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The stability of the carbon dioxide atmosphere of Mars is thought to be
maintained through catalytic chemistry involving “odd hydrogen” products of water
vapor photolysis. Ozone is destroyed by odd hydrogen and therefore its abundance is an
excellent tracer of those species that play a vital role in reforming carbon dioxide.
Photochemical models of the atmosphere of Mars rely on observables such as ozone to
test their predictions.

Infrared heterodyne spectroscopy with a spectral resolution >10° is the only
technique that can directly measure ozone in the Martian atmosphere from the surface of
the Earth. Observations were made using the Goddard Infrared Heterodyne Spectrometer
and Heterodyne Instrument for Planetary Wind and Composition at the NASA Infrared

Telescope Facility. Ozone abundances from seven data sets taken between 1988 and



2003 are presented, along with observation and analysis techniques. Measured spatial,
seasonal, and orbital variability of total ozone column abundance is compared to that
predicted by the first three-dimensional gas phase photochemical model of Mars. Overall
agreement in the behavior of ozone across aphelion and perihelion periods supports the
theory that odd hydrogen chemistry is responsible for maintaining the stability of the
carbon dioxide atmosphere. Underestimation of modeled low latitude ozone around
aphelion may indicate the suppression of odd hydrogen abundance through
heterogeneous processes involving water ice clouds. The weak but not strict
anticorrelation of the observed total column densities of ozone and water supports the
role that the altitude distribution of water vapor is thought to play in regulating ozone
abundance. Ozone abundances from this work are compared with those retrieved using
ultraviolet techniques, showing generally good agreement. Techniques for extracting
ozone altitude distribution are investigated by incorporating O,('A) dayglow observations
which indirectly probe ozone above ~20 km altitude.

The abundance and altitude distribution of ozone in the Earth’s atmosphere
retrieved from calibration spectra are compared to nearby contemporaneous
measurements using Dobson, lidar, and ozonesonde techniques. Excellent agreement
with altitude distribution measured by lidar and ozonesonde is achieved when total ozone
column densities from Dobson spectrophotometry are used as a constraint in the radiative

transfer analysis of the spectra.
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Chapter 1: Introduction

1. Mars

The planet Mars has gone from being the subject of mystery in antiquity to the
target of spacecraft at every launch opportunity in recent years. It is one of the more
accessible planets via Earth-based and in situ observations. Along with Venus, Mars is
considered important for understanding properties of terrestrial planets in general and
even for understanding properties and processes that shape conditions on Earth. On its
own, Mars is a unique geological and atmospheric environment, raising more questions

with each new discovery.

Table 1.1. Properties of the terrestrial planets [ Yung and DeMore 1999].

Mars Earth Venus
Surface Pressure 6.9 mbar 1000 mbar 93,000 mbar
Surface Temperature 210K 297 K 737 K
Radius 3393 km 6378 km 6052 km
Major Atmospheric 95% CO, 78% N, 96% CO,
Constituents 3% N» 21% O, 3% N»
Solar Day 24hr40m 24 hr 243 days
Year 687 days 365 days 225 days
Orbital Eccentricity 0.093 0.017 0.0068
Heliocentric Distance ~ 1.52 AU 1 AU 0.72 AU

Various properties of the terrestrial planets are presented in Table 1.1. The length
of the day on Mars is just slightly longer than the Earth, which would make adjusting to
Mars easier for future explorers, but the low atmospheric pressure and greater
heliocentric distance lead to bitterly cold temperatures. Although Venus and Earth are
very similar in size, their environments differ drastically. The major atmospheric

constituents of Mars and Venus and their proportions are practically identical, but their



atmospheric pressures differ by over 4 orders of magnitude. Even though the differences
among the terrestrial planets appear to outweigh the similarities, the same physical laws
apply to all of them, and therefore an understanding of a process on one can be a key to
understanding another.

The atmosphere of Mars is very thin relative to Earth, with an average surface
pressure of ~6 mbar, which is less than 1% that of Earth. To the geologist, the
atmosphere is a thin veil that interferes with observations of the rocks that hold keys to
the history of the planet (tongue in cheek, of course). To the atmospheric scientist, the
atmosphere is a laboratory rich in chemical and dynamical processes. Where the
atmosphere meets the rocks, chemistry and weather make it important to consider one
when studying the other.

Atmospheric conditions on Mars vary over the course of the year. Mars has an
eccentric orbit compared to that of Earth and Venus, which results in ~45% greater solar
flux at perihelion than at aphelion. In addition, perihelion and aphelion occur near the
solstices (Fig. 1.1), accentuating seasonal variations (e.g. longer southern winter).
Atmospheric pressure changes by ~20% over the course of the year due to changing
temperatures that result in sublimation of CO, from the polar caps and later refreezing.
The existence of southern highlands and northern lowlands results in a range of
atmospheric pressures with latitude. Water vapor sublimates mainly from the north polar

cap during warmer periods and freezes out of the atmosphere during colder periods.
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Figure 1.1. Seasons on Mars. The solar longitude, or Ls, is the position of Mars in its
orbit around the sun. The northern spring equinox is at 0°, the northern summer
solstice is at 90° and so on. The coincidence of aphelion and perihelion close to the
solstices accentuates the seasons on Mars. Dates for data sets used in this work are
displayed above their corresponding season.

Computational models have been developed that simulate the environment of
Mars, and as the computational ability of computers has increased, so has the complexity
of the models. Observations of actual conditions on Mars are extremely important for
testing models and for identifying and improving potentially correct models. A model
may be able to reproduce a particular set of observed conditions, but the richer and more
varied the available data, the greater the burden the model must bear to reproduce those
conditions.

Observations of ozone will be presented as important for testing models that seek
to simulate the photochemistry of the atmosphere of Mars and address the issue of the
persistent, abundant CO, (carbon dioxide) atmosphere. The technique adopted in this

work for observing Martian ozone and extracting abundances will be discussed.



Comparisons will be made to other methods of observing ozone. Different methods for
probing ozone abundance will be combined to investigate altitude distribution. Measured
orbital/seasonal (Fig. 1.1) and spatial variability of ozone abundance and distribution will
be used to test predictions of photochemical models and investigate the current
understanding of CO; stability on Mars. Ozone height profiles for Earth retrieved from

calibration measurements will also be presented.

II. The CO, Stability Problem on Mars

The atmosphere of Mars is composed almost entirely of CO,. It came as a
surprise when CO, was found to be the major atmospheric constituent, because solar
ultraviolet radiation dissociates CO; and it does not easily reform on its own. Although
the atmospheric pressure is <1% that of Earth, this seemingly simple atmosphere has
proved to be complex, and over the years a general picture of the photochemical
processes taking place in the atmosphere has emerged [cf. Yung and DeMore 1999,
Atreya and Gu 1995, Krasnopolsky 1986].

Carbon dioxide in the Martian atmosphere is dissociated by solar ultraviolet

radiation <205 nm:
CO,+hv—=CO+0 (1.1)

The direct recombination reaction is achieved through the extremely slow, spin-
forbidden, three-body reaction:

CO+0+M—CO,+M (1.2)



Here, M is any background gas molecule, which for the case of Mars is predominantly

CO,. The three-body reaction that combines atomic O to form O, is orders of magnitude

faster than Eq. 1.2. Even with the subsequent photolysis of O, a buildup of CO and O,

would be expected up to certain equilibrium values, with a ratio of CO to O, of 2:1
resulting from the net reaction:

2C0O, —-2C0O0+0, (1.3)

Measurements of Martian CO and O, reveal abundances that are far lower than

those expected from this pure CO, scheme. In addition, the ratio of CO to O, is found to

be 1:2 rather than the expected 2:1 (Table 1.2). Solving the CO; stability problem

involves discovering how the reformation of CO, on Mars is taking place at a rate much

faster than expected.

Table 1.2. Atmospheric composition of Mars [Yung and DeMore 1999]

CO, 95% H,O ~0.03%
N, 2.7% Ne 2.5 ppm
Ar 1.6% Kr 0.3 ppm
(0)3 0.13% Xe 0.08 ppm
CcO 0.07% O3 ~0.03 ppm

A major key to the problem was put forth by Parkinson and Hunten [1972] and by
McElroy and Donahue [1972], who recognized that the very small abundance of water
vapor in the Martian atmosphere could be important to the CO, reformation process.
Water is dissociated through photolysis (<243 nm):

H,O+hv—-=0OH+H (1.4)
Water is also dissociated by excited metastable atomic oxygen:

H,0 + O('D) = 20H (1.5)



Saturation levels for water vapor vary from ~10-15 km at aphelion to ~30 km at
perihelion [Smith 2002] and the main source of O('D) at those altitudes is ozone
photolysis. Sources of O('D) at other altitudes are O, photolysis above ~60 km and CO,
photolysis above ~80 km, where O('D)-producing photolyzing radiation can penetrate
[e.g. Nair et al. 1994].

Species with one hydrogen atom such as H, OH, and HO, are referred to as “odd
hydrogen” or “HOy” and are very reactive. Hydrogen peroxide (H»O) is also grouped
with odd hydrogen because of its reactivity. The hydroxyl molecule OH plays the key
role in a catalytic CO, reformation process. In addition to Egs. 1.4 and 1.5, odd hydrogen
is produced through reactions of excited metastable oxygen atoms with molecular
hydrogen:

H,+0('D)—H+OH (1.6)
Atomic hydrogen provided in Egs. 1.4 and 1.6 goes on to react with oxygen and ozone
ultimately resulting from the destruction of CO; in (1.1) to eventually produce more OH

through pathways such as:

H+O0,+M—HO,+M (1.7)
HO,+0 —0, +OH (1.8)
H+O0,+M—HO,+M (1.7)
HO, + HO, - H,0,+0, (1.9)
H,0, + hv —20H (1.10)
H+O0,+M—HO,+M (1.7)
HO, +hv —0OH+0O (1.11)
H+0O,—=0H+0, (1.12)



Although water vapor photolysis is ultimately responsible for OH production, it is
not itself the fastest direct producer of OH. Examples of reaction rates for odd hydrogen

production (Egs. 1.4-1.6) as well as some reprocessing reactions are shown in Fig. 1.2.
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Figure 1.2. Example reaction rates for odd hydrogen production (solid) and some
reprocessing reactions (blue). Rates were calculated at 20 km altitude intervals from the
atmospheric model and reaction coefficients of Nair et al. [1994], and water photolysis
rates are taken from that work.

The OH produced in the reactions above can go on to react with CO to form CO;
at a rate that is orders of magnitude faster than the three-body recombination reaction in
Eq. 1.2 (Fig. 1.3). The process involving OH is catalytic because additional reactions
recycle it, and therefore the minute amount of water vapor present on Mars (~0.02%) is

sufficient to support this process. One such scheme involving O, in OH recycling is:

CO+OH —CO,+H (1.13)
H+0,+M—HO,+M (1.7)
O+HO, —»0,+O0OH (1.9)

(1.14)

CO + O — CO, (net reaction)



Another scheme involving Oj; in the recycling of OH is:

CO+0OH —=CO,+H
H+0O,—0H+O,
0+0,+M—=0,+M
CO + O — CO, (net reaction)

(1.13)
(1.12)
(1.15)
(1.14)

During warmer periods when water vapor is more abundant, an important CO; recycling

scheme is:

2(CO +OH — CO, + H)
2(H+0,+M —HO, + M)

HO, +HO, - H,0,+0,

H,O, + hv = 20H

2CO + 0, — 2CO, (net reaction)

Example rates of these reactions are presented is Fig. 1.3.
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Example reaction rates for CO, destruction (red), CO, reformation (blue)
and reactions important for recycling OH. Rates were calculated at 20 km altitude
intervals from the atmospheric model and reaction coefficients of Nair et al. [1994], and
CO; photolysis rates are taken from that work.



The sinks for odd hydrogen include:

H+HO, —-H, +0, (1.17)
H+HO, -H,0+0 (1.18)
HO,+OH —-H,0+0, (1.19)

Example loss rates for odd hydrogen are given in Fig. 1.4. Odd hydrogen can also
be lost onto surfaces of dust and ice particles through heterogeneous processes. Because
there are not many chemical sinks for odd hydrogen, a small amount of it (or its
photochemical parent, water vapor) can be very effective in sustaining the CO,

atmosphere of Mars.
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Figure 1.4. Example reaction rates for odd hydrogen destruction, showing relative
importance at different altitudes. Rates were calculated at 20 km altitude intervals from
the atmospheric model and reaction coefficients of Nair et al. [1994].

The photochemistry described is thought to be largely responsible for recycling
and stabilizing CO; in the atmosphere, but there are other processes that increase the

complexity. Molecular nitrogen can be dissociated and processed in the ionosphere
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(above ~120 km), resulting in “odd nitrogen” species like NO, some of which can be
transported to the lower atmosphere and participate in catalytic recycling of OH. The
reaction rates are lower than the recycling schemes presented earlier (by ~5x at the
surface and by increasing orders of magnitude with altitude [Nair et al. 1994]).
Ionospheric processes result in hydrogen escape from H, dissociation and oxygen escape
from exothermic ion chemistry. In the lower atmosphere, heterogeneous chemistry can
play a role in processes such as odd hydrogen loss. The extreme seasons and topography
of Mars, along with atmospheric circulation, also come into play. Photochemical
modelers must consider these aspects, as well the limitations of the laboratory data they
employ, when attempting to reproduce the chemistry responsible for CO; stability,

observed atmospheric constituent abundances, and atmospheric conditions.

III. The Importance of Atmospheric Data to Photochemical Modeling

The discovery of the importance of water vapor photolysis and the subsequent
odd hydrogen reactions that catalytically reform CO, provided an elegant general
solution to the CO; stability problem, but the specifics are not entirely understood. There
are many published photochemical models [e.g. Krasnopolsky et al. 1993, 1995, Nair et
al. 1994, Clancy and Nair 1996, Lefévre et al. 2004]. Earth-based and spacecraft
measurements of atmospheric constituents provide the inputs for photochemical
modeling and the abundances with which to compare the outputs of those models.

Until the onslaught of spacecraft missions that began with the launch of Mars
Global Surveyor in 1996, much of the modeling has had to rely largely on measurements

made by Mariner 7 (1969), Mariner 9 (1971-1972), and the Viking 1 and 2 landers and
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orbiters (1976-1980). Other atmospheric results were obtained through the short-lived
Mars 5 (1974) and Phobos 2 (1989) missions, and through ongoing ground-based
campaigns. For instance, water vapor on Mars has been monitored from the Earth around
opposition for many years [e.g. Rizk et al. 1991, Sprague et al. 1996, 2001, E. Barker,
private communication]. Because of limited measurements, there has been a necessary
tendency for modelers to utilize measurements of different constituents from different
seasons and orbital periods (Lg), or from the same orbital period in different years.
However, as with Earth, the seasonal patterns on Mars are varied and the need for
simultaneous measurements of different constituents, as well as long term monitoring, is
important for refining photochemical models.

With recent successful missions to Mars, the possibility of continuous monitoring
is being realized. Mars Global Surveyor has been continuously monitoring global water
vapor abundance, atmospheric temperature, and dust and haze opacity since March 1999
[e.g. M. D. Smith et al. 2001, M. D. Smith 2002, 2004]. Mars Express is the first
spacecraft to monitor ozone since Mariner 9 [Bertaux et al. 2000, 2004], and will
simultaneously study ozone and water abundance and distribution. Spacecraft have
limited instrumentation and lifetimes, however, and the goal is not always the
atmosphere, so monitoring of atmospheric constituents must be done from Earth as well.

Chemistry resulting from water vapor photolysis appears to hold the key to the so-
called CO; stability problem. Except for recent detections of H,O, [Clancy et al. 2004,
Encrenaz et al. 2004], the odd hydrogen (H, OH, HO,) that can participate in reforming
CO; has not been observed. Ozone (O3) is destroyed by odd hydrogen and is therefore a

sensitive tracer of the photochemistry that stabilizes the CO, atmosphere of Mars.
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Ozone is formed by the three-body reaction:

0+0,+M—=0,+M (1.15)
The M is predominantly CO,, and so ozone production is therefore sensitive to the CO,
density, which varies with the orbit (Ls) and with the altitude of the landscape.
Production is also controlled by the rate of CO, photolysis that provides O and ultimately
O, (from three body reactions of O). Ozone is dissociated by solar ultraviolet radiation:

O,+hv—=0,+0(D) (1.20)
Ozone and atomic oxygen are expected to interconvert during the day, therefore
photolysis and other reactions that result in atomic oxygen are not considered a

permanent ozone loss mechanism. Ozone is destroyed by odd hydrogen through:

H+0, -~OH+O,. (1.11)
OH +0, - HO, +0, (1.21)
HO, + O, — OH + 20, (1.22)

Example ozone loss rates due to these reactions are displayed in Fig. 1.5. The
reaction rate of Eq. 1.11 dominates that of Eqs. 1.21 and 1.22 by about an order of
magnitude at the surface, and the three show that ozone abundance should be sensitive to
odd hydrogen abundance, and therefore a good tracer of those constituents. It is expected
that ozone destruction should be controlled by the abundance of the odd hydrogen
photochemical parent, water. This ozone/water anticorrelation was first observed by the
Mariner 9 spacecraft, which saw northern hemispheric ozone abundances rise as winter
progressed and water vapor froze out of the atmosphere, as well as a similar effect in the
southern hemisphere during its winter [Lane ef al. 1973]. Additional measurements of

ozone and water at the same time are important for constraining photochemical models
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that predict this ozone/water anticorrelation and for understanding the behavior of the

atmosphere with orbital position.
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Figure 1.5. Example reaction rates for ozone destruction, showing relative
importance at different altitudes. Rates were calculated at 20 km altitude intervals from
the atmospheric model and reaction coefficients of Nair et al. [1994].

IV. Techniques for Observing Ozone on Mars

Ozone was first measured on Mars by Mariner 7 [Barth and Hord 1971] and
Mariner 9 [Lane et al. 1973, Barth ef al. 1973, Wehrbein ef al.1979]. Ultraviolet (UV)
absorption spectra of the Hartley bands (200-330 nm) were used to retrieve ozone
abundances. The UV reflectance spectroscopy technique involves assumptions about the
scattering properties of the atmosphere and ozone distribution, and may include some
contribution from ozone adsorbed on surfaces. Lindner [1995], in reference to the
Mariner 9 data, emphasized that the uncertainties in the scattering properties of clouds
and dust may result in significant uncertainties (factor of 3) for retrieved ozone
abundances. In recent years, Hubble Space Telescope UV observations using the Faint
Object Spectrograph (HST-FOS) have been made [Clancy et al. 1996, 1999]. Mars
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Express has recently begun observing ozone in the UV from orbit for the first time since

Mariner 9 [Bertaux et al. 2000, 2004].
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Figure 1.6. A non-comprehensive view of ozone (O3), O»('A) dayglow, and water vapor
(H20) observations made since 1988. The upper axis displays Martian solar longitude
corresponding to the terrestrial date on the lower axis. Ls=0° corresponds to the northern
vernal equinox. Dotted lines separate Martian years. Abbreviations used refer to the

following:

IRHS and HIPWAC: Infrared heterodyne observations for this project.

AZ: University of Arizona observations [Rizk ef al. 1991, Sprague et al. 1996, 2001,
private communication].

HST-FOS: Hubble Space Telescope Faint Object Spectrograph [Clancey et al. 1996,
1999, private communication].

CSHELL: O,('A) dayglow observations [1:Krasnopolsky and Bjoraker 2000. 2:Novak
et al. 2002, 3: Krasnopolsky 20034, 4: R. E. Novak, private communcation].

MGS: Mars Global Surveyor spacecraft [Smith et al. 2002].

Phobos 2: Solar occultations with Phobos 2 spacecraft [Blamont and Chassefiére 1993]

A second, indirect, method of ozone retrieval involves measuring the intensity of

the O5('A) 1.27 um dayglow emission on Mars and inferring the ozone abundance from
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that dayglow intensity [e.g. Noxon et al. 1976, Krasnopolsky and Bjoraker 2000, Novak
et al. 2002, Krasnopolsky 2003a]. The photolysis of ozone leads to the production of
molecular oxygen in the metastable state of 'A that is rotationally excited. Collisional
quenching dominates in the lower atmosphere, but at altitudes above ~20 km, the excited
oxygen state has a higher probability of decaying radiatively and producing the dayglow
emission. The emission is therefore a tracer of ozone abundance. Dayglow intensities
can be compared to those predicted by photochemical models. They can also be
converted to ozone column abundances, but assumptions must be made about the
quenching rate and ozone distribution, and the lower boundary of the retrieved column is
not well defined.

A third method, infrared heterodyne spectroscopy, is the only way to directly
measure Martian ozone lines from the surface of the Earth. This is the technique that is
used for the ozone measurements for this project, and it is described in detail in Ch. 2.
Infrared heterodyne spectroscopy can achieve the very high resolution of A/AA~10°,
which is orders of magnitude greater than that of most infrared spectrometers. The
spectral region between 9 and 10 wm is rich in potential Martian ozone target absorption
lines, but their telluric counterparts overwhelm them. The very high resolution provided
by infrared heterodyne spectroscopy allows the opportunity to observe Martain ozone
features when they are Doppler shifted away from their telluric counterparts into regions
of higher atmospheric transmittance. This is illustrated in Fig. 1.7, where the upper panel
shows the Earth’s atmospheric transmittance between 10.2 and 8.9 um. Ozone is
responsible for most of the features. The lower panel approximates the bandpass of an

infrared heterodyne spectrometer at 9.7 um, resolving the individual terrestrial ozone
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absorption features and exposing regions of higher transmittance (arrow). The changing
relative velocity between Earth and Mars allows opportunities for Martian ozone lines to

be Doppler shifted to those regions and to be observable from the surface of the Earth.
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Figure 1.7. Telluric atmospheric transmittance between 10.2 and 8.9 um (upper panel),
and at 9.7 um at heterodyne resolution (lower panel). Martian ozone features can be
observed when Doppler shifted to regions of higher transmittance (arrow).

Infrared (IR) heterodyne spectra of Mars in the 9.7 um region at the very high
resolution of A/AA~10° contain fully-resolved individual lines of gaseous ozone, as well
as CO; lines in the very same spectra that can be used to model thermal profiles (e.g.
Fig 1.8). This allows for the measurement of temperature and ozone abundance at the
same time and location, which is important for obtaining accurate ozone abundances.
Heterodyne spectroscopy of ozone has been identified as important for the study of

Martian photochemistry [Krasnopolsky 1993a]. In addition to providing their own ozone
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abundances for comparing with photochemical models (Ch. 8), heterodyne retrievals can
also be used to test and compare with retrievals made with UV reflectance spectroscopy
(Ch. 7) and to investigate ozone height distribution when combined with O('A) dayglow

measurements (Ch. 6).
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Figure 1.8. Example infrared heterodyne spectra from Espenak et al. 1991.

V. Goals

The infrared heterodyne technique was first applied to ozone on Mars in June of
1988 by Espenak et al. [1991] and an example of those results appears in Fig. 1.8. Four
additional data sets were acquired between 1993 and 1999, but remained unanalyzed until
this work. Two additional data sets were acquired in 2003 as part of this work. The main
goal of this work is to improve the understanding of the photochemistry and CO, stability
of the atmosphere of Mars.

Specific technical and scientific goals of this work are as follows:

* Develop and implement a technique for performing radiative transfer analysis on
all heterodyne data sets and retrieving ozone abundances.
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Employ contemporaneous water vapor measurements and look for any
anticorrelation between ozone and water vapor abundance.

Compare heterodyne ozone abundances to those obtained using ultraviolet
techniques and investigate differences.

Investigate the height distribution of ozone by combining heterodyne ozone
abundances with O»('A) dayglow intensities.

Test the understanding of CO, stability by comparing photochemical model
predictions with measurements of orbital/seasonal and spatial distribution of

ozone and explore possible sources of disagreement.
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Chapter 2: Observations of Ozone on Mars and Data Reduction

I. The Infrared Heterodyne Spectrometers

The data used in this project were acquired with the NASA/Goddard Infrared
Heterodyne Spectrometer (IRHS, Fig. 2.1) and the Heterodyne Instrument for Planetary
Wind and Composition (HIPWAC, Fig. 2.2) at the NASA Infrared Telescope Facility
(IRTF) on Mauna Kea, Hawai’i. The IRHS instrument resided at the Coudé¢ focus of

IRTF until succeeded by the Cassegrain instrument HIPWAC in January of 2000.

Goddard Infrared Heterodyne Spectrometer
626 Laser (10.6 grmmy— installed at Coudé Focus of NASA IRTF
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Figure 2.1. IRHS front-end optics at IRTF Coudé.

IRHS and HIPWAC utilize similar techniques. Source light from the telescope is
directed into the instrument front-end. A dichroic lens allows visible light to pass
through to a camera used for active tracking on the source while reflecting the infrared
light further into the instrument. Optical components match both the source beam and an
infrared CO; laser local oscillator (LO) beam and focus them onto a liquid nitrogen-

cooled HgCdTe photomixer (Fig. 2.3). The signal is chopped with an in-system (“on-the-
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table”) chopper or the telescope’s wobbling secondary mirror to provide synchronous
detection of the difference (beat) frequency between the source and laser frequencies.
The frequency and intensity information of the infrared spectrum are preserved in the
resulting beat frequency spectrum, which is in the radio regime. A local blackbody
source provides the system intensity calibration, which was compared with direct lunar

measurement. The accuracy of the measured intensities is <3K.

Figure 2.2. HIPWAC optics and support electronics at IRTF Cassegrain focus.

Both IRHS and HIPWAC utilized a back-end of two RF filter banks to analyze
the resulting beat frequency signal. The low-resolution (LR) filter bank contains 64
filters that are 25 MHz (0.00083 cm™) in width, providing 3200 MHz of frequency range
folded about the laser LO into a 1600 MHz double-sideband spectrum. The high-
resolution (HR) filter bank contains 64 filters that are 5 MHz (.000166 cm™) in width.
The beat frequency band is measured in the HR filter bank by using the output of a radio
frequency local oscillator (RFLO) to adjust the frequency positioning of the filter bank’s
320 MHz bandpass. The combination of both filter banks allows for simultaneous

sampling of both the wide LR bandpass, which includes both ozone and CO, (for
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temperature retrieval) and 5 MHz sampling of the HR filter bank across the ozone
features themselves for better ozone mole fraction retrieval (Fig. 2.4). In one instance, an
acousto-optic spectrometer (AOS) with a bandwidth of 1500 MHz and a spectral
resolution of 1 MHz was used along with the filter banks to analyze the heterodyne
signal. The output of the three radio frequency spectrometers is digitized and stored on
computers capable of further analysis and display. Further discussion of the infrared

heterodyne technique is given by Kostiuk [1994] and by Kostiuk and Mumma [1983].

Telescope

LN

| ;
'|I|' iChopped beam
Crosshair
(PF) Flip Calib. cell Blackbody
Mirror |, | " -
i e S B
5 BS
V
i S
Mixer
Guide i
Camera Q\’)X‘ \ i—|
2

/ —‘ HF signal
OAF BE 4{1 4GHz

Chopper
PF:  Primary focal plane RF spectral
BS: Beamsplitter :Ifmy analyzer
BE: Beamexpander ; :
ATT: Attenuator dual COz laser; ATT . -
...... : |__ A

Figure 2.3. Schematic of infrared heterodyne system. In addition to the components
mentioned in the text, a calibration cell containing a gas can be placed in the blackbody
path and the absorption features of the gas can be measured for the purpose of calibration
or laboratory spectroscopy. The flip mirror switches between the optical paths to the
source via the telescope and the blackbody calibrator. The dual CO, laser capability
means that two lasers with different isotopic mixes can be available to provide a wider
array of local oscillator frequencies, targeting multiple spectral regions of interest. OAP
refers to an off-axis parabolic mirror.
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Figure 2.4. Example heterodyne spectrum of Mars. The low resolution (25 MHz) filter
bank samples both a deep CO, absorption feature (~1200 MHz) and ozone absorption
features (~400 MHz). The ozone features are simultaneously sampled by the high
resolution (5 MHz) filter bank (inset).

II. Observing Campaigns

Observations of ozone on Mars are only possible when the radial velocity
between Mars and Earth is such that Martain ozone features are Doppler shifted away
from telluric ozone absorption features into a spectral region of higher atmospheric
transmittance (Fig. 1.2). This allows for only a few opportunities per year, and even less
so if a large Martian angular diameter is targeted. Therefore, good coverage of the
behavior of the atmosphere over the course of the Martian year requires many years on
Earth. A summary of the heterodyne data sets used in this work is given in Table 2.1. Lg
refers to solar longitude, which is the position of Mars in its orbit around the sun. The
northern spring equinox is Lg=0°, the northern summer solstice is Ls=90°, and so on (see

Fig. 1.1).
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Table 2.1. Martian Ozone Heterodyne Data Sets

Year Dates Ls* Northern Visible Pole Martian
Martian Season (Sub-Earth Angular
Latitude) Diameter’
1988“  3-7 June 208° Early Autumn South (23.2°S) 10.6 arcsec
1993  14-16 Feb.  40° Mid-Spring North (3.7°N) 11.6 arcsec
1993 4-7 July 102° Early Summer North (24.7°N) 4.6 arcsec
1995 17-23 Mar.  74° Late Spring North (16.8°N) 11.6 arcsec
1999 24-29 Mar. 115° Early Summer North (15.3°N) 13.3 arcsec
2003°  10-16 June  202° Early Autumn South (21°S) 13.8 arcsec
2003 1-3Nov.  291°  Early Winter South (23°S) 14.7 arcsec

a Instrument: IRHS

b Instrument: HIPWAC

¢ Ly is solar longitude, where 0° is northern spring equinox.

d Instrument field-of-view 1 arcsecond FWHM.

Included in Table 2.1 is the first successful attempt to directly observe ozone on

Mars from the Earth in 1988 by Espenak et al. [1991]. Those data are re-reduced and re-
analyzed in this work for consistency and comparison. Also included are two 2003 data
sets that were acquired specifically for this work. The other data sets were reduced and

analyzed for the first time in this work. All together, the data sets provide a sampling of a

variety of Martian seasons and orbital positions (Ls).

III. Data Acquisition and Reduction Schemes

The local oscillator used in this work was a '°O'>C'°0 gas laser. This provided
access to strong ro-vibrational ozone features around 9.7 um. The laser was tuned to the
P branch of the 9.7 um band of CO», to either the P(32) transition (1035.4736 cm™) or the
P(36) transition (1031.4774 c¢m™), depending on the Earth/Mars radial velocity at the
time of the observations (Table 2.2). The spectral regions around these transitions

contain strong ozone lines as well as spectral structure that allows corresponding Martian
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ozone lines to be Doppler shifted into regions of higher telluric transmittance.
Observations are made at various latitudes on Mars and, because in most cases the beam
is small relative to the size of Mars, the beam covers ~10° of latitude. The pointing is
maintained over the course of many 2-4 minute integrations, and the scans are stacked
together in order to improve the signal-to-noise ratio. As a result, each spectrum covers a
range of longitudes that change with the rotation of Mars, but the local time on Mars is
maintained. Most observations are made close to the limb of Mars in order to maximize

the available column abundance of ozone.

Table 2.2. '%0"C'®0 laser local oscillator transitions used for observing ozone on Mars.
g

Year Dates CO, CO; transition CO; transition
transition  frequency (cm”)  wavelength (um)
1988 3-7 June P(36) 1031.4774 9.695
1993  14-16 Feb. P(32) 1035.4736 9.657
1993 4-7 July P(32) 1035.4736 9.657
1995  17-23 Mar. P(32) 1035.4736 9.657
1999  24-29 Mar. P(36) 1031.4774 9.695
2003  10-16 June P(36) 1031.4774 9.695
2003 1-3 Nov. P(32) 1035.4736 9.657

The data reduction is performed using software that I initially developed for the
IRHS Titan wind analyses [Kostiuk et al. 2001] and further modified and improved for
use with the large amount of data in this project. The individual scans are divided by
blackbody calibration scans taken close in time to remove the instrumental intensity roll-
off that results from the frequency response of the infrared detector. Spectra are
assembled by stacking scans together according to their date of observation and position
on Mars.

The resulting spectra contain contribution from both Earth and Mars, therefore the

telluric components must be removed in order to retrieve Martian ozone abundances.
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Observations were made of the atmosphere of Earth against the Moon in order to
characterize the transmittance of Earth’s atmosphere at the time of observation of Mars.
The subsequent radiative transfer analysis retrieved model Earth atmospheres to be used
for removing the telluric component from spectra of Mars, as well as additional Earth
science [Ch. 3, Fast et al. 2004]. However, because the spectra are double-sideband, it is
not possible to simply remove the telluric component and proceed to radiative transfer
analysis of the spectra of Mars. The initial analysis of Earth ozone serves as a starting
point, but the transmittance of both Earth and Mars must be modeled together, and this is

detailed in Ch. 4.
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Chapter 3: Modeling Earth’s Atmospheric Transmittance and Ozone
Profile

1. Ozone Profile Retrieval

In order to characterize the transmittance of Earth’s atmosphere during the
observations of Mars, absorption spectra of the Earth’s atmosphere against the Moon
were taken. The analyses of these spectra were extended to not only serve the Martian
ozone project, but to investigate infrared heterodyne spectroscopy as a technique for
passive retrieval of ozone abundance height profiles for Earth. This work is also
described in Fast et al. [2004].

Ozone plays an important role in Earth’s atmosphere as an absorber of ultraviolet
radiation and in maintaining radiative balance. Long term monitoring of ozone is
important for understanding and quantifying variability due to natural influences (solar
activity, season, chemistry, circulation) and to anthropogenic influence. Active and
passive remote techniques such as lidar, microwave, and Umkehr (Dobson measurements
at different viewing angles) and in situ probes (ozonesonde) are routinely employed to
measure the vertical profile of ozone, and total column abundance is acquired through
Dobson spectrophotometry [e.g. McPeters et al. 1999]. Infrared heterodyne spectroscopy
has also been utilized to study height profiles of terrestrial stratospheric constituents such
as ozone [e.g. Frerking and Muehlner 1977, Abbas et al. 1979, Fukunishi et al. 1990,
McElroy et al. 1990, Sonnabend et al. 2002] and methane [Koide ef al. 1995]. The work
presented here represents the most extensive application of heterodyne spectroscopy to
the study of ozone on Earth to date, with data sets sampling six different periods between

1988 and 2003 (Table 2.1).
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Infrared heterodyne spectra of Earth’s atmosphere were taken against the Moon.
Over the spectral range of these measurements (.001 wm), the Moon’s thermal continuum
is essentially flat. The contribution of the reflected solar spectrum at 9.7 um is negligible
(see Appendix 1). Features in the spectrum represent the variation of the Earth’s
atmospheric transmittance due to absorption by ozone and by carbon dioxide (which is
weak in this interval). Spectra were acquired at multiple values of airmass. Individual
integrations lasting 3-6 minutes each were averaged into bins of 0.1 airmass for

comparison to model spectra (Figs. 3.1, 3.3).
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Figure 3.1. Example heterodyne double-sideband spectrum at 25 MHz spectral
resolution against the Moon (histogram) showing individual absorption features that are
matched by a radiative transfer model (solid line). Except for a weak CO, feature at 0
MHz, all structure is due to Earth’s atmospheric ozone.

The transmittance of the terrestrial atmosphere is modeled using the line-by-line
radiative transfer package GENLN2 [Edwards 1992]. The radiance of the atmosphere is
also modeled and, although minor, is taken into account in this analysis. A standard
atmospheric model is modified to produce radiative transfer model spectra consistent
with the data. The starting-point temperature and molecular mole fraction profiles are

from the AFGL tropical (15°N) atmospheric model [Anderson ef al. 1986] consistent
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with the ~20°N latitude of Mauna Kea. The profiles and the regions of greatest

contribution to the spectra are shown and explained in Fig. 3.2.

60
. 0
40 200
§/ 400
= 600 MHz
< 800
% 20 1000
T
O 1 1 1 1 1 1 1 1 1

200 240 280 0 2 4 6 810 0O 10 20 30
Temperature Ozone Mole Fraction  Contribution
(K) (ppm) (dT/dh - B,(T,h) )

Figure 3.2. AFGL tropical (15°N) thermal and ozone mole fraction profiles.
Contribution functions are shown for the center (uppermost profile) and wings (lower
profiles, 200 MHz increments) for one of the target ozone absorption features, indicating
that line wing contribution originates at altitudes below (i.e. pressures above) that of the
line center. Contribution is calculated by multiplying the change in atmospheric
transmittance with height by the Planck function at a particular frequency and altitude.
This is an indication of the formation region of the modeled absorption feature at line
center and along the wing at different frequencies (every 200 MHz) from line center.

The infrared heterodyne spectra are most sensitive to the 25-50 km region with an
altitude resolution of ~8 km. The stratospheric portions of the ozone mole fraction
profile and the temperature profile are modified by scale factors and corresponding
GENLN?2 radiative transfer models of the emergent spectrum are generated, resulting in a
library of candidate model spectra corresponding to a grid of model parameters. A
similar library of model spectra is generated for each 0.1 airmass bin required by the data.
When a grid of models is compared to one of the heterodyne spectra, a grid of RMS
values results. The Fisher F-statistic (also known as the ratio-of-variances method) is
used to determine the region around the best-fit stratospheric ozone mole fraction and

temperature profile scale factors (Fig. 3.3) that meets a 1o confidence criterion. The
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best-fit parameters from multiple spectra were combined statistically according to the
estimated variance of each retrieved parameter, resulting in retrieved profiles and error

bars (Figs. 3.4, 3.5).
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Figure 3.3. The contour plot indicates how well radiative transfer models using different
scalings of the thermal and ozone mole fraction profiles fit the spectrum at left. The “X”
marks the best-fit parameters, which produce the model spectrum shown at left.

Although the altitude of the ozone peak is not highly variable at this latitude, the
range of variation was explored in order to introduce reasonable profiles into the radiative
transfer modeling. The stratospheric part of the AFGL ozone profile was fit to Mauna
Loa Observatory (MLO) lidar ozone profiles [McDermid et al. 1995] from many years by
applying a scaling factor and by shifting the stratospheric ozone in altitude. In many
cases, the AFGL profile had to be shifted down 1 km in altitude in order to fit the lidar
data. Therefore, in addition to the GENLN2 models described earlier, model spectra
were generated with the stratospheric portion of the ozone profile shifted down 1 km in
altitude. Both sets of model spectra were compared to the heterodyne data and the best
fits of the two altitude cases to a heterodyne spectrum were usually statistically

indistinguishable from each other. There was no evident correlation between the two
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altitude cases and the precision of the fit. However, the MLO Dobson total ozone
column density measurements [Komhyr et al. 1997] can provide an additional constraint,
pointing to one of the two models. It was found that this method produced model ozone

profiles consistent with those measured through active and in situ means (lidar,

ozonesonde).
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Figure 3.4. Ozone total column density retrievals. Bold indicates Dobson measurements
(dates displayed). Other error bars indicate retrievals from radiative transfer analysis of
heterodyne spectra using a scaled, unshifted AFLG ozone profile (solid), and a scaled
profile shifted down 1 km in altitude (dotted).

II. Results and Comparison to Other Methods

Column densities retrieved from the best-fit models are presented in Table 3.1 and
Fig. 3.4. The Dobson measurements are compared to radiative transfer fits obtained
using a scaled AFGL profile, as well as that same profile shifted down 1 km before
scaling. In choosing between these two cases, the preferred case is the one in which the

Dobson measurements agree with the heterodyne retrieval, and the corresponding
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abundance profile and temperature profile scale parameters are chosen. This is checked
in Fig. 3.5, where the retrieved model ozone profiles themselves are compared to nearby
ozonesonde [Johnson et al. 2002] and lidar [McDermid et al. 1995] profiles. The bold
profiles are those chosen based on their consistency with Dobson column density
measurements as just described. The dotted profiles were rejected because of
inconsistency with the column densities retrieved from Dobson spectrophotometer
measurements. The model profiles chosen using this column density criterion are

consistent with available ozonesonde and lidar measurements.
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Figure 3.5. Model ozone profiles and 10 uncertainties retrieved from heterodyne spectra
compared to available nearby lidar [McDermid ef al. 1995] or ozonesonde [Johnson et al.
2002] profiles. The bold profiles indicate those chosen according to their consistency
with Dobson column densities. Dotted profiles were rejected because their resulting
column densities differed from the Dobson measurements. The error bar indicates the
range of statistically acceptable (10) scaled ozone profiles.

For the three summer measurements, the unshifted ozone profile provided

satisfactory fits to the heterodyne spectra and column densities consistent with Dobson
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measurements, with high ozone abundances as expected in summer. The winter
measurements show less similarity in their ozone profile retrievals. Sources of long-term
and short-term variability (e.g. transport, solar activity, chemistry, tropospheric activity)
need to be further investigated. The 2/93 and 3/99 measurements required that the model
ozone profile be shifted down 1 km in altitude and scaled in order to both fit the spectra
and agree with Dobson column densities. The 3/99 measurement made during the strong
La Nina of ’98-"00, however, had a much higher stratospheric ozone mole fraction and
total column density. The 3/95 measurement made near solar minimum did not require
an altitude shift in the mole fraction profile like the other winter measurements and was
similar in column density to that of 2/93, but with a higher mole fraction due to the
slightly higher altitude distribution. Day to day variations due to transport phenomena

can also be responsible for the observed profile differences in the winter measurements.

Table 3.1. Total ozone column density retrievals for Earth

IRHS retrieval (D.U.) using .
scaled AFGL profile... MLO retrieval from

Date (UT) i i Dobson Spectrophotometer
...not shifted | ...shifted -1 | [pstrument No. 76 (D.U.)
in altitude km in altitude

1988 June 3, 6 2609 ° 250+10 263+1% (6/3/88),
269+5% (6/6/88)
1993 February 254410 236+7° 240+2.4% (2/12,14/93)
12,15
1993 July 4-6 265+8° 25749 267+1% (7/6/93)

1995 March 235+13° 229410 261+1% (3/6/95),

19, 20, 22 238+1% (3/28/95)

1999 March 299+15 287+16" 277+1%

29
2003 June 12 280+14° 227+10 279+1%

* Preferred model according to Dobson measurements.

32



The altitude shift applied to the ozone peak is slight and is consistent with
adjustments to bring the standard AFGL profile into agreement with individual lidar
scans, and may represent variability in particular altitude regions rather than an actual
vertical shift of the ozone peak. For instance, Leblanc and McDermid [2000] examined
lidar ozone profiles over a 6-year period at Mauna Loa and did not note any significant
altitude shift of the ozone peak, but they did note some seasonal variation in the 30 km
region and high variability in the 18 km region in addition to the seasonal variation of the
overall ozone profile. The behavior in the 18 km region was attributed to high
tropopause altitude and variability, and may be responsible for the variety of winter

model ozone altitude distributions more so than solar activity.

III. Conclusions

The shape of the spectra of Earth need only be fit in order to provide a model
atmosphere that can be used to remove the telluric contribution from Martian ozone
spectra. However, detailed analysis results in the needed spectral shapes as well as
accurate ozone profiles that compare well to those retrieved through active and in situ
means. It has been shown here that a standard ozone profile can be shifted and scaled to
produce radiative transfer spectra consistent with heterodyne measurements and total
ozone column densities consistent with Dobson measurements. The scaling of a standard
ozone profile to obtain total ozone column densities from heterodyne spectra has been
done elsewhere [e.g. Mouanda ef al. 1996]. It has been demonstrated here that slightly
shifting a standard profile in altitude and scaling it can also produce an acceptable fit to a

spectrum, yet result in different column abundance.
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The combination of heterodyne spectroscopy and Dobson spectrophotometry
provides ozone abundance and general distribution that is consistent with
contemporaneous lidar and ozonesonde measurements, and is therefore a passive
alternative to active and in situ techniques. Other species of interest such as water and
CIO [e.g. Mumma et al 1983] are also accessible through heterodyne spectroscopy,

enabling the passive monitoring of constituents important to ozone chemistry.
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Chapter 4: Modeling Martian Ozone and Thermal Profiles

The heterodyne spectra are double-sideband spectra because of the nature of the
instrument (Ch. 2). Contributions from lower and upper sidebands are included in the
resulting double-sideband spectrum, which is essentially a normal (single-sideband)
spectrum folded about the laser local oscillator frequency. A spectrum of Mars includes
contribution from both Earth and Mars (Fig. 4.1), and the spectral shapes of both sources
vary across the lower and upper sidebands due to the CO, and multiple ozone absorption
features present in the instrument bandpass. Therefore, it is not possible to first remove
the telluric contribution from a double-sideband spectrum before modeling the
contribution from Mars. The contributions from both Earth and Mars to a double-

sideband spectrum must be modeled together before extracting a Mars-only spectrum.

Moon - Lo (25 MHz) Resolution Mars 20°N - Lo (25 MHz) Resolution
T T T T T T T T T T

0.04¢

0.005F
0.004 F

0.003 -

phots™ Hz!
Arbitrary Intensity

0.01F - 0.002F

0.00F, 0.001F

I S S T S [ S S S S S TS N S S B St
200 400 600 800 1000 1200 1400

Il L L L L Il 1
200 400 600 800 1000 1200 1400
Relative Frequency (MHz) Relative Frequency (MHz)

Figure 4.1. Double sideband spectra of telluric transmittance against the Moon (left) and
Martian and telluric transmittance against Mars (right). The shape of the right spectrum
is that of the telluric transmittance at left along with Martian ozone absorption at ~400
MHz and Martian CO, absorption at ~1200 MHz.
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The Martian components of the spectra are modeled using the radiative transfer
package BEAMINT [Hewagama et al. 2005], developed at NASA’s Goddard Space
Flight Center. BEAMINT combines a layer-by-layer radiative transfer modeling engine
with an algorithm for modeling the contribution of the different parts of the instrument
beam to the overall spectrum. This can be a noticeable improvement over a single point
mean viewing angle model, especially when the viewing geometry is such that the 17
FWHM beam sees contribution from a wide range of planetary longitudes. When Mars
was very large (10-15 arcsec.) relative to the size of the beam (1 arcsec.), the capability to
model multi-element beam contribution did not produce significantly different line
shapes compared to those modeled using a single-element beam. In the case of July 1993
where the disk of Mars was small (4.6 arcsec.), a multiple-element beam was tested to see
if it produced significantly different line shapes from that of a single-element beam, and
it did not. Single- and multi-element beams were also used to test the effect of poor
seeing on the resulting line shapes, and the variation was found to be below the noise
level of the observed spectra. Therefore a single-element model for the beam was used in
the analysis of Martian spectra.

BEAMINT accepts planetary parameters, observation circumstances, molecular
and thermal height profiles, and a molecular line atlas. Atmospheric and other
parameters can be iterated until a best fit of a model spectrum to an observed spectrum is
achieved. Standard formal 10 uncertainties based on the number of free parameters and
the variance between the observed and model spectra are returned.

The telluric components of the spectra are modeled using GENLN2 [Edwards

1992], which was used in the analysis of the transmittance of Earth’s atmosphere (Ch. 3).
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After that analysis was completed, BEAMINT was modified to either read in an existing
GENLN2 model transmittance spectrum or iterate on terrestrial atmospheric parameters
through repeated launches of GENLN2. BEAMINT applies the single-sideband
GENLN?2 transmittance to the single-sideband model spectrum of Mars before folding it
about the laser local oscillator frequency and comparing it to an observed double-
sideband spectrum. Initial models of telluric transmittance for the Martian ozone analysis
were taken from the analysis of ozone on Earth described in Ch. 3, but in most cases the
fitting capability was utilized in order to adjust ozone and CO, abundance for Earth to
fine-tune the telluric transmittance model for particular spectra of Mars.

The Martian atmospheric parameters that must be either varied or constrained in
the fitting process include a scale factor applied to the initial ozone height profile, an
additive adjustment to the initial thermal profile, atmospheric pressure at the surface, and
surface temperature. The Martian CO, absorption feature present in the instrument
bandpass is the pathway to all of the parameters (except ozone) and is very important for
constraining the thermal profile so that the ozone abundance retrieval is accurate. The
CO; line shape is sensitive to the combination of surface temperature, atmospheric
temperature, and surface pressure. The line shape would also indicate the presence of
large amounts of dust. For example, heterodyne observations (outside of this work) of
10.5 wm non-LTE CO; emission at ~40 km were made during the global dust storm of
2001. The high altitude non-LTE emission was present, but the corresponding absorption
feature due to CO, lower in the atmosphere was very shallow, indicating that the
measurement did not probe all the way to the surface. However, these measurements at

9.7 wm are not nearly as sensitive to normal amounts of dust as observations at shorter
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wavelengths, such as ultraviolet measurements. Also, dust storms tend to occur during
warmer perihelion periods (Ls~180-360°), and most of the data sets in this work were
acquired during aphelion periods. Extinction by large amounts of dust was not evident in
any of the ozone heterodyne data sets of Mars.

Contamination from Earth’s atmosphere and insufficient signal-to-noise prevent
direct inversion of the CO; line to retrieve an accurate thermal profile. Instead, the
surface temperature and initial thermal profile are varied until a best fit to the CO, line is
achieved. The atmospheric surface pressure requires an external constraint. Information
on atmospheric temperature, surface pressure, and surface temperature are contained in
the CO; line shape, but the simultaneous fitting of all three parameters, along with the
other atmospheric parameters, resulted in retrievals for some parameters that fell outside
the range of observed values for Mars. Also, calculated 10 uncertainties for each
parameter take into account correlations with the other fit parameters, and the
combination of parameters resulted in very large uncertainties (~100 K and ~9 mbar).
Constraining the surface pressure reduced the uncertainties in the other fit parameters
considerably (over an order of magnitude for temperature). Doing so is reasonable
because surface vehicle data such as those from Viking [Zurek et al. 1992] show that
surface pressure varies consistently from year to year (barring disruptions such as large
scale dust storms). For example, Tillman ef al. [1993] developed an orbital pressure
model based on the Viking lander data, and after the removal of their model from
Viking 1 pressure data from two different years, the variances of the remaining residuals
were 0.35% and 0.69% of the variances of the original data. That model was updated

according to additional pressure information from the Mars Pathfinder mission and
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incorporated into software' developed at NASA’s Goddard Space Flight Center. This
software generates a surface pressure for a particular latitude and longitude based on the
corresponding altitude and orbital position (Ls). The altitude information comes from the
Mars Global Surveyor (MGS) Mars Orbiter Laser Altimeter (MOLA) [D. E. Smith et al.
2001]. Modeled surface pressures are used as a constraint during the radiative transfer
analysis of the Mars spectra.

Initial thermal profiles used in the analysis are those retrieved from MGS Thermal
Emission Spectrometer (TES) observations (e.g. Fig. 4.2) [M. D. Smith et al. 2001,
private communication]. MGS TES began observing in March of 1999, and the data
utilized here were taken either around the same time as an ozone data set, or at the same
orbital position (Lg) as a pre-MGS ozone data set. MGS samples 14:00 local time and
the ozone spectra analyzed here sample roughly between 10:00 and 15:00. The entire
MGS thermal profile is modified by incremental amounts of temperature in the fitting
process (Fig. 4.2). The Mars Exploration Rover mini-TES observations over the course
of a day show that this is a reasonable way to modify the profile during the local times
considered [M. D. Smith, private communication]. Initial surface temperatures are also
taken from MGS TES observations and are allowed to vary in the fitting process along
with the thermal profile additive term in order to best fit the CO, absorption line shape.
Although the final fit parameters ultimately deviate somewhat from the MGS data
because of local time and pointing variations, the data are useful for identifying

unreasonable fits and for constraining parameters when warranted.

" The original code was written by Hugh Kieffer. Modifications were made by Monte
Kaelberer, Alex Mekelburg, John Pearl and Eric Winter.
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The CO, line cores proved to be difficult to fit at times, and it was recognized that
high altitude non-LTE emission was filling in the line core. Limb observations tend to
show this filling of the line core to a greater degree, further indicating contamination
from high altitude. Therefore, channels at the core of the CO; line were masked and not
considered in the fitting process. That is reasonable for this analysis because the CO,
wing shapes are sensitive to the lower altitude temperatures where the bulk of the ozone

contribution to the spectra originates (below ~10-20 km).
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Figure 4.2. Example thermal profile from Mars Global Surveyor [M. D. Smith et al.
2001, private communication] and constant-with-height ozone mole fraction profile.
Dotted curves are initial profiles, solid curves are post-analysis profiles, and dot-dash
curves represent 10 uncertainties in a radiative transfer fit. They illustrate how the
profiles are modified in the fitting process.

A constant-with-height ozone mole fraction is assumed in the model, and is
modified by a multiplicative factor in the fitting process (Fig. 4.2). An investigation into
the altitude distribution of ozone is presented in Ch. 6. An additional parameter, a scale

factor applied to the data, is also required. Although the data have been absolutely

calibrated, a scale factor is still required to take into account calibration uncertainty,
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pointing uncertainty due to differential refraction, tracking errors and seeing, as well as
the variation in transmittance, humidity, and thin clouds at the observing location.
Allowing a scale factor to vary in the fitting process causes the fully-resolved CO; line
shape itself to drive the fit of the atmospheric temperature and surface temperature
combination. The column densities that are ultimately retrieved are relative to the local
surface on Mars.

There are two spectra for each position (Ch. 2). A 25 MHz resolution spectrum
covers 1600 MHz (double sideband) and contains both the Martian ozone and CO,
absorption features, and the spectrum is modeled according to the described technique. A
simultaneous 5 MHz resolution spectrum covers 320 MHz (double sideband) across the
ozone absorption features. The thermal information in the CO, absorption feature is
important for retrieving ozone abundance, and so the 5 MHz spectrum is inserted into the
25 MHz spectrum before modeling. The retrieved parameters from that combined
spectrum are for the most part consistent with the 25 MHz-only fit, and the uncertainty on
the ozone abundance tends to be smaller because of the denser sampling across the ozone
features.

Once a best fit is achieved to a double sideband spectrum of the combined
atmospheric transmittance of Earth and Mars, and assuming that the model is accurate, a
Mars-only spectrum can be retrieved. The model transmittance in the sideband opposite
the target Martian absorption features is first subtracted from the double-sideband data.
This creates a single-sideband spectrum of Mars and Earth. The spectrum is then divided
by the model transmittance of Earth in that sideband. This results in a single-sideband

Mars-only “data” spectrum, and those from this work are displayed in Ch. 5.
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The standard formal 1o uncertainties on each of the fit parameters that are
returned in the radiative transfer analysis take into account the correlations with other
parameters as well as the variance between the observed and model spectra. The ozone
column abundance uncertainties listed and displayed in Ch. 5 reflect correlations with the
other parameters (atmospheric and surface temperature, scale factor, telluric ozone and
CO,) and are therefore better representations of the accuracies of the retrievals than

uncertainties in ozone abundance when the other parameters are held fixed.
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Chapter 5: Ozone Abundances from Infrared Heterodyne Spectra of Mars

I. Atmospheric Contribution to Absorption Features

Infrared heterodyne measurements of ozone and CO;, on Mars resolve the shapes
of individual absorption features and therefore include contribution from the different
heights (pressure levels) that influence the line shapes. Example contribution is shown in
Fig. 5.1. Contribution is calculated by multiplying the change in atmospheric
transmittance with height, dT/dh, by the Planck function, B,(T), at a particular frequency
and altitude (i.e. temperature). This is an indication of the region of formation of the
modeled absorption feature at line center and along the wing at different frequencies from
line center. Higher altitudes are probed by the CO, line core while the wings probe lower
altitudes (higher pressures), as shown in the left panels. The right panels show how the
bulk of the contribution to the ozone feature is from altitudes below ~20 km for this
constant-with-height ozone mole fraction model. In Ch. 6, ozone distributions with scale
heights different from the overall atmosphere as well as with excess ozone at high
altitudes will be explored. If ozone scale height is less (greater) than that of the overall
atmosphere (i.e. CO,), then the contribution function would show a relative increase
(decrease) at low altitudes and a relative decrease (increase) at high altitudes compared to
the constant-with-height mole fraction case. If there is excess ozone at high altitudes
(>20 km), then contribution in excess of that of the constant-with-height case will show

up at those altitudes.
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Figure 5.1. Example contribution functions. The upper panels show contribution to the
line intensities (z-axis) as a function of frequency (x-axis) and height (y-axis). The large
feature on the upper left panel is CO,, while the smaller feature to its left is ozone, which
is displayed on its own in the upper right panel. The lower panels show slices of the
contribution functions at different frequencies.

II. Seasonal and Solar Cycle Information

Sub-solar and sub-Earth latitudes, along with seasonal information, are given in
Table 5.1. Additional specifics about the different data sets were presented in Ch. 2. It
should be noted that the obliquity of both Mars and Earth is ~24°, resulting in similar

variations in sub-solar latitude over the course of their respective years. The higher
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eccentricity of the orbit of Mars and the fact that perihelion and aphelion fall near the

solstices enhance the seasons on Mars (e.g. longer southern winter).

Table 5.1. Seasonal coverage and sub-solar latitudes of observations of Mars ozone

Ls* Year Dates Northern Sub-Solar Sub-Earth
Martian Season Latitude Latitude
40° 1993  14-16 Feb. Mid-Spring 16.3°N 3.7°N
74° 1995  17-23 Mar. Late Spring 24.4°N 16.8°N
102° 1993 4-7 July Early Summer 24.8°N 24.7°N
115° 1999  24-29 Mar.  Early Summer 23.0°N 15.3°N
202° 2003  10-16 June Early Autumn 8.8°S 21°S
208° 1988 3-7 June Early Autumn 11.9°S 23.2°S
291° 2003 1-3 Nov. Early Winter 23.7°S 23°S

a Ls is solar longitude or orbital position of Mars. 0° is the northern spring equinox.

Although the effect of solar activity on lower atmospheres is not well-studied,

changing upper atmospheric temperature, density, and photolysis rates could possibly

impact lower atmospheric composition and chemistry. Because the ozone observations

sample many Martian years, it is important to note the state of solar activity during the

observational period. This is particularly important for the observations made in June

1988 (Ls=208°) and June 2003 (Ls=202°), at essentially the same orbital position in

different years. Dates of ozone observations are noted on a plot of sunspot numbers

given in Fig. 5.2. None of the data sets were taken during a particularly strong period of

solar activity, and the Ls=208° and 202° data sets were taken during periods of

comparable solar activity.
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Figure 5.2. Dates and Lg values for IR Heterodyne ozone observations of Mars are noted
on this plot of monthly average International Sunspot Numbers compiled by the Sunspot
Index Data Center in Belgium.

II1. Retrievals of Ozone on Mars

The results of the radiative transfer analysis of the heterodyne data sets of ozone on
Mars are shown in the figures that follow. All retrieved ozone column densities (as well
as accompanying water vapor column abundances from other investigators) are relative
to the local surface on Mars. The error bars displayed on the filled diamond data points
are standard formal 10 uncertainties that are calculated during the radiative transfer
fitting and include the effect of uncertainties in the other fit parameters (Ch. 4). The
results are displayed in order of increasing Lg (40°, 74°, 102°, 115°, 202°, 208°, 291°),
and the following is displayed for each of the orbital positions:

* A data summary figure showing the aspect geometry of Mars with field-of-view

positions and the corresponding single-sideband spectra and models that resulted

46



from the radiative transfer analysis (Ch. 4). The 5 MHz resolution spectra are
shown as insets on the corresponding 25 MHz resolution spectra.

A map of Mars from Mars Orbiter Laser Altimeter (MOLA) data [D. E. Smith e?
al. 2001] from Mars Global Surveyor (MGS) showing the coverage of the
observations in that data set. The coverage is determined by the size of the field-
of-view on Mars combined with rotation over the course of an observation at a
particular latitude and local time (offset from the central meridian longitude).
Summary plots showing retrieved ozone column density and 1o uncertainties for
25 MHz and 5 MHz resolution spectra. Numbers displayed with the retrievals
indicate the day of the month. Contemporaneous measurements of total water
column density (open diamonds or dotted curves) are also shown for investigating
possible anticorrelation of ozone and water vapor abundance. (Ozone/water
anticorrelation is addressed in Section IV of this chapter).

A table with the retrieved ozone column densities and 10 uncertainties from the

25 MHz and 5 MHz resolution spectra.

Plots of the 25 MHz resolution spectra for the observing runs using the P(32)

transition of the heterodyne laser local oscillator (Table 2.2) will show a discontinuity,

with the two components labeled USB and LSB. In these cases, the target ozone features

were present in the upper sideband (USB) of the double-sideband spectrum, and the CO,

feature was present in the lower sideband (LSB). In order to display all features in the

single-sideband plot, the portions of the single-sideband spectrum retrieved after

modeling that contain the features of interest are plotted together. Data sets taken at the
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P(36) transition (Table 2.2) contain all features in the same (upper) sideband, and so only
the one sideband is displayed.

In many of the spectra, the observed CO, line core has greater intensity than the
modeled core, and occasionally an obvious emission feature appears. As mentioned in
Ch. 4, this is attributed to high altitude non-LTE CO, emission filling in the line core.
The bulk of the ozone contribution is from altitudes below 20 km, which is probed by the
CO; line wings, and so the channels around the core were not used in the fitting process.
It should also be noted that the heterodyne detector sensitivity decreases with frequency
from the laser local oscillator frequency, and therefore the noise on the spectrum
increases toward the high frequency end of the bandpass. The transmittance of the
Earth’s atmosphere also affects the signal-to-noise ratio along the bandpass, which was
shown in Fig. 3.1 for the P(32) laser local oscillator transition and in Fig. 3.3 for the
P(36) transition.

Ozone retrievals are presented from both the 25 MHz and 5 MHz resolution
spectra, which agree for the most part. Occasional differences may be attributed to
poorly placed noise, especially on the 25 MHz resolution spectra that do not sample the
ozone features as densely. The uncertainties tend to be lower on the 5 MHz resolution
spectra because of the denser sampling of the features, and those retrievals are applied to
the science issues in this work. Apparent day-to-day variation at one latitude outside of
the quoted uncertainties may also be due to poorly placed noise, or the behavior may be
real (topographical, meridional, day-to-day). Further observations are required to study

day-to-day behavior.
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Figure 5.4. Total ozone column densities and 10 uncertainties retrieved from 25 MHz
(left) and 5 MHz (right) resolution infrared heterodyne spectra taken during 14-16
February 1993 at Ls=40°. Water vapor column densities from 9-11 March 1993
[Sprague et al. 1996, private communication] are shown as open diamonds.

Table 5.2. Total ozone column densities and 10 uncertainties retrieved from infrared
heterodyne spectra taken during 14-16 Feburary 1993 at Ls=40°.

Latitude [O3] cm™ lo [03] cm™ lo Day of

(°N) (5 MHZ%) uncertainty (25 MHZz") uncertainty Month
-40 10.7 4.2 13.6 5.9 16
0 7.2 2.6 6.4 4.2 15
16 6.1 1.0 5.9 2.4 16
16 3.1 0.5 2.4 1.0 15
20 4.4 1.1 5.9 2.5 15
40 3.0 0.6 2.3 1.1 16
60 5.2 1.1 4.0 1.4 16
65 3.6 0.7 4.7 1.6 16
65 5.8 1.2 4.6 1.5 14

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.6. Total ozone column densities and 10 uncertainties retrieved from 25 MHz
(top left) and 5 MHz (bottom left) resolution infrared heterodyne spectra taken during 17-
23 March 1995 at Ls=74°. Water vapor column densities from 20 March 1995 [Sprague
et al. 1996, private communication] are shown as open diamonds. Ozone column
densities retrieved at 60°N are displayed as a function of local time from 25 MHz (top
right) and 5 MHz (bottom right) resolution spectra. No significant variation in ozone
column density is seen over the local times sampled (~4 hours).
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Table 5.3. Total ozone column densities and 10 uncertainties retrieved from infrared
heterodyne spectra taken during 17-23 March 1995 at Ls=74°.

Latitude [O3] cm™ lo [03] cm™ lo Day of
(°N) (5 MHZ%) uncertainty (25 MHZz") uncertainty Month

-40 1.5 0.7 2.0 1.3 20
-20 33 1.6 33 2.6 20
0 4.2 1.3 23 1.2 20
0 3.8 0.6 3.4 1.1 21
20 7.2 1.5 3.4 1.8 20
20 2.0 0.6 23 0.8 22
24 4.4 1.0 5.8 2.8 19
40 5.5 0.6 2.9 1.1 20
40 1.6 1.6 2.9 2.5 21
40 24 1.6 1.9 2.1 22
40 4.3 0.7 3.6 1.3 23
60 1.8 0.5 24 1.3 19
60 3.0 0.8 4.0 1.2 21
60 1.9 0.7 3.0 1.2 23
80 2.1 0.8 - - 23

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.8. Total ozone column densities and 10 uncertainties retrieved from 25 MHz
(left) and 5 MHz (right) resolution infrared heterodyne spectra taken during 4-7 July
1993 at Ls=102°. Water vapor column densities from 3 June 1993 [Sprague et al. 1996,
private communication] are shown as open diamonds. The limited data do not allow the
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heterodyne spectra taken during 4-7 July 1993 at Ls=102°.

Latitude [O3] cm™ lo [03] cm™ lo Day of

(°N) (5 MHz)" uncertainty (25 MHz)” uncertainty Month
25 3.4 1.1 3.9 2.1 7
25 1.7 1.9 1.6 4.7 4
25 - - 4.3 3.9 5
60 - - 0.6 2.0 6

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.10. Total ozone column densities and 1o uncertainties retrieved from 25 MHz
(top left) and 5 MHz (bottom left) resolution infrared heterodyne spectra taken during 24-
29 March 1999 at Ls=115°. The dotted curve indicates contemporaneous measurement
of total water vapor column density [MGS-TES, Smith et al. 2004, private
communication]. Ozone column densities retrieved at 40°S are displayed as a function of
local time from 25 MHz (top right) and 5 MHz (bottom right) resolution spectra. No
significant variation in ozone column density can be reliably inferred from the local times
sampled (~5 hours).
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Table 5.5. Total ozone column densities and 10 uncertainties retrieved from infrared
heterodyne spectra taken during 24-29 March 1999 at Ls=115°.

Latitude [O3] cm™ lo [03] cm™ lo Day of
(°N) (5 MHZ") uncertainty (25 MHz") uncertainty Month

-40 - - 2.0 1.9 26
-40 6.6 2.9 2.5 4.0 29
-20 59 1.8 6.6 2.9 25
-20 2.6 0.8 24 1.2 29
0 3.3 1.2 2.8 1.8 26
20 4.1 0.7 3.5 1.3 24
40 0.3 0.8 - - 27
60 L.5 0.3 1.3 0.6 25
75 1.8 0.4 1.8 0.6 29

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.11. Martian observing geometry and heterodyne spectra (above) and
observational coverage (below) from 10-16 June 2003, Lg=202°.
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Figure 5.12. Total ozone column densities and 1o uncertainties retrieved from 25 MHz
(left) and 5 MHz (right) resolution infrared heterodyne spectra taken during 10-16 June
2003 at Ls=202°. The dotted curve indicates contemporaneous measurement of total
water vapor column density [MGS-TES, Smith et al. 2004, private communication].

Table 5.6. Total ozone column densities and 10 uncertainties retrieved from infrared
heterodyne spectra taken during 10-16 June 2003 at Ls=202°.

Latitude [O3] cm™ lo [03] cm™ lo Day of
(°N) (5 MHZ") uncertainty (25 MHz") uncertainty Month

-60 3.6 0.8 3.0 1.6 12
-40 1.6 0.4 1.1 0.8 12
-20 0.5 0.3 0.7 0.5 14
20 1.0 0.2 1.2 0.3 14
40 0.5 0.4 1.0 0.7 10

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.13.

Martian observing

geometry and heterodyne spectra (above) and

observational coverage (below) from 3-6 June 1988, Ls=208°.
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Figure 5.14. Total ozone column densities and 1o uncertainties retrieved from 25 MHz
(left) and 5 MHz (right) resolution infrared heterodyne spectra taken during 3-6 June
1988 at Ls=208°. Water vapor column densities from 04 June 1988 [Rizk ef al. 1991] are
shown as open diamonds. Ozone column densities retrieved at 60°S are displayed as a
function of local time from 25 MHz (top right) and 5 MHz (bottom right) resolution
spectra. No significant variation in ozone column density can be reliably inferred from
the local times sampled (~7 hours).
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Table 5.7. Total ozone column densities and 10 uncertainties retrieved from infrared
heterodyne spectra taken during 3-6 June 1988 at Ls=208°. Retrieved column densities
are ~30% smaller than those from the analysis of Espenak et al. [1991]. This is due to
warmer temperatures retrieved through an updated analysis technique more extensive
than was available at that time of the earlier analysis.

Latitude [O3] cm™ lo [03] cm™ lo Day of
(°N) (5 MHz)" uncertainty (25 MHz)" uncertainty Month

-80 1.0 0.6 1.1 0.8 3
-60 0.9 0.2 1.0 0.5 4
-60 - - 1.3 0.5 4
-40 0.9 0.3 1.1 0.7 4
-40 - - 0.9 0.4 5
-20 0.9 0.3 1.1 0.4 6
-12 0.7 0.4 0.7 0.5 3
0 0.5 0.3 0.7 0.5 7
20 1.0 0.3 1.0 0.4 5

a Retrieval from 5 MHz resolution spectrum.
b Retrieval from 25 MHz resolution spectrum.
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Figure 5.15. Martian observing geometry and heterodyne spectra (above) and
observational coverage (below) from 1-3 November 2003, Ls=291°. Displayed spectra
show contribution from both Earth and Mars, and only an upper limit retrieval for the
ozone abundance was possible (~0.5 wm-atm).
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Figure 5.16. No ozone was detected in the infrared heterodyne spectra taken at 20°N,
20°S, and 60°S during 1-2 November 2003 at Ls=291°. An upper limit of ~0.5 um-atm
was inferred from the noise level. The dotted curve indicates contemporaneous
measurement of total water vapor column density [MGS-TES, Smith et al. 2004, private
communication].

IV. Spatial and Seasonal/Orbital Behavior of Ozone on Mars and the
Anticorrelation of Total Ozone and Water Vapor Column Abundance

The ozone data sets range from pre-aphelion to post-perihelion (Fig. 1.1). The
retrieved total ozone column densities show a general decline between Lg=40°-291°
(preceding figures and tables). A decline in ozone abundance is expected from the
photochemistry detailed in Ch. 1, which predicts that it should be anticorrelated with
water vapor abundance. During the warmer perihelion seasons, more water vapor would
be available as a source of odd hydrogen, which destroys ozone. During the colder
aphelion seasons, water vapor would freeze out of the atmosphere and decrease odd

hydrogen production.
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Figure 5.17. Ozone abundances and 10 uncertainties retrieved from 5 MHz resolution
infrared heterodyne spectra are displayed for periods with sufficient spatial coverage for
investigating anticorrelation with water vapor abundance. Water vapor column densities
are from Sprague et al. [1996, private communication] (panels a and b), MGS-TES,
Smith et al. [2004, private communication] (panels ¢ and d), and Rizk et al. [1991] (panel
e). The correlation coefficient, r, between the ozone and water vapor column densities is
indicated, along with the percent probability that uncorrelated values could produce that
particular r value. The correlation coefficients between the total column densities are
consistently negative, indicating anticorrelation, but are not all close to -1, indicating the
need to consider the distribution of species within the column.
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The decline in ozone column density between Lg=40° and 291° confirms in
general the anticorrelation of ozone and water vapor predicted by photochemistry.
However, a strict antcorrelation of total ozone and water vapor column density is not
observed spatially. Figure 5.17 displays the 5 MHz resolution ozone retrievals shown in
previous figures, along with water vapor column abundance, for periods with sufficient
spatial coverage for investigating ozone/water anticorrelation. Correlation coefficients, r,
between the ozone and water vapor column densities are noted on the plots, along with
the percent probabilities that uncorrelated values could produce those correlation
coefficients. The correlation coefficients between the total column densities are
consistently negative, indicating anticorrelation. Not all of the correlation coefficients
are close to -1, however, and an investigation of the altitude distribution of the species

would help to understand the lack of strict anticorrelation of total column abundance.

Another way to investigate ozone/water anticorrelation is to look at the variation
in the two constituents with orbital position (Lg) at particular latitudes. Ozone column
densities from the latitudes investigated more than once in this work are displayed as
functions of Lg in Fig. 5.18, along with orbital water vapor column densities from MGS-
TES [Smith et al. 2004, private communication] and correlation coefficients. Again, the
consistently negative correlation coefficients between the total column densities point to
an anticorrelation of ozone and water vapor abundance. The correlation coefficients were
not consistently close to -1, indicating the need to consider the distribution of the species

within the column when investigating their chemistry.
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Figure 5.18. Total ozone column densities from this work at the latitudes indicated, as a
function of Ls. The curve indicates measurement of total water vapor column density
[MGS-TES, Smith et al. 2004, private communication] for Mars Year 26, which ran from
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with the percent probability that uncorrelated values could produce that particular r value.
The correlation coefficients between the total column densities are consistently negative,
indicating anticorrelation, but are not always close to -1, indicating the need to consider
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The diurnal behavior of ozone was investigated on a few occasions (Ls=74° at
60°N in Fig. 5.6, Ls=115° at 40°S in Fig. 5.10, and Ls=208° at 60°S in Fig. 5.13). The
interval of daytime local times ranged from 4 to 7.5 hours, and no significant variation in
ozone abundance was seen over those periods.

Here, total column densities were compared in order to investigate
orbital/seasonal variation and the ozone/water anticorrelation predicted by
photochemistry. Some orbital and spatial anticorrelation is observed, but the ozone
column density variations observed do not reflect the large variations seen in water vapor
column density. Clancy & Nair [1996] used a seasonal photochemical model to
investigate ozone abundance at 20 and 40 km altitude. They found that the modeled
variation in ozone number density at those altitudes is much greater than that of the total
ozone column. This is attributed to the variation the altitude of the water vapor saturation
altitude, or “hygropause”. During cooler aphelion seasons, the hygropause is lower (10-
15 km), and therefore ozone abundance at the higher altitudes can increase in the absence
of large amounts of odd hydrogen. During warmer perihelion seasons, the hygropause
rises, (~40 km) providing a source of odd hydrogen that can destroy ozone at the higher
altitudes. Therefore, the altitude distribution of water vapor must be considered when
explaining ozone behavior, and this issue will be further discussed in the context of
photochemical modeling in Ch. 8. The altitude distribution of ozone will be explored

observationally in Ch. 6.
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Chapter 6: Investigating the Altitude Distribution of Ozone on Mars Using
Total Ozone Column Abundance and O,('A) Dayglow Intensities

I. O,('A) Dayglow Intensity and Ozone Abundance and Distribution

An indirect probe of high altitude ozone (>20 km) is emission from excited
molecular oxygen resulting from ozone photolysis. Ozone is dissociated by solar UV
radiation:

O, +hv=0,('A)+0(D) (6.1)
The excited metastable oxygen molecule will emit a 1.27 um photon (lAg—>3Zg‘) if it not
first “quenched” by colliding with another molecule. This dayglow emission can be used
as a tracer of its ozone parent for altitudes above ~20 km where collisional de-excitation
is no longer dominant.

The O1('A) dayglow emission was first directly observed by Noxon ef al. [1976].
Dayglow mapping studies have been conducted in recent years [Krasnopolsky and
Bjoraker 2000, Novak et al. 2002, Krasnopolsky 2003a]. Observations of the emission
are important for studying the seasonal/orbital behavior of high altitude ozone and,
combined with total ozone column densities, can probe the altitude distribution of ozone
in the atmosphere of Mars.

The amount of photolyzed ozone can be related to the amount of the resulting
excited molecular oxygen that either radiates 1.27 um photons or is quenched by
collisions (cm™ s™):

JI0,1=10,(M)](7™ + k. [CO,)) (6.2)
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The bracketed quantities are the column densities of the species. The ozone photolysis
rate is J (which changes with heliocentric distance), T is the lifetime of the resulting
0,('A) state, and k¢ is the rate of collisional de-excitation of O,('A) on CO, (other
molecules are negligible). Rearranging the terms results in an expression relating the

dayglow intensity to the total ozone column density:

1077[0,(A)] _ 1072J[0,]

47l(MR) = (1+ £.7[CO,])

(6.3)

The 10'? and 4n terms provide the conversion from photons cm™ s (4m ster)” to
MegaRayleighs (MR or 10'%/4m photons cm™ s™' ster™). If the density is such that the
collisional component can be neglected (k¢ ~0), then the amount of ozone whose Ox('A)
daughters survive to emit 1.27 um photons can be related to dayglow intensity by:
47I(MR) =107J[O,, ] (6.4)
where [Osp] (notation from Krasnopolsky [2003a]) is the column of that high altitude
ozone that is probed by the dayglow. Krasnopolsky [2003a] used updated ozone
photolysis rate and quantum yield to determine a value of 0.0077 s for J at 1 AU. His
expression relating dayglow intensity to high altitude ozone column abundance (scaling J
at 1 AU by /%, where r is the heliocentric distance in AU, and multiplying by 2.7x10" to

convert from cm™to um-atm) is:

471(MR) =

20.8[0, ] 65)

Because the boundary where collisions can be neglected is not well defined and
because it is not clear as to what percentage of the total column abundance [Osp]

represents, it is useful to relate the dayglow intensity directly to the total ozone column
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density. Krasnopolsky [2003a] integrated different ozone distributions through the

atmosphere to relate dayglow intensity to ozone column density:

1072 } [0, ]dx

A71(MR) = .
AMR) == ) 4 k_tlCO,] (66)

r

The equation was numerically integrated assuming a constant ratio of ozone scale height
to that of the rest of the atmosphere to yield an expression relating that scale height ratio
to the dayglow intensity for that possible ozone distribution:

47(MR) = 5.2[0;1(H,, /H)**r™ (6.7)

Unlike Eq. 6.5, this expression takes into account collisions and relates the dayglow
intensity to the total column density of ozone. Another possible atmospheric model was
integrated assuming a constant-with-height ozone mole fraction distribution at lower

altitudes ([O3|]) and an excess component of ozone at high altitudes ([O3.]):
47I(MR) = (5.2[0,]1+20.8[0,,)r* (6.8)

The first, low altitude (<20 km) term is essentially Eq. 6.7 (Hos/H=1) where collisional
quenching was included in the integration. The second, high altitude (>20 km) term is
Eq. 6.5, where collisions were neglected.

The total ozone column in Eq. 6.7 can be supplied by that obtained from the
radiative transfer analysis of a heterodyne ozone spectrum. Using a dayglow intensity
from the same Martian orbital period (Ls), a scale height ratio can be retrieved (Eq. 6.7),
which can be converted to an ozone mole fraction profile.

Hydrostatic equilibrium relates pressure (P) and height (z):

P

—— =-pg =-umyng (6.9)
dz
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where p is mass density, g is acceleration due to gravity, u is the mean molecular weight
of the atmosphere in atomic mass units, my is the mass of the hydrogen atom, and # is
number density. The ideal gas law relates pressure, temperature (7) and number density:
P = nkT (6.10)
where k is Boltzmann’s constant. Combining these two equations, assuming an

isothermal atmosphere and integrating yields:

2-2

P=Pe H (6.11)

or

z-29

n=ng,e " (6.12)
which relates pressure (or number density) and height in terms of the scale height of the

atmosphere:

Ho kT
umyg

(6.13)

This expression applies to the total atmosphere, not to an individual atmospheric
component such as ozone. The scale height is a function of temperature and the mean
molecular weight in a particular altitude region. Over regions where those values do not
vary greatly, the scale height is assumed to be constant. The typical scale height (lower
atmosphere) for Mars is 11 km and for Earth is 8.5 km.

The assumption of different scale heights for ozone and the total atmosphere and
the ratio of their two number densities (using Eq. 6.12) yield an expression for the ozone
mole fraction profile in terms of the scale height ratio:

(z-20)

H
Ho,

-1

xo3 (Z) = -xo3 (Zo)e

(6.14)
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Applying the ozone mole fraction profile (Eq. 6.14) to the total number density profile
(Eq. 6.12) and integrating over all altitudes yields an expression for total ozone column
density:

05

0¥o,, H
[03] = “m—g (6.15)
H

Column densities retrieved in this manner are based on the assumption of a particular

ozone distribution (scale height ratio and ozone mole fraction).

II. Retrievals of Ozone Altitude Distribution Using Heterodyne Ozone Retrievals
and O,('A) Dayglow Measurments

The methods of Krasnopolsky [2003a] for retrieving information on ozone
distribution (Eqgs. 6.7 and 6.8) are applied using ozone column abundances from this
work and measurements of O»('A) dayglow intensity.

The scale height ratio model of Eq. 6.7 is applied by combining a total ozone
column density from a heterodyne measurement with a measured dayglow intensity and
then retrieving a scale height ratio. A new mole fraction profile is constructed (Eq. 6.14)
and then scaled in a new radiative transfer fit of the spectrum. This yields a new column
density (Eq. 6.15) that is combined with the dayglow intensity to yield a new scale height
ratio. These steps are iterated until convergence.

The high altitude excess model of Eq. 6.8 can also be applied by combining
heterodyne and dayglow measurements. The retrieved ozone column density from
heterodyne measurements, [O3], probes both components of that model distribution:

[03] = [031] + [036] (616)
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With two equations (Eqs. 6.8 and 6.16) and two unknowns, the heterodyne column
densities and the dayglow intensities can be combined to test this possible distribution.

[0,,1=%[0,]-0.0641- 47xI(MR)r* (6.17)

[0,.1=0.0641- 47I(MR)r* - 1[O,] (6.18)

These two altitude distribution models were tested using the heterodyne data sets

that were taken either close in time to a dayglow data set or during a similar orbital

period (Ls). As with the ozone measurements in this work, O,('A) dayglow intensity

measurements were made at the NASA Infrared Telescope Facility on Mauna Kea. The

facility echelle spectrometer CSHELL was used, and details about observations made

with this instrument can be found in Krasnopolsky and Bjoraker [2000] and Novak et al.

[2002]. The results of the ozone altitude analysis are presented here, and they are

discussed further in the context of expectations from photochemical models in Ch. 8.

A. Investigating Ozone Altitude Distribution During Late Northern Spring

An ozone altitude distribution analysis was performed for the Martian season of
late northern spring, near aphelion. In this case, ozone and O,('A) measurements were
made in different years (Table 6.1). The results are presented in Table 6.2. This
heterodyne data set contained many spectra, but the integrations times were relatively
short, resulting in lower signal-to-noise and scattered abundance retrievals. The altitude
retrievals are also scattered, but in general they agree with the presence of a high altitude
excess of ozone, and the retrieved scale height ratios (Hos/H) tend to be greater than

unity. As with the Earth’s stratosphere, variations from a scale height ratio of 1 are due
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to the local production (and destruction) of ozone resulting from photolyzing radiation

and the abundances of participating species (e.g. atomic oxygen, odd hydrogen, see

Ch.1).

Table 6.1. Observations during late northern spring on Mars.

Measurement Ls Date (UT) Reference
0,('A) 67° 20 January 1997 Krasnopolsky 2003a
0O; 74° 19-23 March 1995 this work

Table 6.2. Ozone altitude distribution results (late northern spring)

High Altitude Excess Scale Height

0,('A) inferred Model” Ratio Model®

Latitude  [Os]" 4l [Os]° [O31] [Os] | HoyH  [Os]

(um-atm) | (MR) (um-atm) | (um-atm) (wm-atm) (wm-atm)

40°S 1.5+0.7 7.5 4.0 0.7+£0.9 0.8+0.2 6.2 1.1£0.5
20°S 3.3+1.6 7.5 4.0 3.1£2.1 0.2+0.5 2.1 2.4+1.3
0° 4.2+1.2 8.0 4.3 42+1.7  0.0+0.4 0.6 5.4+1.9
0° 3.8+0.6 8.0 43 3.6£0.8  0.2+0.2 1.2 3.6+0.5
24°N 4.4+1.0 7.0 3.7 4.6£1.3 -0.2+0.3 0.4 6.5t1.2
40°N 1.6£1.6 5.5 2.9 1.2+£2.1 0.4+0.5 6.4 0.8+1.0
40°N 4.3+0.7 5.5 2.9 4.8+0.9 -0.5+0.2 0.3 6.3£1.0
60°N 1.8+0.5 6.0 3.2 1.4+0.7 0.4+0.2 4.7 1.2+0.3
60°N 1.9+0.7 6.0 3.2 1.5+0.9 0.4+0.2 5.5 1.1£0.4
80°N  2.1+0.8 6.5 3.5 1.6£1.1  0.5+0.3 3.6 1.5+0.5

a This work, 19-23 March 1995, Ls=74°

b Krasnopolsky [2003a], 20 January 1997, Ls=67°

C Eq 67, H03/H=1

d Eq. 6.17 and 6.18

e Eq 6.7 and 6.15

An altitude analysis was performed by Krasnopolsky [2003a] using these same

dayglow intensities (i.e. Table 6.2) and total ozone column abundances from ultraviolet
measurements at Ls=61° and 64° made by Clancy et al. [1999]. The column abundances

from ultraviolet measurements are consistent with those from this work at Lg=74°

(Ch. 7). The altitude analysis was performed using an average column density from
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ultraviolet measurements between 0° and 40°N. The results show a small high altitude
excess ([O]]=2.1 um-atm and [O.]=0.4 um-atm) as well as Ho3/H=1.1. This is consistent
with results in Table 6.5, which were treated individually and not averaged over latitude.
Krasnopolsky [2003a] also derives a scale height ratio of Ho3/H=0.6 for Mariner 9 ozone
data around 80°N at Lg=67°, which was seen as a dramatic change from the lower
latitude and interpreted to indicate different photochemistry and dynamics in the polar
region. This is generally not seen in Table 6.5, where most scale height ratios are greater
unity, although the values and uncertainties are high. In the three-dimensional
photochemical model of Lefévre et al. [2004], dynamical effects at polar latitudes are
large due to the polar vortex, and large variation in ozone abundance is expected at those

latitudes.

B. Investigating Ozone Altitude Distribution During Early Northern Summer

The preferred situation is listed in Table 6.3, where Os('A) dayglow
measurements were contemporaneous with the heterodyne ozone measurements during
early northern summer on Mars. The investigation of altitude distribution was performed
with dayglow intensities taken from Fig. 8 in Krasnopolsky [2003a], and the results are

presented in Table 6.4.

Table 6.3. Observations during early northern summer on Mars.

Measurement  Ls Date (UT) Reference
0,('A) 112° 20 March 1999 Krasnopolsky 2003a
O,('A)  113° 23 March 1999 R. E. Novak

private communication
O3 115° 24-27,29 March 1999 this work
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The high altitude excess model was applied as explained earlier (Eqs. 6.17 and
6.18). Uncertainties are calculated from those of the retrieved total ozone column
densities. The uncertainties on the retrievals of [Os.] are not insignificant, but all of the
results consistently yield negative abundances, indicating the absence of a layer of excess
ozone at high altitude. The scale height ratio iterative analysis was applied as described
earlier. The fits to the spectra consistently yielded Hos/H<1, meaning that ozone
abundance falling off quicker with height than the rest of the atmosphere is an acceptable
model as far as the heterodyne data are concerned, which also points away from the
presence of a high altitude ozone layer. The best signal-to-noise on the ozone features

was found at 60°N and 75°N.

Table 6.4. Ozone altitude distribution results (early northern summer)

High Altitude Excess Scale Height

0,('A) inferred Model” Ratio Model®

Latitude  [Os]" 4l [Os]° [O31] [Os] | HoyH  [Os]

(um-atm) | (MR) (um-atm) | (um-atm) (wm-atm) (wm-atm)

20°S 5.9+£2.8 3.0 1.5 7.3£2.4  -1.4%0.6 0.09 7.3+3.3
20°S 2.6+0.8 3.0 1.5 3.0£1.0 -04+0.3 | 0.32  3.3+0.9
0° 3.3+1.1 4.0 2.0 3.7¢1.5 -0.4+0.4 0.34 4.0+1.5
20°N 4.1+0.7 3.5 1.8 49+0.9 -0.8+0.2 0.19 5.2+0.9
60°N 1.5+0.3 2.5 1.3 1.6£0.5 -0.1+0.1 | 0.58 1.7+0.4
75°N 1.8£0.4 2.0 1.0 2.1£0.5 -0.3%+0.1 0.48 2.0+04

a This work, 24-27, 29 March 1999, Ls=115°
b Krasnopolsky [2003a], 20 March 1999, Lg=112°
C Eq 67, H03/H=1
d Eq. 6.17 and 6.18
e Eq 6.7 and 6.15
After this analysis was completed, the dayglow intensities from the other
contemporaneous observing run became available [R. E. Novak, private communication].

They are displayed in Table 6.5, and they are quite low compared to those taken a few

days earlier (Table 6.4). When dayglow emission is strong, extraction of dayglow
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intensity from the oxygen spectra are consistent between the investigators, but during
periods of reduced dayglow emission (Ls > 100°), intensity retrieval becomes difficult
and sensitive to the extraction method used [V. A. Krasnopolsky, private
communication]. The low intensities in Table 6.5 are still consistent with the lack of a

high altitude excess shown in Table 6.4.

Table 6.5. Dayglow intensities from Lg=113°

Latitude 0,('A) inferred
[Os]° 4aul’ [Os]°
(um-atm) | (MR) (um-atm)
20°S 59+2.8 | 0.7£0.4 0.4+0.2
20°S 2.6£0.8 | 0.7£0.4 0.4+0.2
0° 3.3%1.1 <0.5 <0.2
20°N 4.1+0.7 <0.5 <0.2
60°N 1.5£0.3 | 1.4+0.4 0.7+0.2
75°N 1.8£0.4 | 1.5+£0.2 0.8+0.1
a This work, 24-27, 29 March 1999, Ls=115°
b R. E. Novak [private communication], 23 March 1999, Lg=113°
C Eq 67, H03/H=1

An ozone profile (Fig. 6.1) was calculated for this period (Ls=112°) at 20°N by
V. A. Krasnopolsky [private communication] taking into account MGS TES temperature,
water, and dust opacity data for March 20, 1999 (water = 18.6 pr. um, dust opacity =0.1)
[Smith 2004]. The photochemical model assumed a heterogeneous sink of H,O, onto ice
particles (probability of 0.002). The total ozone column abundance is 2 um-atm (about
half that measured in this work), the modeled dayglow intensity is 3.9 MR (consistent
with measurement in Table 6.2), and H,O, abundance is 5 ppb (consistent with the upper
limit at the same orbital period from Encrenaz et al. [2004]). Additional background on

photochemical modeling is presented in Ch. 8.
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Figure 6.1. Ozone profile (solid) for Lg=112° from Krasnopolsky [private
communication]. Additional information on the model is given in the text. The overlay
of the scaled total atmosphere number density profile (dashed) illustrates that ozone has a
smaller scale height in this model (i.e. number density falls off at a faster rate than that of
the rest of the atmosphere), except between 40 and 60 km where excess abundance
appears.

The modeled ozone profile in Fig. 6.1 falls off in number density below ~40 km
quicker than that of the rest of the atmosphere, meaning that Hos/H is less than unity, as
was found in the scale height study for this period (Table 6.2). However, the high
altitude excess study in Table 6.2 did not indicate the presence of a layer, and one does
appear in Fig. 6.1. The high altitude excess model assumes that Ho3/H=1 at low altitudes
and that an excess appears at high altitudes. The model in Fig. 6.1 shows a low altitude
component where Ho3/H<1 as well as the high altitude excess. It is possible that the
assumptions of the high altitude excess study did not yield a layer because the measured
total column density and dayglow intensity could be matched just as well by an ozone
distribution with Hos/H=1 and no excess, as with a distribution like Fig. 6.1. The
consistent negative excesses retrieved in the study may be indicating the need for a

distribution with Hp3/H<1, rather than the absence of a high altitude excess altogether.
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Also, the measured ozone column density was about twice that of the modeled profile in
Fig. 6.1, while the measured dayglow intensity matched that of the model. Therefore, the
high altitude ozone probed by the dayglow intensity is less significant relative to the
observed column density than to the modeled column density, still supporting no excess
of high altitude ozone.

An early northern summer period that preceded the one just discussed by ~10° in
Ls was investigated using the heterodyne ozone measurements from July 1993. Because
of the small Martian diameter and limited observations, only one spectrum was suited to
an altitude distribution study (Table 6.6). The results (Table 6.7) do not appear to support
a high altitude excess of ozone, but the uncertainties do not exclude the possibility, and

the amount of data is not sufficient to properly address the question.

Table 6.6. Observations during early northern summer on Mars.

Measurement Ls Date (UT) Reference

0,('A)  103° 14 January 2001 _ R.E.Novak
private communication

0O; 102° 7 July 1993 this work

Table 6.7. Ozone altitude distribution results (early northern summer)

High Altitude Excess Scale Height

0,('A)  inferred Model” Ratio Model®
Latitude ~ [05] | dal’ [O5]° [O31] [Os] | HoyH  [O3]
(um-atm) | (MR) (um-atm) | (um-atm) (um-atm) (wm-atm)

25°N 34+£1.1 |5.6+0.5 29+03 | 3.6+x1.5 -0.2+0.4 0.7 3.8+1.3
a This work, 7 July 1993, Lg=102°
b R. E. Novak [private communication], 14 January 2001, Ls=103°
C Eq 67, H03/H=1
d Eq. 6.17 and 6.18
e Eq 6.7 and 6.15
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C. Investigating Ozone Altitude Distribution During Early Northern Winter

A final comparison can be made by noting that during early northern winter at
Ls=291° (Nov. 2003) in this work, no ozone absorption was detected (upper limit
~0.5 um-atm). At Ls=306° (Jan. 2002), no O,('A) dayglow emission was detected
[R. E. Novak, private communication]. Low ozone abundance as well as very low
abundance at high altitudes is consistent with the abundance and distribution of ozone
expected by photochemistry at this perihelion period at latitudes visible from Earth, and

this will be further discussed later in this chapter and in Ch. 8.

D. Solar Activity During Observations

Observations from the same orbital periods in different years are compared here,
so it is important to note if they were made during periods of dramatically different solar
activity. Average sunspot numbers are plotted in Fig. 6.2 for the period of interest, and
the dates and Lg values of the observations are noted. The only pair of observations taken
during different levels of solar activity are those at Ls=102°, 103°. There was only one
IR heterodyne spectrum suitable for the altitude analysis and the uncertainty is such that
it is not possible to determine if solar activity played a role. Also, ultraviolet
observations of ozone made around the same time as the dayglow measurement are very

consistent with the IR heterodyne ozone retrieval (Ch. 7).
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IR Ozone and Dayglow Observations and Solar Activity
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Figure 6.2. Dates for IR Heterodyne ozone observations (dashed, Ls=upper row) and
corresponding Oa('A) observations (dotted, Ls=lower row) are noted on this plot of
monthly average International Sunspot Numbers compiled by the Sunspot Index Data
Center in Belgium.

III. Conclusions

Techniques for retrieving altitude information using total ozone column densities
from infrared heterodyne spectroscopy and O('A) dayglow intensities were explored.
One technique tested whether the observations indicated different scale heights for ozone
and the background atmosphere (Hos/H#1). The other tested whether the observations
indicated a high altitude excess of ozone, with Hps/H=1 at lower altitudes. The results

were as follows:
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* Late Northern Spring: Results indicate Hos/H>1 or a high altitude excess of ozone.

¢ Early Northern Summer: Results at Ls=115° indicate Ho3/H<1 or no high altitude
excess of ozone. The result at Ls=102° is similar, but the uncertainty does not
exclude the possibility of an excess.

* Early Northern Winter: Lack of dayglow emission and a low upper limit for total
ozone column density are consistent with the lack of an excess of high altitude

ozone.

Photochemical models predict the formation of a high altitude excess of ozone
during aphelion seasons due to cooler temperatures resulting in a lower water vapor
saturation altitude [e.g. Clancy and Nair 1996, Lefévre 2004]. During warmer perihelion
seasons, water vapor can rise to higher altitudes, resulting in odd hydrogen formation and
destruction of high altitude ozone. Photochemical models are further discussed in Ch. 8.
The late northern spring results (around aphelion) and the qualitative result for early
northern winter (around perihelion) are consistent with this predicted behavior. The early
northern summer results are contrary to photochemical models, which still predict the
presence of a high altitude excess of ozone even by this post-aphelion season. Additional
measurements will be important for confirming this behavior and for constraining
photochemical models.

Although heterodyne spectroscopy fully resolves Martian ozone features and
allows the possibility of retrieving ozone altitude distribution from the line shape, it is

evident that high signal-to-noise spectra are important for precise retrieval of altitude
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information. The measurements in this work targeted the behavior of ozone abundance
with latitude rather than altitude distribution. In combination with O»('A) measurements,
they yielded general information about ozone height distribution, but some uncertainties
were high. Future measurements could target ozone altitude distribution by increasing
the signal-to-noise ratio through longer integrations at fewer positions on Mars. This
would help to further discriminate between possible ozone altitude distributions in an
analysis incorporating O,('A) dayglow measurements. It may also make it possible to
retrieve altitude distribution information from the fully-resolved ozone line shapes

themselves.
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Chapter 7: Infrared Heterodyne and Ultraviolet Ozone Measurements

I. Ultraviolet Spectroscopy of Ozone on Mars

Ultraviolet techniques have been employed beyond the Earth’s atmosphere to
directly observe spectral absorption features of ozone on Mars. Ozone absorption was
first measured on Mars by Mariner 7 in 1969 [Barth and Hord 1971]. Soon after,
Mariner 9 measured ozone mainly at the poles from Mars orbit for close to half of a
Martian year (Barth ef al. 1973, Lane et al. 1973, Wehrbein ef al.1979). High altitude
ozone layers (~40 km) were observed by the short-lived Mars 5 [Krasnopolsky et al.
1980] and Phobos 2 [Blamont and Chassefiére 1993] spacecraft. The Hubble Space
Telescope Faint Object Spectrograph (HST-FOS) has been used to observe and map
ozone during a number of Martian orbital periods from Earth orbit [Clancy et al. 1996,
1999]. The Mars Express instrument SPICAM has recently begun mapping ozone
abundance and altitude distribution from Mars orbit [Bertaux et al. 2000, 2004].

The target region for observing ozone on Mars in the ultraviolet (UV) is the 200-
330 nm region, or Hartley bands, brought about by electronic excitation of ozone
('B,<X'A). The band manifests itself as a broad absorption feature centered around
255 nm. Rayleigh scattering contributes continuum brightness in the spectral region, and
the wavelength dependence of the scattering puts a slope under the band. There is a small
surface reflectance contribution (more so over a polar ice cap). Water ice clouds and dust
are additional sources of scattering that can add significant opacity (t~0.25), decreasing

the effective path length through the ozone.
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The modeling of UV spectra yields ozone column densities, as well as height
information in the case of occultations of the sun or stars by the limb atmosphere.
Spectral modeling involves assumptions about the height distributions of the scattering
components, which modify the effective path length of incoming and reflected solar UV
radiation through the ozone. Lindner [1995], in reference to the Mariner 9 UV data,
emphasized that the uncertainties in the scattering properties of clouds and dust may
result in significant uncertainties (factor of 3) for retrieved ozone abundances. The ozone
measurements in this work made at longer infrared wavelengths are far less sensitive to
scattering. Infrared (IR) heterodyne spectra sample the entire ozone column because they
detect thermal emission from the surface that is modified by CO, and ozone opacity as it
travels upward. If there is indeed opacity significant enough to affect the longer infrared
wavelengths (due to a dust storm, for instance), the continuum temperature and the CO,
line shape can serve to indicate an inability to sample the entire column. The ozone IR
line shape samples the altitude distribution of ozone and temperature. The UV band
samples the column of ozone traversed by the UV radiation, which may not reflect

contribution from the entire ozone column.

II. Infrared Heterodyne and Ultraviolet Ozone Retrievals Compared

The analysis in this work provides an excellent opportunity to test abundance
retrieval of the same constituent (ozone) by two very different methods (IR heterodyne
and UV). Contemporaneous measurements of ozone column density, as well as those
made during similar orbital periods (Lg) in different years can be compared and the

differences explored in terms of the nature of the measurements and the assumptions

87



made in retrieving abundances. Such a comparison is made between the ozone
abundances from this work and from measurements made by HST-FOS [Clancy et al.
1996, 1999, R. T. Clancy, private communication].

Ozone abundance retrieval from the IR heterodyne spectra in this work was
detailed in Ch. 4. The modeling of HST-FOS UV spectra is detailed in Clancy et al.
[1996]. They employ three atmospheric layers, distributing cloud opacity among the
lower two layers and constraining water condensation level and Rayleigh scattering
distribution according to the thermal profile. They assume a uniform ozone distribution
between 0-40 km. The atmospheric scattering properties may or may not allow the entire
ozone column to be probed by the measurements themselves, but the assumption of
ozone and scattering distributions in the modeling process allows the retrieval of total
ozone column abundance (down to the surface). Therefore, different assumed
distributions of ozone and scattering can result in different total ozone column abundance
retrievals due to different modeled path lengths. The uncertainty in the accuracy of the
ozone retrievals is given in Clancy et al. [1999] as +50%, -20%, and those uncertainties
are displayed in Fig. 7.1. However, as mentioned earlier, Lindner [1995] postulated even
larger uncertainties (factor of 3) in the retrieval of ozone abundance from UV Mariner 9
measurements. The IR heterodyne retrievals tend to have accuracy uncertainties in the
range of £15-35% (Ch, 5), which are calculated for each individual measurement.

The IR and UV measurements are detailed in Table 7.1 and the column
abundances are plotted in Fig. 7.1 when measurements were available at similar orbital

positions (Lg).
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Table 7.1. Hubble Space Telescope observations corresponding to those from this work.

Fig. 7.1 Infrared Heterodyne HST-FOS
panel Lg Date Ls Date Reference

] 63° 1995 Feb.25  Clancy ef al. 1996
a 74° 1995 Mar. 17-23 | g1° 1997 Jan. 4 Clancy et al. 1999
b 102° 1993 July 4-7 104° 2001 Jan. 17
¢ | 115° 1999 Mar. 24-29 | 118° 2001 Feb. 16 R.T. Clan%b .
d |202° 2003 June 10-16 priv. comi.

212° 2003 June 28

e 208> 1988 June 3-7

Figure 7.1. (following page) Ozone retrievals from infrared heterodyne spectroscopy
(diamonds with 10 uncertainties) compared to those from ultraviolet measurements made
by the Hubble Space Telescope Faint Object Spectrograph [Clancy et al. 1996, 1999, R.
T. Clancy, private communication]. The dates and orbital positions (Ls) of the UV
measurements (open squares) are detailed in Table 7.1. (In panel a, large squares are
from the same year as this work, and small squares are from a different year, and the UV
measurements were earlier than IR measurements by ~10° in Lg.) The error bars on the
UV measurements represent the uncertainty in the accuracy as quoted in Clancy et al.
[1999], which was +50%, -20%. The error bars on the infrared heterodyne measurements
reflect the uncertainty in the accuracy and were calculated for each individual
measurement.
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Orbital periods from aphelion to approaching perihelion are sampled by the two
methods. Overall, the UV ozone (open squares) and IR heterodyne retrievals in Fig. 7.1

show consistent behavior:

* There is generally good agreement in the variation of ozone at low to mid-
latitudes, from high around aphelion (Fig. 7.1a) to low approaching perihelion
(Figs. 7.1d, e).

* Both data sets show much more short-scale variability in late northern spring (Fig.
7.1a) than at the other periods.

* There is disagreement in the variation with latitude at 60°-80°N in late northern
spring (Fig. 7.1a) and in the opposite sense at 20°-40°S at early northern summer

(Fig. 7.1¢).

This disagreement at 60°-80°N in late northern spring will be addressed first. In
Fig 7.1a, the large squares represent UV measurements from the same year as this work,
and the small squares are from a different year. Both data sets show the same departure
from the IR measurements. The simplest explanation is that both sets of UV
measurements are ~10° earlier in Lg than those from this work (Table 7.1). Heterodyne
measurements made at mid-spring (Ls=40°, Fig. 5.4) show increased ozone abundance
by a factor of ~2 at 60°N over those measured here in late spring (Ls=74°). This
behavior is also seen in photochemical models to be presented in Ch. 8 (Fig. 8.1). It is
possible that the UV measurements at Ls=61° and 63° are simply sampling high latitude

ozone on its way down in abundance between mid- and late spring.
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These high latitudes coincide roughly with the seasonal north polar ice cap, and so
the effect of the cap on the UV observations and on the chemistry they may probe must
be considered as an alternative explanation. The winter maximum extent of the north
polar ice cap is ~60°N, but by this late spring season the sublimation of CO, and water
ice would have caused it to retreat to ~70°N [James ef al. 1997]. Still, the observing
geometry places those northern latitudes close to the limb and a wider range of latitudes
would contribute to a UV observation. The albedo of the cap is taken into account in the
UV ozone retrievals. Clancy ef al. [1996] note that more of the backscattered UV is
from reflection because of the bright cap. Therefore the UV has traveled through the
ozone column in both directions, causing the uncertainty in the vertical distribution of
ozone to contribute less to the uncertainty in the derived total column abundance. They
also note that cloud opacity cannot be measured over the bright cap. Their retrievals
assume a certain cloud opacity, but in the absence of opacity, their derived column
abundance would decrease by ~35%, which would bring the UV and IR measurements
into slightly closer agreement at the high northern latitudes.

The presence of the polar cap may have an effect on the ozone chemistry. Ozone
adsorbed onto the polar cap or suspended ice particle surfaces would be detected by UV
observations but not by the IR heterodyne measurements that are sensitive only to the
gaseous ozone that absorbs thermal emission from the surface of Mars. In the case of
Earth, laboratory measurements determined that the loss of ozone onto stratospheric ice
particles was insignificant [Dlugokencky and Ravishankara 1992], however similar
studies do not exist for CO, ice because it is not important for Earth’s stratospheric

chemistry. Ozone has been detected within the icy surface of Ganymede [Noll et al.
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1996], but its presence is most likely due to reactions within the ice induced by the
charged particle flux in Jupiter’s strong magnetosphere, which would not be applicable to
Mars. Also, the seasonality of the polar cap would prevent any long-term buildup of
ozone originating within ice. Hydrogen peroxide (H,0,) has also been detected in the
atmosphere of Mars [Clancy et al. 2004, Encrenaz et al. 2004] and would be expected to
freeze out onto the cap at times, along with water. Laboratory data on the interaction of
ozone with ices under the conditions expected on Mars are important for understanding
both ozone retrievals and atmospheric chemistry at polar latitudes.

It must be considered whether the problem may lie with the IR retrievals. If the
surface temperature is not warmer than the atmosphere, insufficient contrast may cause
the retrievals to underestimate the amount of ozone. However, thermal profiles at this
orbital period from Mars Global Surveyor (MGS) [M. D. Smith et al. 2001, private
communication] and the temperature-sensitive shapes of the CO, absorption measured by
the heterodyne measurements do not show that behavior at 60-80°N.

The disagreement at 20°-40°S at early northern summer (southern winter, Fig.
7.1¢) will now be addressed. The uncertainties in the 25 MHz resolution retrievals at
40°S (Fig 5.6) are larger than those from the 5 MHz resolution spectra and leave open the
possibility for agreement between the IR and UV measurements. The 40°S IR
measurements were on the southern limb of the observable disk of Mars as seen from
Earth and may contain contribution from even higher latitudes due to the wider coverage
of the beam at that position, as well as any potential tracking errors. Then, the

measurements may probe cooler latitudes that contain more ozone. However,
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temperature information retrieved from the CO, line shapes are consistent with those
from MGS for 20°-40°S [M. D. Smith et al. 2001, private communication].

Unlike the late spring case just discussed, these measurements are outside the
polar region, so issues of chemistry or assumed cloud opacity over the polar cap that may
affect UV retrievals do not apply. The UV retrievals are sensitive to dust opacity, and
ozone abundances will be underestimated if the assumed opacity is too low. UV spectra
only sample part of the ozone column (depending on the atmospheric scattering
properties), but in these retrievals an ozone distribution was assumed in order to retrieve
total column abundances. It was shown in Ch. 6 for this period that the IR retrievals
combined with O,('A) dayglow measurements indicate low ozone at high altitudes and
possibly an ozone scale height less than that of the rest of the atmosphere (Table 6.2).
The column densities from the UV measurements were calculated assuming an ozone
profile continuous up to 40 km. If the ozone distribution is confined to lower altitudes in
the modeling of the UV absorption, the total ozone column density retrievals would
increase and perhaps resolve the some of the difference between the two methods.

A final consideration when comparing ozone retrievals from the same orbital
position in different years is the change in solar flux due to the 11-year solar activity
cycle. Sunspot numbers are displayed in Fig. 7.2, and the dates and Ls values for the
different observations are indicated. = When comparing observations made at similar
values of L, the only pair made during significantly different periods of solar activity
were those at Ls=102° and 104° during early northern summer. Figure 7.1 did not show

any disagreement between the limited IR retrievals and those from UV observations.
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Figure 7.2. Dates for IR Heterodyne ozone observations (dashed, Ls=upper row) and UV
ozone observations (dotted, Ls=lower row) are noted on this plot of monthly average
International Sunspot Numbers compiled by the Sunspot Index Data Center in Belgium.

II1. Discussion

The use of two very different techniques to measure the same constituent is
important for testing the accuracy of both methods. Other than the one published IR
heterodyne ozone analysis [Espenak et al. 1991], only ultraviolet measurements of the
total column abundance of ozone on Mars have been available. This work provides an
opportunity to compare ozone abundance retrievals from both methods for variety of
conditions on Mars.

Contemporaneous and orbital comparison of ozone retrievals from this work and
from Hubble Space Telescope UV observations show very good agreement, from

aphelion to near perihelion. The drop in ozone seen in the IR heterodyne retrievals over
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that period is reflected in the behavior of the UV retrievals. Ozone abundances from the
two techniques at low latitudes agree quite well overall. The discrepancy noted at high
northern latitudes during late spring (Ls=74°) could possibly be attributed to one of the

following:

* UV measurements were made ~10° earlier in Lg in the spring, possibly
sampling higher polar ozone abundance on its way down after northern winter.

* UV retrievals of ozone assume a level of cloud opacity, and retrievals would be
larger in the absence of cloud opacity, bringing them into closer agreement
with the IR measurements.

* The IR technique only measures gaseous ozone, but UV measurements would
see contribution of ozone on the surface of the polar cap, if the chemistry of

ozone with polar ices allows its presence.

The discrepancy noted at the southernmost observable latitudes (20°-40°S) around early
northern summer (southern winter, Ls=115°) could possibly be attributed to one of the

following:

* IR measurements were made close to the southern edge of the visible disk of
Mars, and pointing uncertainty may cause spectra to include contribution from
higher southern latitudes.

* If the modeled dust opacity is too high, then UV retrievals will underestimate
ozone column abundance.

* The total column abundance retrieved from UV measurements is sensitive to

the assumed ozone distribution. Confining ozone to lower altitudes (as
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indicated in Ch. 6) would increase the retrieved column abundance and bring

UV and IR retrievals into closer agreement.

The comparison presented here is much more extensive than previously possible.
The general consistency between both techniques lends weight to the accuracy of both for
retrieving ozone column density. However, the inability to conclusively address the
discrepancies points to both the need for more observations and the need for better
laboratory data. Coordinated observations, especially at northernmost and southernmost
accessible latitudes, would identify the repeatability of the measurement discrepancies
and narrow down the possible sources. Results will soon be available from the Mars
Express instrument SPICAM [Bertaux et al. 2001, 2004], which is conducting the first
long-term study of ozone from orbit since Mariner 9. IR heterodyne spectroscopy can
provide an important test of those results and, as with the HST-FOS observations,
discrepancies may highlight observational and retrieval issues for either technique, or
issues of photochemistry on Mars.

Laboratory measurements of the chemistry of ozone with water, CO,, and H,O,
ices under the conditions of the Martian polar regions could possibly resolve the
difference at 60°N during late northern spring and provide information important to
photochemical modeling. If the retrieval discrepancies have their source in chemistry,
then the IR heterodyne and UV ozone measurement techniques would be not only
complementary but synergistic and essential for understanding atmospheric

photochemistry on Mars.
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Chapter 8: Using Observations of Ozone on Mars to Test Photochemical
Models

I. Ozone and Photochemistry

Ozone is the most chemically active constituent that is currently observed on
Mars, and photochemistry predicts it to be an excellent tracer of odd hydrogen species
(Ch. 1). During the daytime, ozone is considered to be in photochemical equilibrium
because its photochemical lifetime of less than a day is much shorter than the time scale
for transport. Transport time scale is defined as H/K where H is the atmospheric scale
height (see Ch. 6) and K is the coefficient of eddy diffusion (cm” s™). Using a typical
scale height for Mars of 11 km and K~10° cm? s™ [e.g. Nair et al. 1994, Krasnopolsky
1995], the transport time scale is on the order of weeks in the lower atmosphere, much
longer than the photochemical lifetime of ozone. At night, photolysis stops and atomic
oxygen, abundant at higher altitudes, is converted to ozone. If odd hydrogen is not
abundant at those altitudes (e.g. during aphelion periods when the water saturation
altitude is low [Clancy and Nair 1996]) an increase in total ozone column density of as
much as 4x is throught to occur [Lefévre et al. 2004].

Observations of ozone abundance on Mars are considered to be important for
constraining photochemical models that seek to explain odd hydrogen chemistry and CO,

stability. This will be explored and applied as follows:

* Briefly review the development of photochemical models of the Martian
atmosphere.

* Examine the role of ozone in testing photochemical models.
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* Apply the database of 0zone column abundance and behavior from this work to the
testing of the first three-dimensional photochemical model of Mars [Lefévre et al.

2004].

II. Photochemical Models

Many photochemical models of the Martian atmosphere have been published.
They are all based on the basic CO, reformation process catalyzed by odd hydrogen
described in Ch. 1, but they differ in how they seek to come into agreement with
available atmospheric data. Chemical reactions, reaction rates, eddy diffusion
coefficients, photodissociation cross sections, temperature dependencies, hydrogen and
oxygen escape rates, ionospheric processes, nitrogen chemistry, and heterogeneous
(surface) chemistry are some of the issues that must be considered in modeling. Most
photochemical models have been one-dimensional, meaning they examine the height
variation of species and simulate transport through a vertical eddy diffusion coefficient.

The first results of one-dimensional calculations applying odd hydrogen-catalyzed
recombination of CO, were in the groundbreaking papers of McElroy and Donahue
[1972] and Parkinson and Hunten [1972]. Early models such as these and others (e.g.
Kong and McElroy [1977a, 1977b]) employed fast eddy mixing or large amounts of
water in order to reform CO, fast enough. It was later recognized that the room
temperature value of the CO, absorption cross section needed to be reduced under
Martian conditions to account for its temperature dependence. This has the effect of
increasing the amount of radiation available to photolyze water vapor, creating the

opposite problem of an overproduction of odd hydrogen resulting in too much CO,
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reformation and too little CO and ozone compared to observations. Other adjustments to
models were needed to compensate.

Development continued on one-dimensional models that examined Martian
photochemistry under mean global, seasonal, and diurnal conditions [e.g. Shimazaki
1989, Krasnopolsky 1993, 1995, Nair ef al. 1994, Atreya and Gu 1994]. Some one-
dimensional models were applied locally in order to calculate photochemical behavior
with latitude or season [e.g. Shimazaki and Shimizu 1979, Shimazaki 1981, Clancy and
Nair 1996]. A two-dimensional (i.e. zonally averaged) photochemical model of Earth
was adapted to Mars by Moreau et al. [1991] to interactively treat photochemical and
dynamic effects.

The one-dimensional photochemical models of the last decade differed in areas
such as eddy diffusion, rate constants, water vapor distribution, and the chemistry of
minor species. Some required a heterogeneous sink for odd hydrogen [e.g. Krasnopolsky
1993, Atreya and Gu 1994] while others found that gas phase chemistry could be
sufficient [e.g. Nair et al. 1994, Krasnopolsky 1995]. All relied on the pool of available
spacecraft and ground-based observations of Mars up to that point with which to
construct and test their models. However, Krasnopolsky [20035] points out that recent
ground-based and spacecraft results have brought the models out of agreement with
observations and point again to the need for heterogeneous chemistry to bring down odd

hydrogen production.
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III. Ozone as a Test of Photochemical Models

Krasnopolsky [2003b] notes that global mean photochemical models are
important for investigating the chemistry of CO, O,, and H,, whose photochemical life
times are much longer than atmospheric transport time scales. For example,
Krasnopolsky [1993] determines mean lifetimes for CO, O, and H; of 6, 40 and 2000
years based on ratios of modeled column density to column loss rate. The one-
dimensional models of the 1990°s used ozone abundance retrieved from the infrared
heterodyne analysis of Espenak et al. [1991] to test their models. However, because of
the short photochemical lifetime of ozone and the spatial, seasonal, and orbital variability
seen in this work, ozone is not a very meaningful test of global mean photochemical
models beyond indicating if modeled ozone abundance is within an acceptable range.

The larger pool of ozone abundance information now available through this work,
as well as through O,('A) and ultraviolet observations (Chs. 6, 7), is very important for
testing photochemical models that address specific spatial, seasonal and orbital
conditions. Such models are necessary to explain the variability of ozone and the odd
hydrogen chemistry it probes.

For example, the seasonal behavior of ozone at 65°N and 65°S was modeled by
local one-dimensional models of Shimazaki and Shimizu [1979] and Shimazaki [1981].
The models were developed to reproduce polar winter ozone abundances observed by
Mariner 9 [Barth et al. 1973]. As the poles come out of winter, the modeled ozone
abundances drop due to destruction by odd hydrogen resulting from increased water
vapor photolysis. Note that the models at 65°N predict less than half the ozone seen by

this work in mid- and late spring (Ls=40° and 74°, Tables 5.2 and 5.3) at 60°-65°N.
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Since then, chemical parameters have been updated, and much of the work on
Martian photochemistry has focused on mean conditions. Recently, a three-dimensional
photochemical model has been developed [Lefévre et al. 2004] that examines local
photochemistry on a global and seasonal basis. The ozone abundances retrieved in this

work are an excellent tool for testing specific predictions of this model.

IV. The First Three-Dimensional Model

A. Total Ozone Column Abundance and Seasonal/Orbital Variability

The first three-dimensional photochemical model of the atmosphere of Mars was
developed by Lefévre et al. [2004], which combines photochemistry with the general
circulation model (GCM) of Forget ef al. [1999]. Chemistry resulting from local
conditions (including topography) is combined with three-dimensional atmospheric
circulation and an annual water cycle in order to develop a comprehensive global,
diurnal, and seasonal photochemical model. The model calculates water vapor profiles,
but the GCM abundances are consistent with those measured by Mars Global Surveyor
[Smith ef al. 2002]. The model uses a constant dust optical depth consistent with seasons
of minimal dust, simplified nitrogen chemistry, and it does not include cloud transport or
heterogeneous processes.

Slices of the model corresponding to the orbital periods (Ls), longitudes, and local
times of the heterodyne observations [F. Lefévre and S. Lebonnois, private
communication] are show in Fig. 8.1, along with the 5 MHz resolution IR heterodyne

ozone column density retrievals and 1o uncertainties. Each model curve is for a different
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longitude and local time (indicated by colored text), and color indicates the
correspondence between observed and modeled column density. The following behavior

1s noted:

* During the near-perihelion periods of Lg=202°, 208°, and 291°, modeled ozone
abundances agree quite well with observations and upper limits.

* During the near-aphelion periods of Ls=40°, 74°, and 115°, although there is
general agreement at higher latitudes, the model consistently underestimates low

latitude ozone abundance as compared to observations.

The overall qualitative agreement in the behavior of ozone between aphelion and
perihelion is good. The quantitative agreement around perihelion is very good, with the
some departure seen at higher latitudes. That could possibly be attributed to a larger
sampling of latitudes by the instrument beam toward a polar limb or to dynamical effects
near the poles that result in ozone abundance variations (as seen by Mariner 9 [Barth e?
al. 1973]). During the aphelion periods of Ls=40°, 74°, and 115°, the agreement is good
at higher latitudes, but the low latitude abundance is consistently underestimated by the
model as compared to observations.

Similar behavior was noted by Lefévre et al. [2004] when comparing their model
to a limited set of observations (one O('A) dayglow and two ultraviolet data sets, and the
published heterodyne analysis of Espenak et al. [1991]). The ozone retrievals in this
work provide a more extensive sampling of orbital periods with which to test the model.
This work has also revised the Espenak et al. [1991] retrievals at Ls=208° downward by

~30%, bringing them into better agreement with the perihelion model.
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Figure 8.1. (following page) Ozone column abundances and 10 uncertainties from this
work are displayed with corresponding slices from the three-dimensional photochemical
model of Lefévre ef al. [2004]. The longitudes and local times of the model curves are
indicated on the plots by color-coded text, and are close to those of the observations.
Color also indicates the correspondence between observed and modeled ozone column
densities. Numbers displayed with data points indicate day of month of observation. The
general behavior of ozone column abundance with Lg seen in the data is reproduced by
the model, but there is significant quantitative departure of the model from the observed
values at lower latitudes during aphelion periods. Better agreement overall is seen during
perihelion periods. (Aphelion is at Ls=71° and perihelion is at Ls=251°.) The large
ozone abundances modeled in the polar regions occur during their respective winters
when those latitudes are not visible from Earth.
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Figure 8.2. Ozone column abundances and 10 uncertainties from this work are displayed
as a function of Lg with model abundances from the three-dimensional photochemical
model of Lefevre et al. [2004] (0° longitude, 12:00 local time). Aphelion is at Lg=71°
and perihelion is at Lg=251°. Excellent agreement is seen for the most part in the
seasonal behavior at 60°N, and during perihelion seasons at lower latitudes, but the
model consistently underestimates ozone at low latitudes during aphelion seasons.
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Another view of the behavior of the observations and the model is given in Fig.
8.2, where retrieved ozone abundances at each target latitude are compared to model

abundances as a function of season (Ls). The following behavior is noted:

At 60°N, the agreement between the model and observations is excellent over the

aphelion periods sampled (except for one data point with a large uncertainty).

* At 40°N, generally good agreement between the model and observations is seen

around aphelion in spite of the scatter at Ls=74°.

e At 20°N, 0°N, and 20°S, there is excellent agreement between the model and
observations approaching perihelion, but the model underestimates the amount of

ozone during the aphelion periods.

* At 40°S, there is large scatter and uncertainty in the observations around aphelion
but there is the is excellent agreement between the model and the data approaching

perihelion,

At 40°N, the discrepancy between the model and the single data point at Ls=208°
could possibly be due to that observation being toward the extreme northern observable
latitudes, which could magnify the effect of any pointing and tracking uncertainties.
Similarly, the aphelion aspect geometry of Mars may contribute to the uncertainties and
scatter in the ozone retrievals at 40°S around that time, but observations approaching
perihelion agree well with the model. There is otherwise very good agreement except at
low latitudes during aphelion periods, and this is considered to be the most significant
and repeatable departure of the model from the observations. Although the qualitative

seasonal behavior of ozone is reproduced at low latitudes by the model, the quantitative
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results around aphelion require an examination of the chemistry and assumptions

incorporated in the model.

Lefévre et al. [2004] noted the low latitude problem in their comparison of limited
ultraviolet and infrared observations to their model and explored possible reasons for the
underestimation of ozone at low latitudes. An overabundance of water vapor would lead
to increased odd hydrogen production and ozone destruction, but they note that the water
abundances in the GCM compare well with those from Mars Global Surveyor. They
point to uncertainties in photochemical and kinetics parameters, and the fact that a
constant, low dust abundance is assumed. As mentioned earlier, the temperature
dependence of CO, can have a great effect on water photolysis, and the model uses a
constant cross section below 200K. However, they note that if they extrapolate the
temperature dependence, the ozone abundances are further decreased. They see better
water cross section data at low temperatures as important, and they also point to updated

reaction rates from terrestrial research, but it still does not solve the aphelion problem.

They do see heterogeneous chemistry as promising for resolving the discrepancy.
Loss of odd hydrogen onto dust particles would allow ozone abundance to increase, but
dust is abundant during the warmer perihelion period, and this is when the model was
more consistent with observations. They propose that heterogeneous chemistry involving
water ice cloud particles may be a solution because that sort of chemistry would dominate
during the cooler aphelion period when low latitude clouds are more abundant [Smith
2004]. Increased ozone production in the presence of water ice clouds was suggested by
Krasnopolsky and Parshev [1979] as a way of explaining the abundance of ozone in a

morning layer observed by Mars 5.
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B. Ozone Altitude Distribution

Clancy & Nair [1996] used the Nair et al. [1994] model to investigate
photochemistry at 30° latitude over the course of the Martian year by utilizing observed
variations in temperature and water saturation altitude, or hygropause, in their model.
They modeled ozone seasonal behavior at 20 and 40 km (along with the behavior of CO,
O,, and odd hydrogen). They showed that variation in ozone number density at 20 and
40 km between perihelion and aphelion is much greater than that of the total ozone
column because of the behavior of the ozone distribution in response to the water
distribution and the hygropause altitude. This behavior shows why a strict anticorrelation
of total ozone column density with total water vapor abundance is not observed (Ch. 5)
and highlights the importance of understanding both abundance and height distribution of
atmospheric constituents. As the hygropause altitude decreases around the cooler
aphelion periods, ozone abundance can increase at high altitudes. During the perihelion
periods, the hygropause level rises in response to warmer temperatures, resulting in odd
hydrogen production that destroys high altitude ozone.

The three-dimensional model of Lefévre et al. [2004] predicts altitude distribution
of ozone based on the chemistry resulting from the changing water vapor distribution as
calculated by the GCM over the course of the year on Mars. As with the model of
Clancy and Nair [1996], a high altitude layer of ozone forms during the cooler seasons
around aphelion when the hygropause is at lower altitude (~10-15 km). During the
perihelion seasons, that layer disappears due to the warmer conditions and higher

hygropause (~30-40 km). The altitude analysis performed in Ch. 6 can be compared to
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the behavior of ozone distribution in response to water vapor distribution as seen in the
model [Fig. 2 of Lefévre et al. 2004].

At Ls=291°, no ozone or O»('A) was measured, and that is not inconsistent with
the altitude distribution predicted at that perihelion period. The high altitude layer has
disappeared in the model and the low altitude component is also somewhat lower than
many other orbital periods. The only high abundance of ozone is at the winter pole,
which is not visible, so the observations do not contradict the model.

At Lg=74° and 102°, the results do not exclude a high altitude layer, which is
expected by the model during those aphelion periods. The Ls=115° results are more
difficult to understand in terms of the model. Unlike the other periods, the data sets in
this analysis were taken within days of each other, lending weight to the results.
However, they do not indicate a high altitude layer as predicted by the model, which
actually underestimates total ozone column abundance at low latitudes (Fig. 8.1). It is
possible the conditions were atypical, but observations of water vapor, clouds, and dust
made by Mars Global Surveyor during that year and others do no support that view
[Smith 2004]. Problems could lie with the ozone measurements which were not targeted
toward this sort of study, low 0>('A) intensities which differed between data sets, or with
the ozone distributions assumed in the analysis (Ch. 6). The consistent underestimation
of low latitude ozone by the model during the aphelion seasons also points to possible
issues with the modeled altitude distribution, but if the heterogeneous processes proposed
earlier were incorporated into the model, then the high altitude abundance would actually

increase.
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Coordinated observations targeting ozone altitude distribution will help to provide
better information with which to compare models. Planned observing schemes by
SPICAM on Mars Express [Bertaux et al. 2000, 2004] should also provide altitude

information for ozone that can be used to test distributions predicted by models.

V. Correcting Photochemical Models

The ozone abundances from this work were used to test the three-dimensional
photochemical model of Lefévre et al. [2004], and the greatest discrepancy is an
underestimation of low latitude ozone around aphelion periods. An overproduction of
odd hydrogen in the model would lead to lower ozone abundances relative to
measurements. Observations of the distributions of ozone and water vapor in the
atmosphere are important. Although the water vapor column abundances calculated by
the GCM are consistent with observations, the altitude distribution itself has been shown
to affect the ozone distribution and lead to a less strict anticorrelation of water and ozone
total column abundance. Total column abundance provides a good test of a model, and
measurement of altitude distribution provides an even stricter test of model predictions.

Heterogeneous chemistry could hold the key. The fact that low latitude
observations agree with the model at perihelion but not at aphelion is a very important
clue. A heterogeneous sink of odd hydrogen onto dust particles would not solve the
problem at aphelion because dust is less abundant than at perihelion, when the sink would
only lead to an overestimate of ozone abundance. Observations by Mars Global Surveyor
show water ice particles at low latitudes only during aphelion seasons [Smith 2004]. A

sink of odd hydrogen onto ice particles could probably be implemented in the model in
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such a way as to resolve the discrepancy between the model and observations. However,
the accuracy of such a model would be questionable without laboratory studies to back up
the choice of efficiency for the odd hydrogen sink. Laboratory studies of heterogeneous
process involving both dust and ices (CO;, and H,0O, as well as water) under Martian
conditions are required. Heterogeneous chemistry in recent one-dimensional global mean
models was identified as both important [Krasnopolsky 1993, Atreya and Gu 1994] and
unnecessary [Nair ef al. 1994, Krasnopolsky 1995]. In the seasonal three-dimensional
model of Lefévre et al. [2004], the need for heterogeneous chemistry in addition to gas
phase chemistry can be limited to particular latitudes and seasons, and a possible surface
for that chemistry can be identified (water ice clouds). Laboratory measurements are
required in order to understand the overall role of heterogeneous chemistry on Mars and
produce a model that is consistent with observed ozone behavior that has a basis in tested
chemistry.

Updated laboratory information on reaction rates and temperature dependent
photodissociation cross sections are important for modeling. Some information can be
adapted from terrestrial work. For instance, rates for terrestrial reactions that involve a
third body are adjusted to take into account the efficiency of reactions involving the more
massive and abundant CO;, molecule in the case of Mars. Reaction rates that have been
updated according to terrestrial observations should continue to be considered. At the
same time, the application of terrestrial results to the atmospheric modeling of Mars must
proceed with caution, as issues such as temperature dependency may come into play in

adapting results to the conditions on Mars. Photochemical modeling of the atmospheres
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of Earth and Mars can be very complementary to each other because they provide
different conditions under which model assumptions about chemistry can be tested.

Dust storms affect the warmer perihelion season and, although the data in this
work are fairly consistent with the three-dimensional model around perihelion, another
factor that should be considered is the recent work by Atreya et al. [2004] on oxidant
production in dust devils and storms. They find that triboelectricity (electricity produced
through friction) in dust devils and storms results in increased production of OH and O
and ultimately H,O, at levels much higher than from photochemical production alone.
The life issue is of course the thrust of that study, but the effect on ozone would be worth
exploring to be able to support interpretation of perihelion observations and model
predictions. Increased OH production during dust activity would lead to ozone
destruction, and the model predicts a significant decrease in ozone abundance, but dust
opacity has not yet been accounted for [A. S. Wong, private communication].
Observations of ozone during global dust storms would not be able to probe the
abundance near the surface. Localized dust phenomena could lead to localized depletion
of ozone relative to model predictions or previous observations. The effects of

triboelectricity on chemistry and abundance deserve study beyond the H,O, issue.
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Chapter 9: Conclusions

I. Ozone, Photochemistry, and CO, Stability on Mars

The recognition of the important role that odd hydrogen chemistry could play in
the atmospheric stability of Mars gave direction to the solution of CO, reformation. Odd
hydrogen resulting from water vapor photolysis can participate in catalytic reactions to
reform CO,, and it also destroys ozone (Ch. 1). These issues are not entirely unique to
Mars. The stability of CO; in the stratosphere of Venus is thought to be maintained
through catalytic chemistry involving chlorine species, and ozone in the Earth’s
stratosphere is catalytically destroyed by odd hydrogen, as well as by nitrogen, chlorine,
and bromine species [cf. Yung and DeMoore 1999].

Since ozone is destroyed by odd hydrogen, it follows that measurements of ozone
abundance can trace the abundance of odd hydrogen species that have not yet been
directly observed in the atmosphere of Mars. Infrared heterodyne spectroscopy can
measure ozone absorption features on Mars when they are Doppler shifted away from
their telluric counterparts, allowing the only direct measurement of Martian ozone from
the surface of the Earth. This makes it possible to conduct ground-based studies of the
atmospheric stability of Mars through a tracer of the odd hydrogen species thought to
participate in the reformation of COx.

Photochemical models of the atmosphere of Mars have had to rely on limited
observations of ozone to test their predictions of odd hydrogen chemistry. The analysis

technique developed in this work and applied to infrared heterodyne data sets has
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provided the most extensive sampling of spatial, seasonal, and orbital behavior of ozone

on Mars available to date. The application of this valuable ozone database resulted in:

Confirmation that odd hydrogen chemistry is responsible for the reformation of
CO; and the stability of the atmosphere of Mars.

Validation of the three-dimensional photochemical model of Lefévre et al. [2004]
(Ch. 8).

Demonstration of the general spatial and orbital consistency of infrared heterodyne
and ultraviolet measurements of ozone column density (Ch.7).

Exploration of techniques to retrieve the altitude distribution of ozone using total
ozone column densities from this work and O,('A) dayglow intensities, which

probe ozone above ~20 km (Ch. 6).

In addition to these important results, this work has provided the following

contributions:

Demonstration of qualitative but not strict anticorrelation of ozone and water vapor
column abundance (Ch. 5), pointing to the role of altitude distribution of
constituents.

Confirmation of the need to explore the role of heterogeneous chemistry in the
atmosphere of Mars, along with laboratory measurements under Martian
conditions (Ch. 7, 8).

Validation of infrared heterodyne spectroscopy as a passive technique for

retrieving altitude profiles of terrestrial ozone (Ch. 3).
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* Development of a technique for analyzing telluric-contaminated infrared

heterodyne spectra of Mars (Ch. 4).

The improvement in computer technology over the years has been matched by
increasing complexity of modeling code. This trend will continue, as computational
ability will never be able to keep pace with the desire to understand the universe around
us. Post and Votta [2005] stress that successful coding projects must involve verification,
validation, and quality management. They find that these practices routinely developed
and employed in the information technology community are not well implemented in the
science community. The contribution of this work falls under the area of validation.
Observed ozone abundances were used to test and validate photochemical models (Ch. 8)
with the assumption that they were already verified. Many one-dimensional models
predicting average conditions were validated with a few measurements, including ozone,
and it has been indicated in this work that it is not entirely meaningful to validate such
models with ozone due to its short photochemical lifetime and high spatial, seasonal, and
orbital variability. However measurements of ozone are very important for the validation
of models that make specific spatial, orbital/seasonal, and diurnal predictions. In fact,
such models require a very extensive pool of observations as well as laboratory data for
validation.

The analysis of infrared heterodyne spectra of Mars in this work confirmed in
general the ozone/water anticorrelation expected by odd hydrogen photochemistry.
Higher ozone column abundance was observed during the cooler aphelion periods when

less water is expected to be present in vapor form. The warmer perihelion periods saw a
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drop in ozone column abundance. For particular orbital periods (Ls), some
anticorrelation was seen in the behavior of ozone and water vapor column abundance
with latitude (Ch. 5). However, the quantitative behavior of ozone abundance did not
show the degree of variation that water vapor is observed to undergo. This supports
predictions that the altitude distribution of the constituents is important to the
photochemistry and resulting column abundances [e.g. Clancy et al. 1996, Lefévre et al.
2004].

The ozone abundances in this work were used to test spatial, seasonal, and orbital
variability of ozone predicted by the first three-dimensional photochemical model of the
Martian atmosphere [Lefevre er al. 2004] (Ch. 8). The overall consistencies give
confirmation to the role of odd hydrogen chemistry in maintaining the stability of the
CO; atmosphere of Mars and validate the model. The underestimate of low latitude
ozone during aphelion periods points to additional processes, such as heterogeneous
chemistry, that must be taken into account in order to better reproduce the atmospheric
conditions. However, the general agreement is very encouraging for this first attempt at
combining photochemistry and global circulation into a three-dimensional model, as well
as for our understanding of the Martian CO, stability issue.

Techniques for extracting information on the altitude distribution of ozone from
total ozone column densities and O,('A) dayglow intensities were explored (Ch. 6).
There were mixed results in terms of confirming high altitude layers predicted by
photochemical models at the aphelion periods sampled, and uncertainties were high.
Altitude distributions produced by photochemical models (e.g. Fig. 6.1) indicate that

alternative distributions may need to be tested beyond the simple ones investigated. It is
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also important to make coordinated observations that specifically target this sort of study,
with longer integration times in order to increase the signal-to-noise ratio of spectral
features.

The general agreement between ozone column densities retrieved from infrared
heterodyne and ultraviolet spectra (Ch. 7) means that retrievals can be combined to
broaden the pool of available data with which to validate photochemical models. The
few discrepancies at some northernmost and southernmost visible latitudes may have
their origins in observational or modeling technique, or in actual chemistry probed
differently by IR and UV. Additional comparisons will be helpful, as will laboratory
measurements of ozone in the presence of ices under Martian conditions.

The most readily accessible atmosphere for remote and in situ study of
photochemistry is the atmosphere of the Earth. Laboratory measurements of reaction
rates, photolytic cross section, three body reactions, and other properties tend to be at
temperatures and under conditions reflecting those on Earth. Extrapolations are made to
adapt them to Mars. For instance, much of what has been learned about odd hydrogen
chemistry in the Earth’s atmosphere has been applied to models of the Martian
atmosphere [e.g. Nair et al. 1994, Lefévre et al. 2004]. Ozone has been shown to be an
important tool for validating photochemical models of the Martian atmosphere, but the
underlying assumptions about chemistry must also be validated. Laboratory
measurements of chemical properties under Martian conditions are important for
validating photochemical models, as well as expanding them to include processes such as

heterogeneous chemistry.
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II. Looking to the Future

Infrared heterodyne spectroscopy has been shown to be an important technique
for studying Mars ozone. The technique is utilized for the study of other planetary
atmospheres such as Jupiter [e.g. Kostiuk et al. 1987, Fast et al. 2002], Titan [e.g.
Kostiuk et al. 1997, 2001, Livengood et al. 2002], and Venus [e.g. Goldstein et al. 1991].
In this work and in Fast ef al. [2004], infrared heterodyne spectroscopy is shown to be a
useful tool for uplooking studies of the atmosphere of Earth, passively reproducing the
general distribution of ozone that must otherwise be retrieved through active and in situ
means (Ch. 3).

Infrared heterodyne spectroscopy will continue to play an important role in the
ongoing studies of planetary atmospheres, including that of Mars. Observations of ozone
on Mars can be made from the surface of the Earth and are limited only by Doppler shift
due to the relative motion of Mars, not by the need to go beyond Earth’s atmosphere.
Spacecraft missions that target atmospheric properties such as Mars Global Surveyor and
Mars Express are providing a wealth of data with excellent spatial, diurnal, and orbital
resolution, but there is always a need for Earth-based observations to validate and
complement spacecraft data. Spacecraft have limited instrumentation and lifetimes, and
sending spacecraft to Mars is an enormous (and not always successful) undertaking.
Ongoing Earth-based observations of atmospheric constituents over longer time spans
and with higher spectral resolution such as infrared heterodyne measurements of ozone
will continue to improve the understanding of the stability of the Martian atmosphere.

This study has provided the most extensive database to date on spatial, seasonal,

and orbital behavior of ozone on Mars. It has placed the odd hydrogen solution to the

119



CO; stability problem on firmer footing than was possible through previously published
ozone data. Other than recent detections of H,O, [Clancy et al. 2004, Encrenaz et al.
2004], odd hydrogen has not been directly observed in the atmosphere of Mars.
Measurement of odd hydrogen species is an important next step. Photochemistry
predicted an anticorrelation of ozone and water vapor abundance. Although that was
seen in total column density, it was not to the extent originally predicted by
photochemistry, and it became clear that constituent vertical distribution plays an
important role. Photochemistry also predicts that ozone can trace odd hydrogen. This
prediction has been utilized in this work in order to test the prevailing theory of Martian
CO; stability. However, the only way to verify this prediction on Mars is to directly and
contemporaneously measure both ozone and odd hydrogen abundances and their altitude
distributions. If the current understanding of the relationship between ozone and odd
hydrogen can be confirmed through measurement, that would provide further “stability”

to the odd hydrogen solution to the problem of CO, stability in the atmosphere of Mars.
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Appendix 1: Significance of the Reflected Solar Spectrum

The analysis of spectra of Earth’s atmospheric transmittance backlit by the Moon
in Ch. 3 assumes that contribution to the flat blackbody emission of the Moon by the
reflected solar spectrum is negligible. This can be shown to be an acceptable assumption
by comparing the reflected solar intensity with the blackbody intensity of the Moon in the

9.7 wm region explored in this work.
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Figure Al.1. Geometry for determining intensity of the solar spectrum reflected from
the Moon.

The reflected intensity of the Sun at a particular frequency, v, can be expressed

as:

1 ] (Al.1)

The emissivity of the Moon is €. Each point on the Sun puts out B,(7sun)
ergs cm” s ster’ wn™' (wn is the inverse of wavelength in cm™). Multiplying by the
cross-section area of the Sun, mrg,,” cm™, gives the total energy coming from the sun in

ergs s” ster’ wn'. The Moon subtends mryoeon/Dsun” Steradians as seen from the Sun (at
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a distance of Dgyy), and multiplying by that term gives the amount of energy hitting the
Moon in ergs s’ wn™. That energy is reflected by the Moon into 27 steradians by a
surface that is 7iryeen” in cross-sectional area, and dividing by those terms results in the
intensity of the reflected solar spectrum from the Moon in ergs cm™ s ster”’ wn'. The

expression in Eq. Al.1 reduces to:

2
L =%s~Bv(Tsm)-[%] (A12)

Using a conservative emissivity of unity, the value for the intensity I, at
1031.4774 cm™ (9.7 um) is calculated to be 0.5 ergs cm™s” ster’ wn' (using
Dgun=1.50x10% km, rsu;n=6.96x10" km, 7sux=5800 K). This can be compared to the
blackbody emission from the moon at 380 K, which is 268 ergs cm™s™ ster” wn™.

Therefore, the assumption that the reflected solar spectrum at 9.7 um is negligible is good

to a few tenths of a percent.
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Appendix 2: Observational Details

The tables that follow contain details about the Martian ozone observations (e.g.
dates, times, spatial coverage on Mars). The last table contains information about the

aspect geometry of Mars for each observing run.
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Appendix 3: Analysis Details

The tables that follow contain details of the radiative transfer analysis of infrared

heterodyne spectra of Mars ozone.

Table A3.1. June 1988 Analysis Details

03 Terr Terr
Reso-  Fit Fit MGES  Fit Fit 03 co coz2 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayert MGS 1 MF mu- Scale Scale
filename (MHz) Shift  sig Factor 18ig K K 1sig K deltaK sig x1E-8 1sig atm 1sig Factor 1sig Factor 1 sig
:Mars20N05Jun8BLR: 25 37 37 161 007 2694 2687 21 2301 06 19 119 049 102 042 075 0 102 0.
:Mars20N05Jun8BLR: 5 88 35 145 0056 2694 2658 2.3 2324 3025 121 031 103 026 064 013 109 002
:MarsEqQ7.Jun8BLR 25 07 28 133 008 2857 2M.2 32 234 -59 25 094 062 072 047 128 0.06 1.02 002
:MarsEqQ7.Jun8BLR 5 23 28 127 005 2857 2693 21 237 -29 29 071 033 054 025 142 008 1.01 002
:MarsSS03JundBLR: 25 089 5 1.05 013 2857 2733 66 2271 128 28 086 061 074 052 094 021 101 002
:Mars5503JundBLR: 5 11 52 089 012 2857 2732 6.2 2324 -5 348 081 044 07 038 127 019 1.04 0.02
:Mars20506Jun88LR. 25 48 31 281 012 2871 3018 21 2586 206 22 174 073 107 044 053 0.08 1.09 002
:Mars20506Jun88LR. 5 38 32 288 016 2871 3033 3.6 2582 202 28 1.30 045 085 028 061 014 109 002
:Mars40504JunBiLR. 25 72 43 23 035 2805 286 81 2338 17 36 166 1.01 108 066 058 015 1.02 002
:Mars40504JunBaLR. 5 104 35 224 027 2805 2848 63 2372 51 3 136 047 089 031 073 0.06 1 0.02
:Mars40505JunB8LR. 25 191 29 343 035 2805 2826 52 2327 05 17 139 067 091 044 1.06 0.02 1.07 002
:Mars40805Jun88LR. 5 188 25 347 032 2805 2827 4.8 2332 1 18 06 03 039 02 111 008 106 0.01
:MarsG0SA04Jun8BLR_45: 25 01 29 08 006 2446 2659 29 2244 12 35 144 073 096 049 014 002 1.2 002
:MarsG05A04Jun8ELR_46: 25 68 26 1.02 005 2446 2558 21 2253 128 27 19 074 126 05 082 0.01 109 002
:Mars60SB06Jund8LR: 25 02 18 132 006 2446 2671 2 2332 207 22 204 084 136 056 118 011 1.02 0.02
:Mars60SB06Jund8LR: 5 16 2 125 007 2446 2656 25 2334 209 3 263 047 175 031 123 008 1.04 0.02
:MarsG0SC06JunBELR: 25 27 28 116 008 2446 2459 31 2208 173 64 245 119 183 079 094 008 107 002
:MarsG0SC06JunBELR: 5 23 28 116 009 2446 2458 35 2301 176 7 218 065 145 043 097 016 107 002
:Mars80803Jun88LR. 25 88 37 171 021 1538 2408 56 2377 387 96 175 127 109 08 092 01 103 002
:Mars80503Jun88LR. 5 b6 41 165 002 1538 2498 0 2433 442 3 155 091 097 057 088 003 1.1 0.03

Table A3.2. February 1993 Analysis Details

03 Terr Terr
Reso-  Fit Fit MGS  Fit Fit 03 CcD co2 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayert MGS 1 MF mu- Scale Scale
filename (MHz) Shift  sig  Factor 18ig K K 1sig K deltaK sig x1E-8 1sigatm 1 8ig Factor 1sig Factor 1 8ig
:Mars40516Feb93LR: 25 0 0 201 112 2222 2274 188 2138 339 221 201 873 1362 591 091 033 1 0
Mars40516Feb93LR: 5 0 0 199 005 2222 2274 0 2129 33 74 1585 622 1074 421 101 0.16 1 0
‘MarsEqL15Feb93LR: 25 0 0 334 16 2694 2593 219 2502 304 348 771 506 638 418 086 0.09 1 0
:MarsEqL15Feb93LR: 5 0 0 324 06 2694 2591 86 2427 229 192 872 314 721 259 098 0.09 1 0
‘MarsSSP16Febd3LR: 25 0 0 144 041 2719 2856 153 2505 331 88 652 269 592 245 172 017 104 0086
‘MarsSSP16Feb93LR: 5 0 0 16 048 2719 2897 169 2485 311 76 671 109 61 099 166 022 099 006
‘MarsSSP15Febg3LR: 25 0 0 1 074 27119 2676 343 2061 -11.3 52 267 111 242 101 122 008 105 003
‘MarsSSP15Feb83LR: 5 0 0 09 002 27118 2675 Q0 2056 -118 57 3.37 056 306 051 127 005 108 003
‘Mars20M15Feb93LR: 25 0 0 265 066 2726 266.9 126 2488 318 139 633 272 59 253 144 018 104 007
Mars20N15Feb%3LR: 5 0 0 285 013 2726 2669 0 2404 234 121 471 123 44 115 116 029 095 005
Mars40N16Feb%3LR: 25 0 0 216 045 2666 2717 11 2341 178 67 236 114 232 112 198 022 107 003
‘Mars40N16Feb93LR: 5 0 0 215 067 2666 2705 151 2325 161 64 3.02 058 297 057 187 013 107 007
MarsGON16FehS3LR: 25 0 0 159 025 2476 2377 71 2183 62 106 348 119 4 137 122 019 1 0
‘Mars60N16Feb93LR: 5 0 0 165 001 2476 2377 0 2163 32 93 454 095 52 109 1.03 0.01 1 0
Mars65N14FehS3LR: 25 0 0 107 013 2309 2239 42 210 -05 106 389 128 463 152 1 ] 1 0
Mars65N14FehS3LR: 5 0 0 11 013 2308 2255 4 2098 -06 89 486 097 578 115 1 ] 1 0
Mars65N16FehS3LR: 25 0 0 229 033 2309 2493 74 2211 106 62 388 137 473 163 151 024 1 0
Mars65N16FehS3LR: 5 0 0 258 011 2308 2493 0 204 65 92 3 061 35 072 096 03 1 0
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Table A3.3. July 1993 Analysis Details

03 Terr Terr
Reso-  Fit Fit MGS  Fit Fit 03 ch Cco2 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayer! MGS 1 MF mu- Scale Scale
filename (MHz) Shift  sig Factor 1sig K K 1sigk delta K sig x1E-8 1sigatm 1 sig Factor 1 sig Factor 1sig
‘MarsGONOSJUl93LR: 25 125 119 174 038 2655 2553 132 2359 134 118 916 48 978 512 235 041 102 0.05
‘MarsCtr04Jul93LR: 25 -12 161 1.86 04 2712 2591 95 2282 203 83 183 552 156 472 137 01 083 005
MarsCtr07Jul93LR 25 106 51 179 032 2712 2525 75 2172 93 53 455 244 389 209 106 025 108 004
:MarsCtr07Jul93LR: 5 141 0 1.88 036 271.2 2545 7.9 2167 88 44 398 131 338 112 109 004 107 0.03
:MarsSS05Jul33LR: 25 -111.134 167 035 271.2 2681 119 2475 395 102 508 454 435 388 13 015 087 005
Table A3.4. March 1995 Analysis Details
03 Terr Terr
Reso-  Fit Fit MGS  Fit Fit 03 cD co2 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayert MGS 1 MF mu- Scale Scale
filename (MHz) Shift  sig  Factor 18ig K K 1sig K deltaK sig x1E-8 1sigatm 1 8ig Factor 1sig Factor 1 8ig
:Mars40520Mar95LR: 25 0 0 11 057 1891 2101 146 1787 -2 75 253 167 196 129 14 045 098 007
:Mars40520Mar95LR: 5 0 0 122 097 1991 209.8 225 176.7 -4 89 189 089 154 069 098 039 088 008
:Mars20520Mar95LR: 25 0 0 195 125 2423 2481 253 2112 121 98 501 399 325 259 1 0 104 007
:Mars20520Mar95LR: 5 0 0 2 007 2423 2481 0 2128 136 142 515 253 335 164 1 0 101 007
:MarsEq20Mar95LR: 25 0 0 134 021 261 2375 67 2149 6 99 303 162 232 124 104 0.22 1 0
:MarsEq20Mar95LR: 5 0 0 141 026 261 2396 7.7 2151 6.1 119 548 163 42 125 099 017 1 0
:MarsEg21Mar95LR: 25 0 0 148 022 261 2633 85 2303 214 54 449 149 344 114 145 031 099 004
:MarsEg21Mar95LR: 5 0 0 148 025 261 2632 78 2313 223 52 495 082 379 062 141 015 101 005
:Mars20N20Mar95LR: 25 0 0 188 023 2691 2541 99 2278 188 76 377 2 343 182 138 051 1 0
:Mars20N20Mar95LR: 5 0 0 21 007 2691 2541 0 2386 296 589 78 162 717 147 043 0.24 1 0
:Mars20N22Mar95LR: 25 0 0 247 023 2691 239 39 212 3 5 256 087 233 079 1.09 019 1 0
:Mars20N22Mar95LR: 5 0 0 247 0 2691 239 0 212 3 0 22 085 2 059 1 a 1 0
:MarsS519Mar95LR: 25 0 0 129 016 2706 2703 75 2339 226 4 634 302 578 275 112 026 097 003
:Mars§519Mar95LR: 5 0 0 143 023 2706 2736 8 2301 188 45 481 106 439 08 1.03 014 09 003
:Mars40N20Mar95LR: 25 0 0 136 012 2696 2436 5 2209 17 47 303 113 306 114 115 026 1 0
:Mars40N20Mar95LR: 5 0 0 154 012 2696 2504 5 227 78 45 549 061 554 061 13 0.24 1 0
:Mars40N21Mar95LR: 25 0 0 257 046 2696 264 84 2281 89 76 28 253 292 25 151 012 1 0
:Mars40N21Mar95LR: 5 0 0 257 077 2696 2636 183 2264 72152 163 156 165 158 156 0.34 1 0
:Mars40N22Mar95LR: 25 0 0 219 068 2696 2464 127 2379 186 184 18 208 192 21 045 004 104 008
:Mars40N22Mar95LR: 5 0 0 221 12 2696 2458 2119 241 218 305 24 156 242 157 029 001 107 005
:Mars40N23Mar95LR: 25 0 0 278 027 2696 2964 88 2499 306 38 35 126 36 1.27 253 032 1 0
:Mars40N23Mar95LR: 5 0 0 273 029 2696 2043 96 2517 324 36 431 067 435 068 244 033 1 0
:Mars60NA19Mar95LR_1: 25 0 0 128 017 2623 2596 77 2278 44 33 211 141 243 127 155 033 094 003
:Mars60NA19Mar95LR_1: 5 0 0 13 019 2623 2578 78 2265 31 22 16 045 184 051 132 025 091 004
:Mars60NA21Mar95LR: 25 0 0 184 025 2623 2608 61 2203 6 35 351 104 404 12 14 01 094 004
:Mars60NA21Mar95LR: 5 0 0 182 034 2623 2588 88 2289 55 51 258 073 297 084 128 02 093 005
:Mars60NB23Mar95LR: 25 0 0 135 011 2623 2595 51 2261 28 38 257 1.02 295 147 11 0.3 1 0
:Mars60NB23Mar95LR: 5 0 0 136 012 2623 2591 38 2259 25 39 169 059 195 068 1.04 0.01 1 0
:Mars80N23Mar95LR: 5 0 0 132 018 1941 2277 49 2132 -4 152 173 068 21 083 1 0 1 0
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Table A3.5. March 1999 Analysis Details

03 Terr Terr
Reso-  Fit Fit MGES  Fit Fit 03 co co2 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayer! MGS 1 MF mu- Scale Scale
filename (MHz) Shit  sig Factor 15sig K K 1sig K delta K sig x1E-8 1sigam 1 sig Factor 1sig Factor 1sig
:Mars75NB29Mar9aLR: 25 45 32 118 008 250 2482 23 223 75 2 179 061 1.82 062 059 013 1.05 0.03
:Mars75NB29MargaLR: 5 59 26 1.6 007 280 2487 24 21135 63 3 177 035 1.81 036 065 023 109 002
:Mars60NB25MarS9LR: 25 07 36 141 016 2635 2665 52 2193 47 21 13 061 13 06 157 005 131 0.02
:Mars60NB25MarS9LR: 5 231 134 015 2635 265 51 2206 -34 23 155 035 154 035 133 016 1.34 003
:Mars40NB27MarS9LR: 5 91 66 181 038 2728 2665 98 2226 05 51 036 087 034 08 119 03 125 005
Mars20NB24MarS9LR 25 48 26 1.06 03 2692 2572 121 225 09 35 442 163 354 131 228 0.1 118 0.03
Mars20NB24MarS9LR 5 83 25 108 032 2692 2577 129 2126 -08 36 515 084 413 067 216 007 117 0.02
:Mars00B26Mar99LR: 25 - 4 169 074 2617 2745 M2 2188 74 41 433 278 282 181 143 021 134 006
:Mars00B26Mar99LR: 5 69 48 179 11 2617 2726 287 2186 69 57 503 177 328 115 108 014 125 007
:Mars205B25Mar88LR: 25 92 61 145 031 2443 2429 88 2153 161 132 121 531 658 289 218 055 132 0.08
:Mars205B25Mard9LR: 5 29 41 148 027 2443 2439 77 2158 166 105 1077 331 586 1.8 265 041 129 007
:Mars20SB29Mard9LR_3: 25 93 29 1.03 008 2443 2486 33 2211 219 53 413 214 242 125 088 03 1.08 0.04
:Mars20SB29Mard9LR_3: 5 85 31 104 01 2443 2483 4 2119 227 62 447 134 262 078 048 011 107 003
:Mars40SB26Mard9LR_A 25 1307 1 0 2034 2312 26 1944 132 96 356 339 203 194 187 047 134 006
:Mars40SB29Mard9LR_3: 25 48 92 1 0 2034 2328 33 1937 125 111 451 715 251 399 316 1.16 1 0
:Mars40SB29Mard9LR_3: 5 -105 87 1 0 2034 2344 33 1959 147 159 11.91 528 6.64 294 35 0.5 1 0
:Mars40SA26Mard8LR: 25 -6 224 1 0 2034 2036 09 1893 81 57 32 376 3.92 459 1 0 1 0
Mars40SA26Mard8LR! 5 142 124 1 0 2034 2046 1 1927 115 68 877 68 1073 832 1 0 1 0
Mars40SA29NMard8LR! 25 71 33 075 021 2034 2123 82 1811 01 31 277 114 203 084 058 023 119 0.04
:Mars405A29MarB8LR: 5 26 51 08 033 2034 214 124 1818 06 48 1.01 067 074 049 046 004 118 005
:Mars405C29MarfaLR: 25 111 43 1 0 2034 2244 04 1885 84 46 561 187 32 107 03 0.0 1 0
:Mars405SC29MarBaLR: 5 -84 41 1 0 2034 225 04 1875 64 55 558 115 319 066 068 0.02 1 0
Table A3.6. June 2003 Analysis Details
03 Terr Terr
Reso-  Fit Fit MGS Fit Fit 03 cD coz 03
lution. Doppler 1 Scale Tsurf  Tsurf Tlayert MGS 1 MF mu- Scale Scale

filename (MHz) Shift  sig Factor 1sig K K 1sigK deltaK sig x1E-8 1sigatm 1sig Factor 1 sig Factor 1 sig
‘Mars10Jun03_40N_MGS_LR: 25 128 57 114 007 2354 2429 22 2063 33 1.8 099 063 1.04 086 047 003 1.08 002
‘Mars10Jun03_40N_MGS_LR: 5 15 11 112 013 2354 2492 49 2111 81 41 049 035 051 037 128 01 113 003
‘Mars14Jun03_20M_45E LR 25 84 32 132 004 2894 2611 1.4 2245 5 16 124 032 123 032 054 003 108 001
‘Mars14Jun03_20N_45E_LR 5 206 26 12 008 2694 2569 29 2226 69 36 1.02 019 1.01 019 051 003 11 002
‘Mars10Jun03_0S_55E_LR: 25 <11 44 207 014 2857 2516 391 2301 9.8 65 00 0 00 0 118 019 114 003
‘Mars10Jun03_0S_55E LR: 5 <11 67 212 024 2857 2513 48 2277 122 9 00 0 00 0 102 023 113 004
‘Mars14Jun03_20S_60E_LR: 25 <17 25 187 009 2871 2529 22 240 2 72 12 086 072 051 013 001 111 002
‘Mars14Jun03_205_60E_LR: 5 02 32 186 012 2871 2535 31 24141 31 85 078 042 047 025 012 003 113 002
‘Mars12Jun03_405_60E_LR: 25 03 28 246 018 2805 2553 31 2282 -39 53 1.83 128 142 078 008 001 111 002
‘Mars12Jun03_405_60E_LR: 5 -31 35 26 03 2805 2578 5 2303 -18 71 263 064 161 039 019 002 1.09 003
‘Mars12Jun03_605_60E_LR: 25 0 0 381 097 2096 2335 91 2125 0 0 496 256 304 157 037 012 09 006
‘Mars12Jun03_60S_60E_LR: 5 0 0 37 114 2096 2346 11 225 0 0 59 126 361 077 037 0 1.02 006
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