
E

Z
W

ðdE=dhÞFðc;E;WÞdWdE ð8Þ

where Q = 35 eV is the energy required for the formation of
an electron ion pair; (dE/dh) is the energy loss due to
ionization of the gas, F is the total differential flux and W is
the spatial angle. The formulae of the total differential flux
of galactic cosmic rays and their attenuation loss in the
Martian atmosphere have been derived in detail by Haider
et al. [2008]. The flux of incident galactic cosmic rays is
calculated to be between 103 to 10�5 particles m�2 s�1

GeV�1 sr�1 for energy range 1–1000 GeV. 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 the same energy
flux of galactic cosmic rays in both model calculations.
Since the cosmic rays penetrate isotropically into the
atmosphere, equation (8) reduces as follows:

qðh;cÞ ¼ 2p
Q

Z
ðdE=dhÞ Fðc;EÞdE: ð9Þ

There does not exist any observed model atmosphere, which
can give altitude profiles of neutral compositions in the
Martian troposphere at different latitudes and longitudes.
Modeling has provided a better knowledge of the neutral
compositions and structures. 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 the daytime lower ionosphere of Mars.
Later Haider et al. [2007, 2009] have used this model in the
daytime and nighttime ionosphere of Mars. In this paper we
have obtained two model atmospheres of these gases
between longitudes 0� and 360�E; one model for northern
latitudes 64.7�N–67.3�N and the other model for southern
latitudes 60�S–64�S from measured air density by multi-
plying it by the mixing ratios of their gases [Rodrigo et al.,
1990; Nair et al., 1994; Tyler et al., 2001]. The 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 the mixing ratios. Additional
refinement of meteorological models and further calibration
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of mass spectrometer data may be expected to change the
mixing ratios somewhat in both hemispheres. But it will
require additional in situ measurements of the Martian
atmosphere to bring about substantial improvements. Each
model atmosphere is constructed from the observed density
(shown in Figures 3 and 4) at 72 longitudes and 200 heights
starting from 0� to 360�E and 1 to 40 km using intervals of
5� and 0.2 km, respectively. To calculate electron density,
the temperature is taken from the observations (shown in
Figures 1 and 2) at these altitudes and longitudes.

4. Results and Discussion

[16] In Figures 7 and 8, we represent the nighttime zonal
distribution of the production rates of CO2

+ estimated at high
northern and southern latitudes, respectively, for altitudes
near the surface (Figures 7a and 8a), at 15 km (Figures 7b
and 8b), and at 30 km (Figures 7c and 8c). The production
rates of other ions (N2

+, Ar
+, O2

+, CO+, H2O
+, H2

+, O+, O3
+,

NO+, NO2
+, and HNO3

+) are lower by 2 to 10 orders of
magnitudes, therefore they are not plotted in Figures 7 and
8. We have employed equation (1) for least squares spectral
fitting to the calculation to characterize the zonal structures
in the Martian troposphere. The variability in the production
rates has one-to-one correspondence to the measured neutral
density wave structures (see Figures 3 and 4). These
production rates are used to calculate the densities of
35 ions, namely, 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
�, and O� at nighttime. Of the 35 profiles

the number density of five major positive ions H3O
+,

H3O
+H2O, H3O

+(H2O)2, H3O
+(H2O)3 and H3O

+(H2O)4
are shown in Figures 9a and 9b at latitudes 64.7�N and
64�S for summer and winter seasons, respectively. The ion
neutral reactions and their rate coefficients are taken from our
previous paper [Haider et al., 2007]. We have used 117
chemical reactions, which include ion-neutral and electron-
neutral reactions, dissociation of positive and negative ions,
electron detachment, ion-ion and ion-electron recombination
processes. 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
the third body. It is known that the three body reaction rate
coefficient asymptotically approaches a limit at high pressure
and that the high-pressure behavior of such reactions is
similar to bimolecular processes. The density of the 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 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.
[17] The densities of five major negative ions (CO4

�,
CO3
�, CO3

�H2O, CO3
�(H2O)2, and NO2

�(H2O) are shown
in Figures 10a and 10b for the same locations as shown in
Figures 9a and 9b. Water cluster of CO3

� and NO2
� (i.e.,

CO3
�(H2O)n, NO2

�(H2O)n for n = 1 and 2) are the dominant
ions below 30 km. Above this altitude electrons play an
important role in the troposphere of Mars. The electron
density is plotted in both Figure 10a and Figure 10b. The
relative high abundance of oxygen bearing molecules per-
mits the presence of negative ions in the lower ionosphere.
Near the surface, the densities of negative ions and electron
are reduced by about an order of magnitude in the northern
summer than that of the southern winter. This is due to large
neutral densities reacting in northern hemisphere by a factor
of 2–3 times greater than that of the southern hemisphere
[cf. Haider et al., 2008]. The chemistry of the negative ions
close to the surface is very sensitive to the neutral density.
The position of the ionization peak is also varying between
these two seasons. In summer the ionization peaks are found
at altitudes �25 km for ions CO3

�H2O, CO3
� and CO4

� and
28 km for ion NO2

�H2O. 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 Figures 9a, 9b, 10a, and
10b, the shape and positions of altitude profiles of major
positive/negative ions are nearly same with that of our
previous calculations [Haider et al., 2008] because the
neutral densities, latitudes and longitudes are nearly same
between these two calculations. However, the peak electron
densities are different in both calculations. In the present
calculation the maximum electron densities in winter and
summer are obtained as �80 cm�3 and 90 cm�3 at altitudes
�26 km and �30 km, respectively. In Figures 11a and 11b
the calculated peak electron densities of 36 and 23 profiles
are illustrated for summer and winter seasons, respectively,
as a function of longitude. We have used equation (1) for
least squares fitting to the calculated peak electron densities
to characterize the nighttime zonal structures in the D region
ionosphere of Mars.
[18] In the D region ionosphere, there are significant

numbers of positive and negative ions. Under the chemical
equilibrium condition electrical neutrality is required as Ne +
N� = N+, where Ne, N� and N+ are the concentrations of
electrons, negative ions and positive ions, respectively.
Since the negative and positive ions may also recombine
with each other, the overall balance between production and
loss is now expressed as, q = aeNe N+ + ai N�N+, where q
is production rate, ae and ai are the recombination coef-
ficients for the reactions of positive ions with electrons and
negative ions, respectively. If the ratio between negative
ions and electron concentrations is represented by l, then in
terms of l, N� = lNe and N+ = (1 + l)Ne and thus q =
(1 + l)(ae + lai)Ne

2, which becomes as q = (1 + l)aeNe
2 for

lai � ae. Thus, the equilibrium electron density in the
D region ionosphere is proportional to the square root of the
ion production rate and its magnitude is changed to q = ae

Ne
2, when l � 1, which applies in the upper ionosphere,

where negative ions are absent. Therefore, the local maxima
and minima of neutral densities at a fixed height will
translate into corresponding electron density peaks and
troughs. A weak variation in the electron density as a
function of temperature (altitude and longitude dependence)
also exists owing to its influence upon ions. We have found
two prominent zonal peaks in the winter and summer
seasons at 110�E and 240�E in the longitudinal distribution
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Figure 7. Model calculation of zonal structures of ionization rates of CO2
+ during summer between

longitudes 0� and 360�E and latitudes 64.7�N and 67.3�N at altitudes (a) near the surface, (b) 15 km, and
(c) 30 km. The solid line represents the best fit to the calculation. The dotted and dashed lines represent
lower and upper 0.95 confidence limits.
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Figure 8. Model calculation of zonal structures of ionization rates of CO2
+ during winter between

longitudes 0� and 360�E and latitudes 60�S and 64�S at altitudes (a) near the surface, (b) 15 km, and
(c) 30 km. The solid line represents the best fit to the calculation. The dotted and dashed lines represent
lower and upper 0.95 confidence limits.
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profiles of the D peak electron densities. However, there is
a longitudinal delay of �60� with the calculated values
leading to the neutral density observations (Figures 3 and 4).
This difference is associated with the value of l, whose
contribution is about �10% in the peak electron density at
�30 km. With this value of l, the positions of the crest and
troughs in the peak electron density profiles will be shifted
with respect to that obtained in the longitudinal distributions
of neutral density and production rate. Therefore, the local
maxima and minima in the calculated peak electron densi-
ties are being shifted from the neutral density data by �60�
eastward. This could be an important reason for the disap-
pearance of the first peak at �60�E in the peak electron
density profile of the winter season (Figure 11b).

[19] In the troposphere of Mars, the ion neutral chemistry
is similar to that of the D region of Earth’s ionosphere,
which is observed at altitude �65–75 km mainly due to
solar Lyman a radiation ionizing the minor constituent NO.
The D region ionosphere of Earth does not present a clear
peak electron density/or peak altitude but it refers to the
height region below 95 km, which is not accounted for by
the processes of the E region. Galactic cosmic rays, which
affect the whole atmosphere down to the ground, become a
major ionization source in the lower D region [cf. Schunk
and Nagy, 2000]. X-rays do not contribute significantly to
the D region ionosphere of Earth at sunspot minimum. At
night the D layer on Earth begins to disappear because the
primary source of ionization is no longer present and the

Figure 9. Altitude profiles of density of major positive ions and electron for (a) summer season at
latitude 64.7� N and longitude 205�E and (b) winter season at latitude 64�S and longitude 208�E.

A12315 HAIDER ET AL.: WAVE STRUCTURES IN THE D REGION OF MARS

14 of 18

A12315



cosmic rays produce a residual amount of ionization. The
ionization due to solar Lyman a is not considered in the
lower ionosphere of Mars. This source will be almost
ineffective because the density of NO is lower by 2–3
orders of magnitude in the Martian mesosphere as compared
to that of the mesosphere of Earth [cf. Aikin, 1968;
Hargreaves, 1992].The cosmic ray ionization has been
found to be an important process for the formation of
D layers in the daytime and nighttime ionosphere of Mars
[Whitten et al., 1971; Molina-Cuberos et al., 2002; Haider
et al., 2007, 2009]. The column densities in the atmospheres
of Mars and Earth are nearly �2.3 � 1027 m�2 and �2.2 �
1029 m�2, respectively. Therefore cosmic rays penetrate
deeper into the Martian atmosphere and form the D layer

at lower altitudes than that observed in the Earth’s iono-
sphere. The position and value of this peak layer are
changing with longitude.

5. Future Direction

[20] In the dayside ionosphere, we have neither in situ
measurements of low-altitude ion layers nor remote sensing
measurements from the Mars surface. The direct measure-
ments of cluster ions and electron density in the troposphere
of Mars can be performed by Sounding rocket and Lang-
muir probe experiments on board future Mars missions.
Sounding rockets carrying a quadrupole ion mass spectrom-
eter have been found to be very useful experiments to

Figure 10. Altitude profiles of density of major negative ions and electron for (a) summer season at
latitude 64.7�N and longitude 205�E and (b) winter season at latitude 64�S and longitude 208�E.
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measure positive and negative ion densities in the D region
of Earth’s ionosphere. Langmuir probes have been used on
rockets and balloons to measure electron density in the
lower ionosphere of Earth. Ground-based remote sensing
experiments such as very low frequency and incoherent
scatter radars are used to measure the D layer on Earth.
These two experiments can also be performed on Mars from
a ground-based laboratory.
[21] The nighttime ionosphere of Mars has been observed

from Mars 4 and Mars 5 spacecrafts [Savich and Samovol,
1976] by radio occultation experiments during the spring
season. It appears that these measurements have observed a

D layer shoulder of electron density between 500 cm�3 and
1500 cm�3 at altitude �30–35 km. This signature is not
very prominent and other published Mars low-altitude
profiles do not show similar features [Zhang et al., 1990].
These measurements have large error. The presence of
plasma in these measurements is derived on the basis of a
formal inversion of a set of observations using a symmet-
rical approximation. During the occultation measurements,
the possible displacement of electron density due to this
error was estimated to be �500 cm�3 [Savich and Samovol,
1976].

Figure 11. Longitudinal distribution of D peak electron densities for (a) summer season at latitude
range 64.7�N–67.3�N and (b) winter season at latitude range 60�S–64�S in the nighttime ionosphere of
Mars. The solid line represents the best fit to the calculation. The dotted and dashed lines represent lower
and upper 0.95 confidence limits.
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[22] It is generally accepted that global electric circuit
over the Earth is driven by thunderstorm and lightning that
are formed by charging of clouds. Clouds and dust particles
have been observed in the troposphere of Mars as well
[Montmessin et al., 2006]. However, the electrical conduc-
tivity has not been observed in the Martian troposphere.
Nevertheless charging would occur within the clouds ob-
served on Mars. MarsNext and ExoMars are in the pipeline
to explore conductivity on Mars by the European Space
Agency. The objective of MarsNext is to study the global
atmospheric system, meteorology and climate of Mars
through a network of scientific stations on its surface
[Chicarro, 2008]. With multiple stations, distributed across
the surface of Mars, it will be possible to perform simulta-
neous measurements of the atmospheric winds, lightning
and weather patterns in different seasons of Mars. This can
be achieved by means of radio transmissions between the
various Landers and a single orbiter. ExoMars will carry
two instruments: (1) Atmospheric Relaxation and Electric
Field Sensor (ARES) and (2) Martian Environmental Dust
Systematic Analyser (MEDUSA). ARES is devoted to
study the atmospheric electric field [Hamelin et al., 2006].
It will measure the ionization state of the atmosphere,
electric fields that results from the various charging mech-
anisms and will investigate the global electric circuit on
Mars. MEDUSA will characterize the dust and water vapor
environment close to the surface of Mars [Esposito et al.,
2008]. It will measure atmospheric dust particle size distri-
bution, dust deposition rate and electrification (both positive
and negative) of suspended dust particles in terms of
charges per grain. We have calculated densities of positive
ions, negative ions and electrons at different altitudes and
longitudes in the troposphere of Mars. The water cluster
ions H3O

+(H2O)2,3 and CO3
�(H2O)1,2 are the dominant

species yielding a value of about �103 cm�3 near the
surface. The electrical conductivity produced by attachment
of these ions to dust was found to be 4 � 10�12 ohm�1 m�1

close to the surface [Michael et al., 2007]. This calculation
can be useful to understand the global electric circuit system
in the troposphere of Mars. In the absence of electric field
and conductivity measurements in the troposphere over
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
Martian troposphere.

6. Conclusion

[23] We have used MGS radio occultation data of tem-
perature and air density to study zonal wave perturbations in
the nighttime D region ionosphere of Mars during winter
and summer seasons at latitudes 60�S–64�S and 64.7�N–
67.3�N, respectively. These data are observed in the night-
time troposphere of Mars between longitudes 0� and 360�E
at nearly the same solar longitude and same solar zenith
angles. The data for the northern hemisphere were observed
after midnight (at local time 0300–0400 h) on 24–
31 December 1998 at Ls = 74�–77� and solar zenith angle
78�–81�. In the southern hemisphere the observations were
performed in the late evening (after sunset at local time
2200–0100 h) on 2–15 March 1998 at Ls = 285�–291� and
solar zenith angle 90�–93�. These data sets are used to

calculate the production rate and densities of positive ions,
negative ions and electrons in the summer and winter
seasons of the two opposite hemispheres. We have found
that the northern summer is dominated by wave number 2,
while the southern winter is modulated by wave number 3
and 8. The modes 2 and 3 are due to the presence of thermal
tides, which are planetary scale waves. These tides can
propagate from the troposphere to the thermosphere by
vertical transport coupling processes. These disturbances
may be associated with the fixed topography of the
Martian surface and therefore their associations to summer/
winter conditions are arguable. The mode 8 is a rapidly
moving transient disturbance, which may be associated with
baroclinic instability process. The hydrated cluster 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 nighttime Martian troposphere.
The maximum electron densities in winter and summer
seasons are obtained at altitudes �26 km and 30 km with
the concentrations �80 cm�3 and �90 cm�3 at latitudes
64�S and 64.7�N, respectively because of the high efficiency
of electron attachment to Ox molecules. The positive and
negative ion densities are changed by factors of 5 to 10
between these two seasons due to the use of different model
atmospheres. We have found strong effects of the zonal wave
structure on the nighttime D region ionosphere of Mars
during the winter and summer seasons at high southern and
northern latitudes. Due to this effect, the peak electron
densities are increased by 10% to 11% at longitudes 110�E
and 240�E in the seasons of both hemispheres. The propa-
gating mode number 2 of the semidiurnal tide is found to be
the dominant cause of this enhancement in the D region
ionosphere of Mars. It seems that the wave of high mode
number 8 is weak and it is clustered with a strong wave
number 2 in the D region ionosphere of Mars. Thus, the
effect of baroclinic instability is limited to the air density and
temperature of the troposphere only.
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