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Abstract

Hydrogen peroxide (bO2) has been suggested as a possible oxidizer of the martian surface. Photochemical models predict a mean
column density in the range of 38-1016 cm™—2. However, a stringent upper limit of the;®, abundance on Mars (9 104 cm™—2) was
derived in February 2001 from ground-based infrared spectroscopy, at a time corresponding to a maximum water vapor abundance in th
northern summer (30 pr. urhs = 112°). Here we report the detection ofbB, on Mars in June 2003, and its mapping over the martian
disk using the same technique, during the southern sprisig: 06°) when the global water vapor abundance wa%0 pr. um. The spatial
distribution of H,O, shows a maximum in the morning around the sub-solar latitude. The mg@p ¢blumn density (6< 1015 cm™2) is
significantly greater than our previous upper limit, pointing to seasonal variations. Our new result is globally consistent with the predictions
of photochemical models, and alsdtlvsubmillimeter gound-based measurementsadbed in September 200B= 254°), averaged over
the martian disk (Clancy et al., 2004, Icarus 168, 116-121).
0 2004 Elsevier Inc. All rights reserved.

Keywords: Mars; Mars, atmosphere; Atmospheres, contjus Infrared obseni@ons; Photochemistry

1. Introduction with a typical global average column abundance in the range
of 101°-106 cm~2 (Krasnopolsky, 1993, 1995; Atreya and
Gu, 1994; Nair et al., 1994, Clancy and Nair, 1996)these
models, B0, results from the combination of two HQad-
icals which result from a reaction involving Ho0Oand CQ:

H202 has been proposed as an oxidizer of the martian
regolith, which may have sterilized the soil down to a few
meters below the surfag@ullock et al., 1994) It could
have been responsible for the absence of organic mole-4 + 0, + CO, — HO, + CO,,
cules on the surface of Mar®©yama et al., 1977)and
possibly also for the positive response of the Viking La- HOz +HOz = H202 + 02
beled Release Life Science ExperiméHuguenin, 1982; The destruction of BO2 occurs through its photodissoci-
Levin and Straat, 1988)n fact, photochemical models have ation into OH:
predicted the formation of $05 in the atmosphere of Mars HoOp + hv — 20H.

— Since H is produced from the photolysis of water vapor,
Corresponding author. Fax: 33-1-45-07-28-06. to first order, photochemical models expee¢iiHand HO;
1 \Ef'"_“'?“' address. therese.encrenaz@obspm.fr (Th. Encrenaz).. abundances to be correlated, if all else were equal. Any cor-
isiting Astronomer at the Infrared Telescope Facility, which is oper- . . . .
ated by the University of Hawaii under Cooperative Agreement NCC 5-538 relation betw?er_] kD, and I-bO.WI” be at a given altitude,
with the National Aeronautics and Sge Administration, Office of Space ~ NOt necessarily in the column integrated sense. It should be
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the column abundance of,. We will elaborate on this
point and on the seasonal variability 03®, further inSec-
tion 4.

Previous attempts to detecb@, on Mars were unsuc-
cessful, until its very recent detection from submillimeter
ground-based spectroscofijlancy et al., 2004)A 2-0 up-
per limit of 7.5 x 10'® cm~2 for H,0O, was obtained first by
Krasnopolsky et al. (1997xorresponding to a mean,B
abundance of- 10 pr.um and.s= 222°. A more stringent
2-o upper limit of 9x 104 cm~2 was obtained bgncrenaz
et al. (2002) corresponding to a mean;B abundance of
~ 30 pr.um and.s=112". In both cases, the estimated col-
umn density of water vapor was inferred from the global
measurements obtained by the MAWD Viking experiment
(Jakosky and Haberle, 1992nter confirmed by the TES
instrument aboard Mars Global Surveyor and well repro-
duced by climatological model$orget et al., 1999)Both
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ginning of southern spring). The latitudes of the sub-solar
point and the sub-Earth point werell® and —21°, re-
spectively. The total observing time (summed over the two
nights) was 260 minutes, over which the sub-solar point
spanned the longitude range of°a¥-155 W. Mars was
approaching the Earth with a radial velocity-eill kms1,
corresponding to a Doppler shift éf0.045 cnT1. Accord-
ing to Viking (Jakosky and Haberle, 1992)d MGS(Smith,
2002) global measurements, the global water vapor abun-
dance was- 10 pr. um.

For both data sets, the slit was oriented along the celestial
N-S axis, and the telescope was stepped.bYy B between
two successive 8-sec integrations. The slit covered alterna-
tively the northern and the southern parts of the martian disk,
in order to build two maps, for the northern and southern
hemispheres, respectively. The pixel size was 0.33 arcsec;
our spatial resolution, after binning, is about 1.5 arcsec.

observations were done using ground-based high-resolution  The flux calibration of the TEXES spectra follows the

infrared spectroscopy at a wavelength~e8 um in thevg
fundamental vibration-rotation band ob8-. In the case of
Mars, molecular lines are very narrow with a FWHM typ-
ically less than 0.001 cnit, so that high spectral resolving
power (R > 10% is essential. This constraint prevents in-
frared or submillimeter detection ofJ@, from spacecraft,
which do not carry such facility. The 8-um spectral range is
best suited to search for,8, on Mars using ground-based
telescopes, due to the relatively large intensity of individual
H»0, transitions in theys band, coupled with the availability
of high-resolution spectrometers.

In this paper, we present the detection and mapping of

H202 on Mars in June 2008Encrenaz et al., 2003)sing
the same technique as in our previous atte(Bpicrenaz et
al., 2002) Several individual HO- lines have been identi-
fied, and the resulting ¥D> column density in the region
close to the sub-solar point is found to be7.5 x 10%°
cm2. Using the ground-badesubmillimeter heterodyne
technique Clancy et al. (2004jirst reported the detection
of H2O, obtained ten weeks later, in September 2003.

2. Observations

Observations of Mars were carried out on June 19-20,

radiometric method used commonly for millimeter and sub-
millimeter observationgRohlfs and Wilson, 2004)and is
described irEncrenaz et al. (2002Jhe data are uncorrected
for telluric absorption in order to preserve the original S/N
ratio. Spectra of the Moon were recorded for identifying tel-
luric absorptions.

Figure 1shows spectra of Mars in the 1230.0-1236.0
cm~! range Fig. 19 and the 1237.2-1243.5 crh range
(Fig. 1b. To obtain these spectra, we averaged individual
spectra over an area of Mars where the line depths (in
radiance units) were found to be maximum, in order to max-
imize the accuracy of the4D, measurement. This area cov-
ers the latitude range 101-35° S, and the longitude range
20° E-30 W relative to the sub-solar point. The averaged
spectra, incorporate 102Bi¢. 13 and 1657 Fig. 1b) indi-
vidual spectra, respectively. We note that the continuum flux
in the selected area (55-59 erdsm—2 sr1/cm™1) corre-
sponds to a brightness temperature of 300 K, slightly higher
than that expected from the Laboratoire de Météorologie
Dynamique and Oxford University martian Global Cli-
mate Model (hereafter GCMForget et al., 1999 which
is ~ 290 K. We attribute this difference to the uncertainty in
the absolute calibration of our data.

Several individual HO> lines are identified in both spec-

2003 using the Texas Echelon Cross Echelle SpectrograpHral intervals. In particular, a doublet can be clearly seen
(TEXES) mounted at the 3-m NASA/Infrared Telescope Fa- at 1234.05 and 1234.10 crh (Doppler-shifted positions,

cility (IRTF). TEXES is a mid-infrared spectrograph cover-

Fig. 2). This doublet was not detected in our previous obser-

ing the 5- to 25-pm range and it has high spectral and spatialvations of February 2001 (see Figs. 3—4Esfcrenaz et al.,

resolution capabilitie@_acy et al., 2002)We used the high-

2002. We note, however, that the line at 1234.05¢nis

resolution cross-dispersed mode. On June 19, we covered théhifted by one resolution element, ©10.015 cn1, relative
1230-1236 cm! (8.09-8.13 um) spectral range and on June to the predicted KO, line position. At this time, we have

20, the 1237-1244 cnt (8.04-8.08 pm) spectral range. In
both cases, we used allx 8 arcsec slit; the spectral resolu-
tion was 0.016 cm?, corresponding to a resolving power of
7.7 x 10%,

no satisfactory explanation for this offset. The two strongest
H»Os transitions of the entire spectral range appear promi-
nently at 1241.57 and 1241.65 chas seen irFig. 3. All
other lines inFig. 1 are identified as martian GQines be-

The diameter of Mars was 15 arcsec at the time of our longing to weak'2C160180 and'3C160180 isotopic bands,

observations. The aerocentric longitude was 208 (be-

or as telluric absorption lines.
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Fig. 1. Spectra of Mars (black line) integrated over a selected area
around the sub-solar point, and unemted for telluric absorptions.
The spectral resolution is 0.016 crh (a) 1230.0-1236.0 cnt range;

(b) 1237.2-1243.5 cmt ranges. The synthetic absorption spectrum of
H,0,, corresponding to a mixing ratio of % 10-8, is shown for com-
parison (red line). All the lines in both spectra can be interpreted gs CO
or H,O» martian lines, or as terrestrial &s. The strongest absorption lines
are due to telluric methane lines.
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Fig. 2. Spectrum at 1233.9-1234.3 thin the selected area of the martian
disk (black line). The Doppler shift is 0.045 crh. Models correspond to
H,0, mean vertical mixing ratios of 2 10~8 (green), 4x 108 (red, best
fit), and 8x 108 (blue). The airmass factor is 1.5.
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Fig. 3. Same afig. 2 except for the range 1241.5-1241.7 ¢ The
strong absorption beyond 1241.7 this due to a telluric methane line.

3. Modeling and interpretation

The depths of the D> lines depend upon the J@,
vertical distribution, the surface temperaturg, the at-
mospheric temperaturE(z), and in particular, the temper-
ature contrasfy — T (z = 0 km). For the selected area of
maximum KO line intensity (corresponding to an airmass
of 1.5), we assumed; = 290 K and a surface pressure
P; =5 mbar. We then adjusted the valuegab km) = 235
K and 7' (20 km) = 180 K to fit the observed depths of the
weak CQ lines. This thermal structure is close to that pre-
dicted by the GCMForget et al., 1999) the selected area,
in particular the surface-atmosphere contrast (58 K in the
GCM). This temperature profile was then used to model
the HO> lines, following the strategy used in our previous
study(Encrenaz et al., 2002)\s a first approximation, and
for comparison with previous studies, we assumed a con-
stant vertical mixing ratio of bO». Spectroscopic data of
H202 and CQ come from the GEISA data baif§acquinet-
Husson et al., 1999)n addition, spectroscopic parameters
of weak CQ isotopic lines, not in the GEISA linelist, were
calculated using the analysis Bpthmann (1986As shown
in Figs. 2 and 3the best fit is obtained with anJd@®, mixing
ratio of 4x 1078, corresponding to an #D, column abun-
dance of 75 x 10'° cm~2, in the selected area close to the
sub-solar point. The error budget on this result is described
below.

Since the HO, and the weak C®lines are optically thin,
their column densities are to first order proportional to the
line depths. By dividing the depth of a givenn®; line by
the depth of a neighboring Gdine of comparable intensity,

a reliable determination of theJ®, mixing ratio can be ob-
tained as it minimizes the uncertainties in the analysis due
to effects of surface and atmospheric properties, including
dust opacity and the airmass factor. Using this method to an-
alyze the two sets of $D> line doublets (se€igs. 2 and B

we built a map of the KO, mixing ratio over the martian
disk. To determine the #0, mean line depth, we averaged
the four HO, transitions mentioned above with appropriate
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weighting. For the C@line depth, we used the transition at for several reasons: (1) the signal-to-noise ratio in a spa-
1241.6 cnt!, which is the weakest one and thus the closest tial element is 3—4 times lower, (2) in most areas, the,CO
in intensity to the HO» lines. The resulting map is shown line depth is smaller than that in the averaged spectra, and
in Fig. 4, along with the map of the continuum and the maps (3) near the limb, uncertainties associated with large air-
of the HLO, and CQ line depths. The b0, mixing ratio masses have to be taken into account. The 1-SD noise level
ranges from 2 1078 to 5 x 10-8 over the area where this  leads to an error bar on the,8, mole fraction between
parameter can be measured. It is maximum at the morning40.05 and+0.25 x 10~8, depending on the CQine depth.
limb at the sub-solar latitude~(10° S) and is lowest pole-  The 0.15% uncertainty on the continuum yields a larger un-
ward of ~ 45° S. The averaged value is aboup X 108 certainty, in the range 0.4-0:810-8. The largest values
and corresponds to a column density ok @0 cm~2 as- correspond to the east and south boundaries of #@H
suming a mean surface pressure of 5 mbar. It is interestingabundance mag={g. 4d, and smaller values to longitudes
to note that beyond the evening terminator (the right side westward of the sub-solar point in the °30-40° S lati-
of the map), the surface tempéure drops faster than the tude range. Finally, the westernmost pixels in this map are
atmospheric temperature and the line contrast almost dis-affected by the large airmass factor. For a given value of
appears for both COQand H O, transitions, preventing the the H,O2 mixing ratio, the HO2/CO;, line depth ratio in-
H2>0, abundance determination. The continuum map shows creases by 15% when the airmass is varied from 1.5 (i.e.,
that the maximum flux (hence the surface temperature) oc-that of the averaged spectra) to 4. We can then estimate
curs ~ 20° east of the sub-solar point, as expected from that the mole fraction for these limb pixels bears an addi-
global climate models. tional uncertainty in the range®x 108 (high latitudes) to
There are two possible sources of error in our determi- 0.7 x 10-8 (sub-solar latitude). As a result, the uncertainty
nation of the HO, abundance distribution: (1) noise and on the HO, varies from a minimum of- 0.5 x 10~ in the
systematic errors in the daté2) uncertainties associated region [30 N-40° S, 0—30° W of the sub-solar point] to
with the model parameters. The formal signal-to-noise ra- ~ 0.9 x 1078 at the east and south limits of oup8, map.
tio, in the spectra ofFigs. 3—4 exceeds 10,000. However,
the precision to which the #D, line depths can be deter-
mined is limited by uncertainties in the continuum level 4. Discussion
around the lines. This continuum is affected by the nearby
telluric lines, imperfect correction of the flat-fielding, and Our results are in good agreement with predictions of
possibly spectral variations of the surface emissivity. We both 1D and 3D photochemical models. Our mean mole
estimate that we can reach a precision of 0.15% on the lo-fraction (~ 3.2 x 10~8) also reasonably agrees with the disk-
cation of the continuum. As theJ@; line contrastis 1.3to  averaged measurement of the® mixing ratio (18+0.4 x
1.5%, the uncertainty due to this error source is estimated10-8) obtained byClancy et al. (2004)en weeks after our
to ~ 10%. We have estimated the uncertainties associated tomeasurement. It is difficult, weever, to compare precisely
the model by varying systematically the various parametersthe two results, because of the different geometries of the
Py (£33%), T, (£10 K) andT'(z) (+£10 K). We derive that,  two observations. Our measured®p mixing ratio ranges
for a given value of the bO, mixing ratio, the HO/CO; from 2 x 1078 to 5 x 108 in the area where this parameter
line depth varies by 5% at most for thg variations, 3% can be inferred, with a maximum around the sub-solar point.
at most for theT; variations and 4% at most for the varia- Clancy et al.'s measurement corresponds to a field of view
tions of T'(z). Adding all these errors quadratically, we infer of 13.3 arcsec (about half of the planet’'s diameter) centered
a mean HO, mixing ratio of 4+0.5) x 108, correspond- on the martian disk and thus does not include the sub-solar

ing to an B0, column abundance ofF(+1) x 10 cm=2 point. This may explain at least partly why the submillimeter
near the sub-solar point. This value is slightly larger than measurement is slightly lower than ours.
the mean value of .2 x 10~8 quoted above, which reflects The martian Global Climate Model (GCNForget et al.,

the mean value of this mixing ratio above the whole area 1999 includes a photochemical module which computes the
where this parameter can be measured. The error bars mayull spatial and temporal variations of the atmospheric com-
actually be larger than the numbers given above, due to un-position, based on a water cycle also computed within the
certainties in the b0, and CQ intrinsic line strengths that GCM, and in agreement with the one observed by the TES
we cannot estimate. Note that the meaOp mixing ratio instrument aboard the MGS missi¢®&mith, 2002) No het-
that we infer by our method is probably not too meaningful. erogeneous chemical processes are considered in this model.
Indeed, most photochemical models predict a non-uniform The spatial distribution of the ¥, mixing ratio inferred
vertical mixing ratio, with an effective scale height smaller from this calculation is shown iRig. 5. Both observed and
than the mean atmospheric sedleight. Nevertheless, the computed HO, mixing ratios behave similarly in the south-
column density derived from our mean mixing ratio can be ern hemisphere, with a maximum in the morning limb and
directly compared to photochemical predictions. around 20 S latitude. However, in the northern hemisphere,
The error bars associated with the® mixing ratios in- the model predicts a maximum of the,B, mixing ratio
dicated in our map are larger than the one mentioned abovewhich does not appear in the observations; this discrepancy
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Fig. 4. Maps of (a) the continuum, (b) the g@ne depth, (c) the HO, line depth, and (d) the $0,/CO, mixing ratio over the martian disk, summed
over the June 19 and 20 observations. The sub-solar point is indicated byeadawhand the sub-Earth point as a circle. In panel (a), the continuum is in
ergs?t cm—2 sr~1/ em~1; contours are separated by 5 of these units. The [B@ depth, expressed as a fraction of the continuum (b), is obtained from the
COy, line at 1241.6 cmil. The H,O5, line depth (c) is obtained from the average of the fogH lines shown inFigs. 2-3 In (d), the HO mixing ratio is
indicated in multiples of 108; contours are separated by 1078.1n maps (c)—(d), the data have been smootbed%-arcsec resolution and are limited to
the regions where the S/N is statistically significant.

remains to be understood. The enhancement,@iHn the Ls=206, UT=20h
morning sector could possibly be explained by the lack of Centre:80W.215
H,0, photolysis loss throughout the nigf#treya and Gu, RERSRAERA R
1995) which could result in its build up towards morning. It
can also be noted that the region of maximupOhl mixing
ratio is an area of low altitude (south of Amazonis Planitia),
and topographic effects may also be involved. To distinguish
between the two possibilities, observations at a different sub-
Earth longitude are needed.

Our observed mean abundance obQd (~ 6 X
105 cm2) is six times larger than the low upper limit
we inferred in February 2001. We attribute this difference
to seasonal variations in 4@, as the two measurements
correspond to very different times of the seasonal cycle.
Preliminary calculations indate that several factors play
a role in determining the abundance of® and its sea-
sonal variation, so that ultimately the correlation between
H>0 and the HO, column abundances may not be strong.
The most important factors are, (i) atmospheric temperature,
(ii) height dependent lifetimes of key species, and (iii) height
dependent loss processes, including photolysis rates of indi-
vidual species. For example, a factor of 1000 change in theFig. 5. Map of the HO, mixing ratio, as modeled by the GCM under the
abundance of b at thesurface (from 0.1 to 100 pr. um) conditions of our observations. This map can be comparétgtodd The
results in only a very small change in the water vapor in longitude of the central meridian is 89 and that of the sub-solar point is

the photochemical regime. This is because the water vapor 120°W.

H,0,/C0, ratio (x 1078)
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