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Introduction:

Ozone is an observable tracer of odd hydrogen
(HOx) species important to the chemistry and stabili-
ty of the atmosphere of Mars, and ozone measure-
ments are used to test models of Martian atmospher-
ic chemistry. Infrared heterodyne spectroscopy
(MAX>10°) is currently the only technique that pro-
vides direct access to Martian ozone absorption line
shapes from the surface of the Earth. The high spec-
tral resolution allows Martian ozone lines to be mea-
sured when they are Doppler shifted away from their
terrestrial counterparts into regions of higher telluric
transmittance.

Total ozone column abundances were obtained
from various latitudes and orbital positions (Table 1)
on Mars between 1988 and 2003. Those ozone mea-
surements are compared with contemporaneous wa-
ter vapor measurements and with predictions of pho-
tochemistry in order to test the understanding of
Martian atmospheric chemistry.

IR Heterodyne Ozone Measurements:

Instrumentation. Spectroscopic measurements of
ozone features on Mars were acquired with the
NASA/Goddard Space Flight Center Infrared Het-
erodyne Spectrometer [IRHS, Kostiuk and Mumma,
1983; Kostiuk, 1994] between 1988-1999 and with
the Heterodyne Instrument for Planetary Wind and
Composition [HIPWAC, Schmiilling et al. 1999] in
2003 at the NASA Infrared Telescope Facility
(IRTF) on Mauna Kea, Hawai’i.

The heterodyne technique involves mixing 9.7
pm infrared signal from Mars with infrared signal
from a frequency-stabilized '*0"2C'°O gas laser local
oscillator (LO). The two signals are focused togeth-
er onto a liquid nitrogen-cooled HgCdTe photomix-
er, providing a radio-frequency (RF) signal at the ab-
solute difference frequency between the source and
the laser frequency. The frequency and the intensity
information of the infrared spectrum are preserved in
this beat frequency spectrum. The source signal is
chopped with an in-system (“on-the-table”) chopper
or the telescope wobbling secondary mirror for syn-
chronous detection of the difference between the
source and background sky. A local blackbody
source provides the system intensity calibration, ver-
ified with direct measurements of continuum emis-
sion from the Moon. RF filter banks or an acousto-
optic spectrometer (AOS) are used to analyze the RF
beat-frequency signal, providing high spectral reso-
lution in excess of 10,

Observations. Target ozone features in the 9.7 p
m are chosen so that the relative velocity of Mars
and Earth Doppler shifts the Martian ozone features
away from their terrestrial counterparts into regions
of higher telluric transmittance. Observations were
made during periods detailed in Table 1 at various
latitudes on Mars with a beam that covered ~10° of
latitude in most cases (~15° at high latitudes). The
pointing was maintained at a constant Mars local
time, and each spectrum covers ~20°-40° of longi-
tude on Mars.

Table 1. IR Heterodyne Ozone Observations of Mars

Ls UT Date Northern
Martian Season
40° 14-16 Feb 1993 Mid-Spring

74° 17-23 Mar 1995
102° 4-7 Jul 1993
115° 24-29 Mar 1999

Late Spring
Early Summer
Early Summer

202° 10-16 Jun 2003 Early Autumn
208° 3-7 Jun 1988 Early Autumn
291° 1-3 Nov 2003 Early Winter

Data Reduction and Analysis. Spectra are assem-
bled by co-adding scans according to their date of
observation and position on Mars. The resulting
spectra contain features of both Earth and Mars, so
observations of the telluric absorption spectrum tak-
en against the Moon [Fast et al. 2004] are used to
characterize the telluric contribution for removal
from the Martian spectra. The Martian components
of the spectra are modeled using the radiative trans-
fer package BEAMINT [Hewagama et al. 1998] and
the terrestrial components are generated and fine-
tuned through calls to GENLN2 [Edwards 1992].

A Martian CO, line is present in the instrument
bandpass along with the ozone features. The fully-
resolved Martian CO, absorption line shape is sensi-
tive to the combination of surface temperature, sur-
face pressure, and atmospheric temperature profile.
The surface pressure is externally constrained [Till-
man et al. 1993] using surface altitudes from MGS-
MOLA [D. E. Smith et al. 2001]. Initial thermal pro-
files and surface temperatures are from MGS-TES
[M. D. Smith et al. 2001] and are iteratively modi-
fied in the fitting process until a best fit to the CO,
line shape is achieved. The final fit parameters ulti-
mately deviate somewhat from the MGS results be-
cause of local time and pointing variations, and this
thermal information is important for accurate ozone
abundance retrieval.
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IR heterodyne measurements probe ozone col-
umn abundance down to the surface, and retrieved
column abundances are not strongly affected by rea-
sonable variations to a constant-with-height ozone
distribution [Fast 2005]. A constant-with-height
ozone mole fraction is therefore assumed in the
model, modified by a fitted multiplicative factor. A
data calibration factor is also allowed to vary in the
fitting process to account for calibration and tracking
uncertainty, seeing and telluric transmittance varia-
tion. This allows the fully-resolved line shapes them-
selves to drive the modeling of the Martian atmo-
spheric parameters.

The shape and depth of the measured CO, line
can indicate the presence of large amounts of dust.
These measurements at 9.7 um are not strongly sen-
sitive to normal amounts of dust. Possible extinction
greater than 10-20% was not evident in the CO, lines
shapes and retrieved surface temperatures for any of
the observing campaigns. Uncertainties in dust ex-
tinction are smaller than derived errors (>20%) in
the ozone abundance from the IR heterodyne mea-
surements.

The 1o uncertainties on retrieved ozone column
abundances reflect correlations with the other pa-
rameters (atmospheric and surface temperature, cali-
bration factor, telluric ozone and CO,) as well as the
variance between the observed and model spectra.
Displayed uncertainties are therefore more conserva-
tive representations of the accuracies of the re-
trievals than uncertainties in ozone abundance when
the other parameters are held fixed. The column
abundances themselves are integrated above the lo-
cal topography on Mars.

IR Heterodyne Ozone Measurements Applied:

Ozone/Water Vapor Anticorrelation and Vertical
Distribution. Example IR heterodyne ozone column
densities from Lg=115° (March 1999) are displayed
in Fig. 1, along with contemporaneous water vapor
column densities from MGS-TES [M. D. Smith et al.
2001, Smith 2004]. Spatial anticorrelation of the two
species is clearly evident. This is expected by photo-
chemistry, as water vapor photolysis provides odd
hydrogen that destroys ozone.

Mars March 1999 L =115°

10 L
r I a0
_. BF 25 E
E I i
5 1%s
S 8
= 40
% g 1 =
- 1l &
o [ 28] ]
2t ;9=
of__ — . . ! . Jo
40 20 0 20 40 60 &0
Latituda (*M)

(5 MHz ratriovala)

Fig. 1. IR heterodyne ozone retrievals and uncertain-
ties at Ls=115° (March 1999) with contemporaneous water

vapor measurements from MGS-TES [M. D. Smith et al.
2001, Smith 2004]. Demonstrated is here is spatial anti-
correlation of ozone with water vapor.

Spatial and orbital anticorrelation is consistently
seen between all heterodyne data sets and contempo-
raneous water vapor measurements, but the degree
of anticorrelation varies. This lack of consistent
strict anticorrelation may have to do with the vertical
distribution of the species. The orbital variability of
the water vapor saturation altitude [e.g. Clancy and
Nair 1996, Clancy et al. 1996a, Lefévre et al. 2004]
points to the need to measure the vertical distribution
of ozone in order to study its response to the water
vapor profile and to understand the degree of anti-
correlation of total column abundance.

Since different altitudes (pressures) contribute to
different parts of the ozone line shape, fully-resolved
IR heterodyne ozone spectra can probe the vertical
profile of ozone through targeted measurements.
Measurements of Oa('A) dayglow emission indirect-
ly probe ozone above ~20 km [e.g. Krasnopolsky
2003, Novak et al. 2002]. These in combination
with IR heterodyne measurements that are sensitive
to the total ozone column can be used to investigate
the vertical profile of ozone [Fast 2005].
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Fig. 2. IR heterodyne ozone column abundances and
uncertainties at 60°N (a) and 0°N (b) shown with model
abundances from the three-dimensional photochemical
model of Lefévre et al. [2004] (0° longitude, 12:00 local
time). The dotted line divides the aphelion (left) and peri-
helion (right) periods, with aphelion at Ls=71° and perihe-
lion at Lg=251°.



Testing Photochemical Models. Ozone abun-
dance is sensitive to the abundance of chemically ac-
tive odd hydrogen species, therefore ozone measure-
ments provide an important constraint for photo-
chemical models. IR heterodyne ozone measure-
ments were compared to predictions of the first
three-dimensional Martian photochemical model of
Lefévre et al. [2004]. Orbital behavior at example
latitudes is shown in Fig. 2. The model and measure-
ments show excellent agreement at latitudes from
60°N to 40°S during orbital periods around perihe-
lion. Excellent agreement is also seen at high lati-
tudes during orbital periods around aphelion, but at
low latitudes the model underestimates ozone abun-
dance compared to the measurements. Lefévre et al.
[2004] note a similar disagreement when comparing
with a smaller set of observations.

The disagreement between the model and mea-
surements at low latitudes around aphelion is an im-
portant clue to possible processes not included in the
model. The gas-phase model does not include het-
erogencous chemistry. Water ice clouds have been
observed at low latitudes around aphelion [e.g.
Smith 2004] and may provide a heterogeneous sink
for odd hydrogen, allowing ozone abundance to rise
above that predicted by the gas-phase model. The
addition of heterogeneous chemistry to the model
may bring the low latitude aphelion abundances into
closer agreement with measurements.

Comparison to UV Measurements. Other than
the IR heterodyne measurements detailed here, direct
observations of ozone have been made exclusively
through UV techniques above Earth’s atmosphere.
A comparison of ozone abundance retrieved through
two very different means is a useful test of both
techniques.
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Fig. 3. Example comparison of IR heterodyne ozone
measurements (filled diamonds) and HST UV measure-
ments (open squares) [Clancy et al. 1996, 1999] with quot-
ed accuracies. The two techniques show overall consisten-
cy here at Ls=74° and during other seasons.

IR heterodyne observations were compared with UV
measurements from HST [Clancy et al. 1996, 1999].
An example comparison is shown in Fig. 3, and the
two techniques show overall consistency during all
orbital periods compared.

Conclusions:

Ozone is an important tracer of odd hydrogen
chemistry, and IR heterodyne spectroscopy provides
a ground-based means for directly measuring Mar-
tian ozone abundance. We have detailed the tech-
nique and have compared IR heterodyne ozone col-
umn abundances to contemporaneous water vapor
measurements and to ozone abundances predicted
through photochemical modeling. Contemporaneous
and seasonal/orbital comparisons of ozone measure-
ments from IR heterodyne spectra and from HST
UV observations show good agreement.

Spatial and seasonal anticorrelation is seen in the
IR heterodyne ozone and contemporaneous water
vapor column abundances. However, the quantita-
tive behavior of total ozone abundance did not show
the same degree of variation as the water vapor. This
and the variability of the hygropause altitude with
orbital position suggest that the vertical distribution
of the constituents is important to photochemical
processes and the accurate interpretation of mea-
sured data by all methods and the optimization of at-
mospheric models of Mars. Fully-resolved IR het-
erodyne line shapes have the potential to probe the
vertical distribution of ozone down to the surface on
their own and in combination with O»('A) measure-
ments.

The IR heterodyne ozone measurements were
compared to the spatial and seasonal/orbital variabil-
ity of ozone predicted by the first three-dimensional
gas-phase photochemical model of the Martian at-
mosphere [Lefévre et al. 2004]. Observed and model
ozone abundances show good agreement at all mea-
sured latitudes at perihelion orbital positions. Ob-
served low-latitude ozone abundances are signifi-
cantly higher than those predicted by the model at
aphelion orbital positions. This clue points to the
need to add heterogeneous processes to the gas-
phase model. Low latitude water ice clouds ob-
served around aphelion may provide a heteroge-
neous sink for odd hydrogen. Inclusion of heteroge-
neous chemistry would decrease odd hydrogen avail-
able for destroying ozone and increase low-latitude
ozone abundance in the model, bringing it into clos-
er agreement with observations.

Ozone has been shown to be an important tool
for tracing odd hydrogen chemistry and for validat-
ing photochemical models of the Martian atmo-
sphere that make specific spatial, orbital/seasonal,
and diurnal predictions. Such models require a very
extensive pool of observations in light of the ob-
served variability of ozone abundance. IR hetero-
dyne spectroscopy is an important technique for
studying ozone on Mars, and it can enable long-term
ground-based studies of Martian atmospheric chem-
istry and stability and can serve as a useful consis-
tency check for spacecraft data.

The Mars Express instrument SPICAM [Bertaux
et al. 2000] is conducting the first long-term study of
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ozone from orbit since Mariner 9. IR heterodyne

spectroscopy can provide an important test of those

results, complement such spacecraft campaigns, and
provide long-term ground-based monitoring when
spacecraft data are unavailable
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