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Abstract

We have developed a seasonally dependent energy loss model to calculate the

zonally averaged production rates of Oz" due to impact of Galactic Cosmic Rays (GCR)

in the dayside troposphere of Mars between solar longitudes (Ls) ~ 0° and 360° at low

latitudes (2°N, 2°S, 25°N and 25°S), mid latitudes (45° and 45°S) and high latitudes (70°N

and 70°S) in the Martian Year (MY) 28 and MY 29. We also represent the seasonal

variability of zonally averaged ozone column density obtained from Mars Climate

Database (MCD) [Millour et al., 2014] during the daytime. These results are compared

with the daytime observations of column ozone made by Spectroscopy for the

Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) onboard Mars

Express (MEX). At mid-to high latitudes ozone column density is maximum in northern

winter and minimum in southern summer. At low-to-mid latitudes (2°N-S, 25°N-S and

45°N-S), the production rates of Os" represent a broad peak between altitudes 26 km and

45 km in both hemispheres. The peak production rates are increasing up to Ls = 47.5° and

then stabilized at about 2.5 x 10® cm™ s™. At Ls > 47.5° the peak production rate of O3
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starts decreasing until it disappeared after Ls = 127.5°. A major dust storm occurred in
MY 28 at Ls ~ 280° in southern latitudes (~25°-35°S). During the dust storm period, dust
opacity, ozone column density and Os" production rate on the surface of Mars were
increased by a factor of ~3.
1. Introduction

The O3 molecule is formed from the product of O and O, by three body reaction
using CO; as third body. It is destroyed by hydrogen radicals. An anti-correlation
between the abundances of ozone and water vapor exist in the atmosphere of Mars
[Lefevre et al., 2008]. The neutral chemistry of Oz has been discussed by several
investigators in the Martian atmosphere [Lefevre et al., 2004, 2008; Montmessin and
Lefevre, 2013]. They have reported that O3 column density is maximum at high latitude
and minimum at low latitude. The ion chemistry of Os" is not understood globally in the
lower ionosphere of Mars. Ozone is very important for the negative ion chemistry of
Mars. It plays a very important role in the formation of the D layer of the ionosphere and
also affects the atmospheric electricity on Mars [Molina-Cuberos et al., 2002; Thomas
and Gierasch, 1985]. In the negative ion chemistry O is produced first by electron
capture of Os. Later three body reaction of CO, with O produces COjz’, which is
associated with water and form a broad peak of water cluster ions CO3(H,0), at about 30
km [Molina-Cuberos et al., 2002; Haider et al., 2007]. This peak was first reported by

Whitten et al. [1971] as a D layer in the lower ionosphere of Mars. The D layer occurs
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due to high efficiency of electron attachment to Ox molecules, which entails that the
concentrations of negative ions are higher than that of electron below 30 km [Haider et
al., 2009].

In presence of dust storms the production of Oz is more which produces more
negative ions CO3’(H20), and increased the D layer of the Mars’ ionosphere. [cf. Molina-
Cuberos et al., 2006; Michael et al., 2007; Tolendo-Redondo et al., 2017]. During the
dust storms dust aerosols are charged. The interaction of negative cluster ions CO3
(H20), with positive charged aerosols reduced the D layer significantly [Haider et al.,
2010]. Therefore D layer disappeared for few weeks until the dust storm settles down to
the normal condition. Thus, the electron capture of Os is initially creating more negative
cluster ions CO3 (H,0), in presence of dust storms when the concentrations of O3 were
increased significantly. Later the productions of CO3 (H,0), were destroyed due to their
attachment with the positive charged aerosols.

Several dust storms have been observed on Mars in MY10, MY13, MY25 and
MY28 [Martin, 1984, 1995; Smith et al., 2013; Montabone et al., 2015]. The SPICAM
spectrometer onboard MEX has provided continuous observations of UV dust opacity
[Montmessin et al., 2017]. It has also observed column O3 at different Ls, latitude and
longitude [Bertaux et al., 2006]. The orbit of MEX does not change significantly with
longitude [Smith et al, 2013]. Therefore we have averaged SPICAM observations over

longitude for each Ls and latitude. These observations are compared with the zonally
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averaged ozone column densities obtained from MCD (Mars Climate database)

(website:http://www-mars.Imd.jussieu.fr) [Millour et al., 2014].

In the present paper we have also calculated annual seasonal dependence of the
production rates of Os" using energy loss model [Haider et al., 2007, 2008, 2009, 2015]
due to impact of GCR in the dayside troposphere of Mars in presence and absence of dust
storm during MY28 and MY 29 respectively. These production rates can be used in future
for the global modeling of the D region ionosphere of Mars. It is found that the
production rates of O3" are changing with season and produce a broad peak at low latitude
between altitudes 30 km and 40 km. The peak production rates of Os" increases up to
Ls=47.5° while it decreases between Ls=47.5° and Ls=127.5°. The O3 production layer
disappeared after Ls=127.5°. The production rates of Os" were also enhanced
significantly on the surface of Mars in MY28 during dust storm period when the optical
depth of dust increased up to 3.

2. Motivation and Objectives

The nighttime measurements of ozone were carried out by SPICAM using the
stellar occultation method [Montmessin and Lefevre, 2013]. This measurement cannot
provide altitude profiles of ozone in the daytime atmosphere at altitude < 60-80 km where
star signals are very weak [Bertaux et al., 2006]. SPICAM also measured seasonal
variability of ozone column abundance in the dayside atmosphere of Mars at different

latitudes and longitudes. The column density of ozone varies strongly with latitudes and
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seasons. This is due to the fact that solar UV radiation is highest on average in the tropics

and the large scale air circulation in the troposphere slowly transports tropical ozone

toward the pole. In presence of dust storm of MY28 ozone increases due to prominent
drop of water abundance near the surface [Montmessin et al., 2017]. This sudden
decrease of water is also reported by Compact Reconnaissance Imaging Spectrometer

(CRISM) during the dust storm of MY28 [Smith, 2009].

The seasonal cycle of Mars is dominated by a strong and asymmetric Hadley cell,
extending between north and south mid-latitudes producing trade winds and allowing
cross equatorial transport of dust and trace gases. The seasonal and latitudinal variability
of ozone in MY 28 (in the presence of a dust storm) and MY 29 (in the absence of a dust
storm) are not studied in detail during the daytime atmosphere of Mars. We have
extended energy loss model of Haider et al. [2009] to calculate the production rates of
03" in presence and absence of dust storms between Ls = 0° and 360° at low latitudes
(2°N, 2°S, 25°N and 25°S), mid latitudes (45°N and 45°S) and high latitudes (70°N and
70°S). The three main objectives of this paper are given below:

1) The column of ozone is observed in the daytime from the SPICAM instrument.
We have compared seasonal variability of the ozone column observed by
SPICAM with the model results of MCD in MY 28 and MY 29.

@) The annual variability of the production rate of Os" is not measured or estimated

in the daytime atmosphere of Mars. We have simulated altitude profiles of the
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production rate of Oz" during the daytime at different seasons and latitudes in MY
28 and MY 29.
(3)  The effect of a dust storm is a key problem in the lower atmosphere of Mars. We
have studied seasonal and latitudinal dependence of the production rates of Os"
in presence and absence of a dust storm corresponding to MY 28 and MY 29
respectively.
3. Model
3.1 GCR Impact lonization Rate
The impact of primary cosmic rays, mainly protons and particles onto the Martian
atmospheric gases produce 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 atmosphere of Mars. At high altitude the maximum ion
production rates are due to protons. Charged pions do not decay to muons before
reaching the ground. Therefore, the muon energy is mainly transferred to the surface of
Mars [Molina-Cuberos et al., 2002]. Haider et al. [2007, 2009] used energy loss method
and developed a GCR impact ionization model to calculate altitude profiles of ion
production rates in the lower ionosphere of Mars. In this model the effects of seasonal
and latitudinal variability were not included. This model is extended now and we have

calculated altitude profiles of the ion production rate of O;" at fixed latitudes for different
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seasons in MY28 and MY29. These calculations are made at low latitudes (2°N, 2°S,
25°N and 25°S), mid latitudes (45° and 45°S) and high latitudes (70°N and 70°S) between
Ls ~ 0° to 360° and altitude ~ 0 to 60 km. The 2° and 2 km resolutions are taken for Ls
and altitude distributions respectively.

O’ Brien et al. [1996] calculated the flux of un-attenuated GCR from 10° to 10
particles m? s GeV™* ster at energy interval of 1 to 1000 GeV. We have assumed that
this flux is precipitating into the lower atmosphere of Mars. We do not know what
fraction of GCR impact at the top of the daytime atmosphere of Mars. In this model we
have taken density profiles of O3 from MCD for observing conditions of SPICAM. It
should be noted that the un-attenuated GCR flux does not depend on season and latitude;
therefore we have used the same flux in our calculation at different latitude and different
solar longitudes. The modulation of cosmic rays is affected by the solar wind in the
interplanetary medium. We have assumed that the solar wind interaction with cosmic
rays is the same on Earth and Mars. Therefore, the same modulation of cosmic rays
owing to the solar wind at Earth is used for Mars [Molina-Cuberos et al., 2002]. GCR is
ionizing all atmospheric gases. Since the goal of this paper is to study the global cycle of
03" therefore we have not included other gases of Mars in our model. Recently the high
energy cosmic ray flux has been observed on the surface of Mars by the Radiation
Assessment Detector (RAD) instrument onboard the Mars Science Laboratory (MSL)

[Ehresmann et al., 2014]. We have not used this flux in our model because the RAD
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instrument observed mainly muon flux on the surface of Mars after attenuation of GCR
through the atmosphere [Haider et al., 2015].
3.2 MCD Model

MCD is a database of Mars’ meteorological fields derived from General
Circulation Model (GCM). This model is validated using the available observed data
[Millour et al., 2014]. The GCM has been developed in the Laboratoire de Meteorologic
Dynamique du CNRS (Paris, France) under the collaboration of Open University (UK),
Oxford University (UK), Institute de Astrofisica de Andalucia (Spain), and Centre
National d’ Etudes Spatiales (CNES). MCD is freely available online for the use of
atmospheric and environmental research of Mars (website: http://www-

mars.Imd.jussieu.fr). This model is developed for different scenarios of dust and solar

conditions which are highly variable during short and long time scales. The UV radiation
emitted from the sun is varying due to solar flares, 27 day solar rotation and the 11 year
solar cycle. The atmosphere of Mars is also changing in the presence of low, medium and
high dust storm periods. In the MCD model, the climatology scenario, cold scenario,
warm scenario and dust scenario of the Mars atmosphere are provided for the modelling
of the Martian ionosphere. In climatology scenario the solar minimum, medium and
maximum conditions are provided for the study of Mars’ atmosphere. The low dust is
considered in the cold scenario corresponding to an extremely clear atmosphere. For a

given seasonal date (Ls) and location, the dust opacity is set to be the minimum observed
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over MY24-MY31. The warm scenario shows dusty atmosphere conditions but for a
non-global dust storm period. The dust opacity at a given location and season is set to be
the maximum observed over the MY 24- MY 31 except during the MY 25 and MY 28
intervals when global dust storms occurred. The effects of global dust storms are included
in the dust scenario (The dust scenario represents the Mars’ atmosphere in presence of
global dust storms). The dust opacity is set to T = 5 during the dust storm period at a
given location and season. Moreover the dust optical properties are for this case set to
represent ‘darker dust’ than nominal [Wolff et al., 2009].

The MCD is based upon outputs from the LMD-MGCM model. The MGCM does
include photochemistry, therefore the empirical MCD model also includes the species
from the MGCM outputs. The MCD included photochemistry, dynamics and other
metrological fields of the Martian atmosphere. These models calculate altitude profiles of
air density, mixing ratios of CO,, O,, O, CO, O3 , H, Hy, N,, Ar and H,O, neutral
temperature, pressure and winds at different season, latitude and longitude in the dayside
and nightside atmosphere above the surface of Mars for different scenarios (as given
above).

We have taken altitude profiles (0 to 60 km) of ozone from the MCD model at
low latitudes (2°N, 2°S, 25°N and 25°S), mid latitudes (45°N and 45°S) and high latitudes
(70°N and 70°S) between Ls ~ 0° and 360° for dust storm and cold scenarios that

occurred in MY 28 and MY 29 respectively. During MY 28 the density of ozone is larger
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by a factor of ~3 than that estimated for MY 29 [Millour et al., 2014]. These densities are
averaged over longitude. Later the zonally averaged profiles of ozone were integrated
over altitude and compared with global cycle of column ozone density observed by
SPICAM. This experiment also measured the vertical profiles of ozone in the night time
atmosphere of Mars between altitude ~ 20 km and ~70 km from the stellar occultation
method [Lebonnois et al., 2006; Montmessin and Lefevre, 2013]. No ozone was detected
from this method down to ~ 20-30 km altitude. Ozone was also detected in the Martian
atmosphere by Mariner 7 and 9 using Ultraviolet Spectrometers [Barth and Hord, 1971,
Barth et al., 1973]. The altitude profiles of ozone are not measured in the daytime
atmosphere of Mars. MCD has provided a complete set of global data of O3 abundance
during the daytime and night time atmosphere of Mars at all altitudes, latitudes and
longitudes for different atmospheric conditions. Our objective is to study seasonal and
altitude variability of the production rates of Os" during the daytime above the surface of
Mars in the presence and absence of dust storm in MY28 and MY 29 respectively. In this
model calculation daytime altitude profiles of ozone between 0 km and 60 km at low
latitudes (2°N, 2°S, 25°N and 25°S), mid latitudes (45°N and 45°S) and high latitudes
(70°N and 70°S) for Ls ~ 0 to 360° are required. Therefore, we have not used night time
density profiles of ozone observed by SPICAM in our model. The MCD model is
providing all required inputs and can serve the objectives of this paper.

4. Results and Discussion

10
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There have been observed several dust storms on Mars. Mariner 9 and Viking
have detected two major dust storms in MY 10 and MY 13 respectively [Martin, 1984,
1995]. The infrared optical depths were increased to ~ 1.5 to 2.6 during these dust storms
period. After two decades, the continuous remote sensing observations of infrared dust
optical depths were carried out during MY 24 to MY 32 from MGS and Mars Odyssey
spacecrafts [Montabone et al., 2015]. During these periods two major dust storms were
observed in MY 25 and MY 28 with opacities 1.7 and 1.2 at Ls~ 210° and 280°
respectively [Montabone et al., 2015; Sheel and Haider, 2016]. Recently a new global
dust storm has been detected by the Opportunity Mars Exploration Rover (MER) and the
Mars Reconnaissance Orbiter (MRO) in June, 2018 (MY34)

(https://mars.nasa.gov/resources/21917/atmospheric-opacity-from-opportunitys-point-of-

view). The previous dust storms in MY 10, MY 13, MY 25 and MY 28 were slower to
build in comparison to the new dust storm of MY 34. The new dust storm observed
maximum UV dust opacity © = 10.8 on June 10, 2018 at about Ls~ 190° and spread

quickly all over the globe (https://www.nasa.gov/news/news.php). Our model result is

dedicated to the previous dust storm (t = 1.2) that occurred in MY 28 at the southern
tropical region (25°-35°S).

Figure 1 represents seasonal variability of zonal mean UV dust opacity measured
by SPICAM in MY 28 and MY 29 [Holmes et al., 2018] at the southern tropical region

(25°-35°S). These observations have been carried out from the nadir direction. The

11
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optical depths are averaged over longitude. It is found that the dust optical depth
increased by a factor of ~ 3 on the surface of Mars during southern summer at Ls ~ 280°
in MY 28. The minimum visible opacity of dust is observed ~ 0.2 um in the cleaner
southern winter season. The regional dust storms occurred in different seasons of Mars at
optical depth T = 0.5 to 0.75 between Ls ~ 0°-50°, 200° and Ls~ 275°-350°. In this dust
storm a large amount of dust lifted up into the atmosphere and formed two distinct layers
at altitude range ~ 20-30 km and ~ 45-65 km [Haider et al., 2015]. These dust layers have
been observed by CRISM and Mars Climate Sounder (MCS) onboard Mars
Reconnaissance Orbiter [Guzewich et al., 2014; Heavens et al., 2014] (It should be noted
that the dust optical depths obtained from SPICAM are generally larger than the results
obtained from MER, MCS and CRISM [Willame et al., 2017]).

The total amount of O3 in the atmosphere of Mars undergoes seasonal variation
due to formation of the polar caps. Figures 2 (a-h) and 3 (a-h) represent the seasonal
variability of zonally averaged column ozone observed by SPICAM in MY 28 and MY
29 respectively at low latitudes (2°N, 2°S, 25°N and 25°S), mid latitudes (45°N and 45°S)
and high latitudes (70°N and 70°S). These observations are compared with the zonally
averaged column ozone obtained from MCD in MY 28 and MY 29. The comparison of
year-to year seasonal variability in column ozone shows strong similarity in MY 28 and
MY 29 except at Ls ~ 280° during the dust storm period which occurred in MY 28 at

southern latitudes ~ 25°-35°S. The seasonal change in column ozone is low at low

12
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latitudes, but at high latitudes it is chaotic and indicates that atmospheric ozone is highly
perturbed.

At low latitudes (2°N, 2°S 25°N and 25°S) the observations do not match so well
with the MCD model underestimating column ozone by ~20%. The disagreement
between observation and model at low latitudes may be associated due to several reasons
as given below: (1) The excessive transport of water vapor from Tharsis and Arabia
Terrain can reduce column ozone in the model [Steele et al., 2014], (2) Modeling biases
in water vapor can also explain the underestimation of total ozone at low latitude region
[Holmes et al., 2018], (3) The SPICAM measurements have large error of the order of 1-5
x 10" molecules cm™ [Lebonnois et al., 2006]. The estimated column densities of ozone
are varying within this error bar at low latitude region and (4) Ozone can also be affected
by topography of Mars through the effect of gravity waves. An increase in O3z column
over Hellas basin in SPICAM measurements is attributed to a topographical induced
transport of the polar air [Clancy et al., 2016]. In Figures 2a-e and 2b-f we have plotted
SPICAM and MCD profiles of ozone column density for their comparison in MY28
between northern and southern hemispheres at low latitudes 2° N-S and 25° N-S
respectively. Similarly in Figures 3a-e and 3b-f we have also plotted SPICAM and MCD
profiles of ozone column density for their comparison in MY29 between northern and
southern hemispheres at low latitudes 2° N-S and 25° N-S respectively. In these figures

two broad peaks (marked by arrow) are measured in the column ozone cycle with values

13

This article is protected by copyright. All rights reserved.



~5x 10" em?and ~ 1 x 10" cm™ at Ls ~ 50° and Ls ~ 250° respectively. These peak
values are larger by a factor of 5-10 than that produced by MCD model. In Figure 2f
MCD model represents a 3" peak in the column ozone cycle with a value ~ 2 x 10*° cm™
between Ls 150° and 175°. This peak may be produced due to the effect of regional dust
storm on the ozone column density. The global dust storm of MY28 has been suggested
to have several regional dust storms before the major dust storm [Sheel and Haider,
2016]. These major and regional dust storms have produced ~ 50% and ~ 30% reductions
in the measured total water vapor content at Ls ~ 280° and 175° respectively
[Trokhimovskiy et al., 2014]. There is an anti-correlation between the abundances of
ozone and water vapor. Therefore, the calculated column density of O3 may increase in
Figure 2f due to the effect of regional dust storm between Ls=150° and 175°. It should be
noted that the SPICAM data is not available between Ls 100° and 200° at latitude 25°S,
therefore 3" peak is not observed in Figure 2f.

At mid-to high latitudes (45°N, 45°S, 70°N and 70°S) the ozone column densities
are maximum in northern winter and minimum in southern summer. In both hemispheres
the column densities of ozone are lower at mid latitudes by a factor of 2-5 than the
column densities of ozone at high latitudes. In northern hemisphere the ozone is not
measured between Ls ~ 250° and 350° at mid-to high latitudes. At these latitudes the
seasonal profiles of column ozone obtained from MCD are generally in good agreement

with the SPICAM observations except in Figures 2h and 3h at latitude 70°S. In these
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figures we notice that the column ozone observed by SPICAM in MY28 and MY29 are
higher than the MCD derived column ozone by a factor of ~ 5 to 8 between Ls 230°-300°
and 300°-330° respectively. This enhancement in the column ozone was observed due to
high dust opacity ~ 1.5 [Willame et al., 2017].

Figure 4 represents zonal mean column ozone obtained from MCD as a function
of solar longitude between Ls ~ 250° and 350° at latitude 25°S in MY 28 and MY 29. In
presence of the dust storm a major dust layer is formed above the surface of Mars
[Guzewich et al., 2014; Heavens et al., 2014; Haider et al., 2015]. During the thick layer
of dust, the sunlight cannot penetrate deep into the atmosphere of Mars. This interrupts
the dissociation of ozone below the dust layer, which is the main loss mechanism of
ozone in dayside atmosphere. On the other hand production of Os is directly related to the
production of the oxygen atom, which is produced more above the dust layer from the
photolysis of CO,. Therefore the integrated column O3 will be enhanced during the dust
storm period. In Figure 4 we have found that O3 column density is enhanced by a factor
of ~ 2.6 at Ls ~ 280° during the dust storm of MY28. Recently Liu et al. (2018) have
observed neutral densities of CO,, Ar, N, CO, and O at high altitudes from 170 to 220
km in response to dust increases in the lower atmosphere, observed by the in situ Neutral
Gas lon Mass Spectrometer (NGIMS) onboard the Mars Atmosphere and Volatile
Evolution (MAVEN) satellite. These observations reveal that the densities of all

atmospheric gases increase up to ~ 200% in the presence of dust storm. The
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thermospheric density increases caused by dust have also been reported earlier using the
observations made by Accelerometer experiment (ACC) onboard MGS [Keating et al.,
1998; Bougher et al., 1999, 2017].

Figure 5 (a-h) represents the annual variability of the zonal mean production rates
of O3" on the surface of Mars in MY 28 and MY 29 at four low latitudes (2°S, 2°N, 25°S
and 25°N), two mid-latitudes (45°S and 45°N) and two high latitudes (70°S and 70°N).
These production rates are estimated from the seasonally dependent energy loss model by
using MCD model derived ozone column densities. At mid-to-high latitudes (Figures 5c,
5d, 59 and 5h) maximum and minimum ion production rates are calculated during
northern winter and southern summer respectively while minimum and maximum ion
production rates were estimated during northern summer and southern winter
respectively. At low northern and southern latitudes (Figures 5a, 5b, 5e and 5f) two crests
and one trough are produced in each annual cycle of the production rates of Os3" at Ls ~
50°-100° Ls ~ 200°-300° and Ls ~ 150° respectively. These crests and trough are
produced at low latitudes due to the Hadley asymmetric circulation [cf. Millour et al.,
2014]. The annual cycle of the production rates of Os" are nearly same in MY28 and
MY 29 except for the dust storm period as shown in Figure 5f. This is due to the fact that
MCD derived column density of Os is enhanced between Ls = 250° and Ls = 350° at
latitude 25° S in MY28 (see Figure 4). In Figure 5f we have used this column density of

Os for the calculation of the ion production rate of O3".
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Since the altitude profiles of the production rates of Os;" are nearly same in MY 28
and MY 29 at the same latitudes and same seasons we have plotted these profiles in
Figures 6 (a, b), 7 (a, b), 8 (a, b) and 9 (a, b) at latitudes 2°N-S, 25°N-S, 45°N-S and
70°N-S respectively for MY 28 only. In Figures 6a, 7a, 8a and 9a we represent the
altitude profiles of the production rates of Os" at northern latitudes 2°N, 25°N, 45°N and
70°N respectively for Ls ~ 7.5° 47.5° 87.5° 127.5°, 167.5°, 207.5°, 247.5° 287.5° and
327.5°. Figures 6b, 7b, 8b and 9b represent the same profiles of the production rates of
Os" but at southern latitudes 2°S, 25°S, 45°S and 70°S respectively. Table 1 represents the
peak altitudes and peak production rates of Os" in MY28 at Ls ~ 7.5°, 47.5°, 87.5° and
127.5° for latitudes 2°N-S, 25°N-S and 45°N-S. At these latitudes the peak production
rates of Os" increased up to Ls ~ 47.5° with maximum value ~ 2.5 x 10°® cm™ s™. Later it
decreased up to Ls ~ 127.5° and then disappeared at Ls ~ 167.5° 207.5° 247.5° 287.5°
and 327.5°. The clear peaks are found in these production rates between altitudes 26 km
and 45 km. The production layer of O3" is higher in altitude at low latitudes and lower in
altitude at mid latitudes, especially in southern region. The ionization peaks do not occur
in the troposphere of Mars at polar latitudes ~70°N and 70°S.

At latitudes 45°N, 45°S, 70°N and 70°S the surface production rates of O3 are
increasing by two orders of magnitude in northern winter due to condensation of CO,
frost. At these latitudes the surface production rates of Oz" are decreasing by two orders

of magnitude in southern summer due to sublimation of CO, frost. During summer, polar
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caps are releasing water vapor which destroys the ozone [Lefevre et al., 2008]. This
process does not occur in northern polar winter which is too cool and protected from the
formation of odd hydrogen species, which significantly contributes in the destruction of
ozone. The ozone concentration peak at low-to mid latitudes can be obtained in both
hemispheres between altitudes 25 km and 45 km at Ls ~7.5° 47.5° 87.5° and 127.5° from
the photolysis of O, which combines with O and forms the O layer [Lefevre et al., 2004].
This layer is fully destroyed by photodissociation. These peak heights are reduced by
about 10-20 km at southern mid latitudes in comparison to northern mid-latitudes. These
peaks are not found in the production rates of O3" at high latitudes in all seasons of both
hemispheres.

The SPICAM has observed two distinct ozone layers in the nighttime atmosphere
of Mars at low-to mid latitudes [Lebonnois et al., 2006]. The first layer occurred near the
surface. The second layer was observed between altitudes 25 km and 60 km. Later
Montmessin and Lefevre [2013] observed a broad peak in the vertical profiles of ozone at
altitudes between 40 km and 60 km in southern polar night, which was overlooked by
Lebonnois et al. [2006]. The nighttime ozone layer is produced due to horizontal
transport of oxygen atoms from the dayside into the nightside atmosphere across the
terminator [Montmessin and Lefevre, 2013]. We have not detected any peak in the
daytime vertical profiles of the production rates of O3" near the surface. Our study

suggests that the mechanisms of ozone formation in the dayside and nightside atmosphere
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of Mars are different at low, mid and high latitudes. The dust increases the ion production
rate by a factor of 3-4 on the surface in MY 28 (Figure 5f). The effects of dust on the
production rate is nearly absent beyond ~ 10 km altitude (Figure 7b). The peak
production rate of O3" is directly correlated with the abundance of ozone. GCR does not
produce ionization peaks but it is attenuated throughout the atmosphere in the production
rates of O3".
5. Summary and Conclusions

We have developed a seasonally dependent energy loss model to study the annual
variability of the ion production rates of Os" due to impact of GCR in the daytime
ionosphere of Mars at low, mid and high latitudes. These calculations are carried out in
MY 28 and MY 29 between Ls ~ 0°-to 360° and altitudes 0-to 60 km at latitudes 2°N-S,
25°N-S, 45°N-S and 70°N-S. We also represent seasonal variability of zonal mean ozone
column density obtained from the MCD model at different latitudes in MY 28 and MY
29. These results are compared with the daytime observations of the column ozone made
by SPICAM onboard MEX. It is found that the ozone column density maximizes in
northern winter and minimizes in southern summer at mid-to high latitudes. The ion
production rates of O3" represent a broad peak between 30-to 40 km in both hemispheres
at low-to mid latitudes. The peak production rates are increasing up to Ls=47.5° and then
decreasing until they disappear after Ls = 127.5°. There are no ionization peaks in these

production rates at polar latitudes.
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A major dust storm occurred in MY 28 at Ls~ 280° in southern tropical latitudes
(25°-35°S). During the storm period the dust opacity, ozone column density and
production rates of Oz" were increased on the surface of Mars by a factor of 3-4. The
altitude profiles of ozone are not measured in the daytime atmosphere of Mars. These
profiles are measured in the nighttime only by the stellar occultation method [Montmessin
and Lefevre, 2013]. Using a detailed computational study of seasonal dependent energy
loss model we found that the production rates of Os" are strongly changing with season
and latitude due to different chemical processes of ozone formation in the daytime
atmosphere of Mars. The mechanisms of ozone layer formation are substantively
different in different seasons at low, mid and high latitudes. This theoretical prediction
awaits experimental validation and in the absence of ozone measurements in the dayside
atmosphere of Mars, our results can serve as a benchmark that can guide the design of
future payloads of ozone measurements on Mars.
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Latitude Ls Peak altitude (km) Peak production
rate (cm>s?)

2°N 7.5° 35 4.0x10°
47.5° 40 25x10°

87.5° 38 1.3x10°

127.5° 36 2.0x 107

2°S 7.5° 36 4.1x10°
47.5° 39 25x10°

87.5° 36 1.2x10°

127.5° 37 2.0x 107

25°N 7.5° 42 4.0x107°
47.5° 39 2.0x10°

87.5° 41 1.5x 107

127.5° 45 2.0x 107

25°S 7.5° 38 4.1x10°
47.5° 36 1.6x10°

87.5° 39 1.2x10°%

127.5° 40 1.6 x 107

45°N 7.5° 40 35x107°
47.5° 42 1.5x 10°

87.5° 43 1.0x10°%

127.5° 41 1.8x 107

45°S 7.5° 26 1.0 x10°®
47.5° 30 1.5x10°®

87.5° 28 4.0x107

127.5° 32 1.2 x107°
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Figure captions
Figure 1. The annual seasonal variability of zonal mean UV dust optical depth observed
by SPICAM in MY 28 and MY 29 at southern tropical region (25°-35°S).
Figure 2. The annual seasonal variability of zonally averaged column ozone with error
bars as observed by SPICAM in MY 28 at 2°N (a), 25°N (b), 45°N (c), 70°N
(d), 2°S (e), 25°S (f), 45°S (g), and 70°S (h). These observations are compared
with zonally averaged column ozone obtained from MCD model in MY 28.
The arrow shows the two major peaks in ozone column cycle at Ls ~50° and
~250° in MY 28 at latitudes 2°N, 2°S, 25°N and 25°S in Figures 2a, 2e, 2b and
2f respectively.
Figure 3. Same as in figure 2 but for My 29.
Figure 4. The zonal mean column ozone obtained from MCD model as a function of
solar longitude (Ls) between Ls=250° and Ls=350° at latitude 25°S in MY 28
and My 29.
Figure 5. The annual variability of zonal mean production rates of Os" on the surface of
Mars in MY 28 and MY 29 at latitudes 2°N (a), 25°N (b), 45°N (c), 70°N (d),
2°S (e), 25°S (f), 45°S (g) and 70°S (h).
Figure 6. The altitude profiles of the production rates of Os" in MY 28 at latitudes 2°N
(a) and 2°S (b) for Ls = 7.5°, 47.5°, 87.5°, 127.5°, 167.5° 207.5° 247.5°,

287.5° and 327.5°.
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Figure 7. Same as in figure 6 but for latitudes 25°N (a) and 25°S (b).
Figure 8. Same as in figure 6 but for latitudes 45°N (a) and 45°S (b).

Figure 9. Same as in figure 6 but for latitudes 70°N (a) and 70°S (b).
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