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Abstract

New maps of martian water vapor and hydrogen peroxide have been obtained in November—December 2005, using the Texas Echelon Cross
Echelle Spectrograph (TEXES) at the NASA Infra Red Telescope facility (IRTF) at Mauna Kea Observatory. The solar longitude Lg was 332°
(end of southern summer). Data have been obtained at 1235-1243 cm_l, with a spectral resolution of 0.016 em™! (R=8 x 104). The mean
water vapor mixing ratio in the region [0°-55° S; 345°-45° W], at the evening limb, is 150 & 50 ppm (corresponding to a column density of
8.3 £ 2.8 pr-um). The mean water vapor abundance derived from our measurements is in global overall agreement with the TES and Mars Express
results, as well as the GCM models, however its spatial distribution looks different from the GCM predictions, with evidence for an enhancement
at low latitudes toward the evening side. The inferred mean H>O, abundance is 15 & 10 ppb, which is significantly lower than the June 2003
result [Encrenaz, T., Bézard, B., Greathouse, T.K., Richter, M.J., Lacy, J.H., Atreya, S.K., Wong, A.S., Lebonnois, S., Lefevre, F., Forget, F., 2004.
Icarus 170, 424-429] and lower than expected from the photochemical models, taking in account the change in season. Its spatial distribution
shows some similarities with the map predicted by the GCM but the discrepancy in the H, O, abundance remains to be understood and modeled.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

High spatial and spectral resolution ground-based imaging
spectroscopy of Mars in the infrared is a powerful tool for mon-
itoring the narrow spectral signatures, due to the very low sur-
face pressure, of atmospheric gases. This has been illustrated, in
particular, by the maps of water vapor and hydrogen peroxide
recorded with the Texas Echelon Cross Echelle Spectrograph
(TEXES), mounted on the NASA Infra Red Telescope facility
(IRTF) at Mauna Kea Observatory in June 2003 (Encrenaz et
al., 2004, 2005). These maps were obtained by comparing weak
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individual transitions of HyO, and HDO, respectively, with a
neighboring CO, weak line of comparable depth; mixing ra-
tios were inferred from the direct ratio of the lines depths. At
the time of these observations (Lg = 206°), both species were
found in global agreement with the GCM predictions and (in the
case of H,O) with the TES results. The first reported detection
of HyO, by Clancy et al. (2004), corresponding to Ly = 251°,
was also in agreement with the models and with the TEXES
map. However, a previous search for HyO», performed with the
same instrument in February 2001 (Ls = 110°) failed to detect
this species and led to a stringent upper limit, hardly compat-
ible with the photochemical models (Encrenaz et al., 2002).
Recently, following an earlier suggestion by Atreya and Gu
(1995), Atreya et al. (2006, 2007) have pointed out that elec-
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trostatic discharges appear during dust storms and dust devils,
when dusty grains are highly charged, and could lead to strong
and localized sources of hydrogen peroxide. A spatial and sea-
sonal monitoring of H>O; thus appears important, in order to
better understand its temporal variations.

On November 30-December 1, 2005, we have obtained a
new map of HyO», still using the TEXES instrument. We now
have constraints on the HyO; abundance and spatial distribu-
tion for several values of Lg, which allow us to test photo-
chemical models under different seasonal conditions (Lefevre
et al.,, 2006). In addition, a new water vapor map, also ob-
tained during our 2005 run using a HDO transition, can also
be compared with global climate models and with space data,
in particular from MAWDY/Viking, TES/MGS and Mars Ex-
press.

In this paper, we present the new maps of H,O and H>O»,
obtained in 2005 with TEXES. Section 2 describes the obser-
vations, the modeling and the retrieval method. The H,O; and
H>O maps are presented in Sections 3 and 4, respectively. In
Section 5, we compare our results with LMD/GCM simulations
coupled with a photochemical model.

2. Observations and modeling
2.1. Observations

Observations of Mars were performed on November 30—
December 1, 2005, using the Texas Echelon Cross Echelle
Spectrograph (TEXES; Lacy et al., 2002) at the NASA Infra
Red Telescope facility (IRTF). This instrument covers the 5—
25 um range with a spectral resolving power of about 8 x 10*
and a spatial sampling of 0.3683 arcsec (pixel size). Our spa-
tial resolution, after binning, was about 1.5 arcsec. We have
selected the 1235-1243 cm~! spectral interval (8.05-8.10 um),
partially used in our 2003 run, which contains transitions of
H>0O; and HDO.

At the time of our observations, the diameter of Mars was 17
arcsec. The solar longitude was 332° (end of southern summer).
The latitudes of the sub-solar point (SSP) and the sub-terrestrial
point (STP, at the disk center) were 11° S and 19° S, respec-
tively. The local time of the STP was 11:00 am. Due to the
planet’s rotation, its western longitude ranged, between the be-
ginning and the end of the observations, from 65° to 95° W
on the first night and from 55° to 85° W on the second night.
The western longitude of the SSP ranged from 45° to 75° W
on the first night and from 35° to 65° W on the second night.
The radial velocity was +9 km/s, corresponding to a Doppler
shift of —0.038 cm™!. As in the case of our 2003 observations,
we used a 1.1 x 8 arcsec? slit and we mapped alternatively
the northern and southern hemispheres of Mars (with regard
to the celestial pole), by orienting the slit along the N-S ce-
lestial axis and by moving it from west to east by 0.5 arcsec
steps. Each individual map was recorded in about 10 min. The
northern and southern maps, measured in the continuum, were
recentered by superimposing the limbs of each individual map,
both for the north and the south hemispheres. Then, the final
maps were built using the difference in declination coordinates

of the northern and southern components, and checking the ad-
justment of their limb position. The data reduction and radiance
calibration are described in Encrenaz et al. (2002, 2004). Cal-
ibration of the TEXES spectra follows the radiometric method
commonly used for millimeter and submillimeter observations
(Rohlfs and Wilson, 2004). Calibration frames consisting of 3
elements (black chopper blade, sky and low emissivity chopper
blade) are systematically taken before each observing sequence,
and the difference (black—sky) is taken as a flat field; a com-
plete description of the procedure can be found in Lacy et al.
(2002). As in the case of our 2003 run, the data were not cor-
rected for telluric absorption in order to preserve the original
S/N ratio.

In the 1235-1243 cm™! range, the strongest lines of the
spectrum are absorption lines due to H,O and CHy4 in the ter-
restrial atmosphere. In addition, the spectrum shows doppler-
shifted martian lines due to CO» (in particular at rest frequen-
cies of 1235.67 and 1241.58 cm™ !, see Fig. 1), HDO (at 1236.3
and 1239.95 cm™! rest frequencies) and HyO» (at 1241.53 and
1241.61 cm™! rest frequencies, see Fig. 1). It should be noted
that the CO; lines and the HDO line are not visible in the
spectrum of the terrestrial atmosphere; the strongest terrestrial
absorption lines are due to HpO and CHy4. The H>O; lines
and the 1239.95 cm~! HDO transition, associated to the CO,
1241.55 cm™! transition, have been used to retrieve the H,O»
and H,O maps in our previous studies (Encrenaz et al., 2004,
2005).

Fig. 1 shows a part of the spectrum recorded on December 1,
between 1241.45 and 1241.75 cm™!, where the two strongest
H5O5 lines are observed, in addition to martian CO» lines. This
spectrum is averaged over a region centered around 55° S lat-
itude and 0° W longitude, covering the [30°, 80° S] latitude
range and the [45°, 315° W] longitude range. As shown in
Fig. 2, this area, close to the southern evening limb of the planet,
corresponds to a maximum depth of the martian CO» lines; this
maximum is the combination of the high airmass and the rel-
atively large temperature contrast between the surface and the
atmosphere. The same area has been used for spectral summa-
tion on both nights, but the longitude of the corresponding area
are shifted by 10° between the two nights.

Fig. 3 shows a map of the continuum radiance at 1241.4
cm~!. The maximum radiance (33 erg/s/cm?/sr/cm™!) is lo-
cated south of the SSP and corresponds, for a surface emissivity
of 1.0, to a maximum brightness temperature of 275 K. It can be
seen that the maximum radiance is about two times lower than
the one measured in June 2003 (Encrenaz et al., 2005). This
change is mostly due to the seasonal change (southern summer
in 2003, nearly equinox in 2005): maximum brightness temper-
atures, extracted from the European Martian Climate Database
(EMCD; Lewis et al., 1999; Forget et al., 2006) are 320 K and
285 K for the 2003 and 2005 runs, respectively.

Other continuum measurements, obtained during the first
night of our run, lead to a similar map. In Section 5.1, we
discuss this result in comparison with the predictions of the
EMCD.
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Fig. 1. The raw TEXES spectrum at 1241.45-1241.75 em™—! (December 1,
2005). The two martian CO, lines (at 1241.54 and 1241.68 cmfl) and
the two HyO; lines (at 1241.49 and 1241.57 em™1) are Doppler-shifted by
—0.038 cm™ 1.

Fig. 2. Map of the CO; line depth at 1241.58 em~ (rest frequency). It can be
seen that the area of maximum contrast is close to the southern evening limb of
the planet. This area has been used for the spectral summation shown in Fig. 1.
The longitude of the central meridian is 70(£15)° W.

2.2. Retrieval of gas mixing ratio

We have modeled the martian lines using a line-by-line ra-
diative transfer code (Encrenaz et al., 2004, 2005). Spectro-
scopic data were taken from the GEISA data bank (Jacquinet-
Husson et al., 2005). In addition, the line positions and the
intensities of the weak CO; isotopic lines, not listed in GEISA,
were calculated using the work of Rothman (1986) and Toth
(1985). In order to model the mean spectrum (Fig. 1), we used a
surface temperature of 250 K (corresponding to the continuum
radiance), an airmass of 2.5, and we extracted from the EMCD
database the thermal profile corresponding to the area covered
by our selection. We then adjusted the surface pressure in order

Fig. 3. The TEXES map of the continuum radiance at 1241 em~! (Decem-
ber 1). The SSP is indicated with a white dot. The longitude at the central
meridian is 70(£15)° W. For a surface emissivity of 1.0, the maximum con-

tinuum radiance of 33 erg/ s/cm2 /sr/cm_1 would correspond to a surface

temperature of 275 K; a radiance of 10 erg/s/ cm? /st/ em~! would correspond
to a surface temperature of 235 K.

to fit the depth of the weak CO; lines. The GCM thermal pro-
file corresponds to T(z =0) =215 K, T(z =10 km) = 190 K
and 7' (z =20 km) = 175 K. As the CO;, line is weak (as well as
the H>O, and HDO lines), the temperature above 20 km has no
effect on the line modeling. Best fits were obtained for surface
pressures of 6 mbar on November 30 and 5 mbar on Decem-
ber 1.

In the case of the November 30 data, we selected a CO, tran-
sition (Fig. 4) at 1235.64 cm™! (Doppler-shifted position). It
is a doublet of 2 superimposed transitions at 1235.675 cm™!
and 1235.676 cm ™! (rest frequencies), respectively, which have
both an intensity of 0.903 x 10725 cmmolec ™', and respective
energy levels of 673.45 and 673.43 cm™!. This CO; line was
used for comparison with the HDO transition at 1236.295 cm™!
(rest frequency) which has an intensity slightly larger than the
one at 1240 cm™!, used in Encrenaz et al. (2005). The fits
are shown in Section 3 (1241 cm™!, Fig. 5) and Section 4
(1236 cm™!, Fig. 7b).

For retrieving mixing ratios out of our data, the ideal method
would consist in retrieving the temperature profile in each point
of the disk and using it for modeling the spectrum. This method,
however, would require us to rely upon model results to esti-
mate the surface and atmospheric temperatures. As in the case
of our previous studies (Encrenaz et al., 2004, 2005), we have
chosen another method by which we infer the mixing ratios
from the line depth ratios of the absorption lines. Indeed, as
discussed below, calculations show that when the lines are op-
tically thin, the line depth mixing ratio has only a weak depen-
dence upon the atmospheric and geometric parameters. Here
the line depth is defined as the fractional absorption at the line
center. This quantity is calculated from the ratio of the radiance
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Fig. 4. The raw TEXES spectrum of the martian CO, line at 1235.65 em™ L,
used for the retrieval of the HDO/CO, ratio for the November 30 observations.
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Fig. 5. The TEXES spectrum between 1241.5 and 1241.66 em~! corrected
for the continuum slope, compared to synthetic models. Model parameters are
described in the text. Black: TEXES data, corrected for the doppler shift. Mod-
els: HyO, = 10 ppb (green), 15 ppb (red), 20 ppb (blue). There is a slight
misfit in the position of the HyO, line at 1241.61 cm™ L possibly due to an un-
certainty in the spectroscopic parameters. There is a weak absorption around
1241.555 cm™!, which corresponds to 1241.517 em~! in the raw spectrum
(Fig. 1). As the same feature was also present in our 2003 raw spectrum
(Encrenaz et al., 2004; Fig. 3) we believe it is not associated to the martian
spectrum, but probably of telluric or instrumental origin. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

at the line center divided by the half-sum of the continuum on
each side of the line.

The lines we have been using in our present and past stud-
ies have depths of a few percent and are optically thin, with the
exception of the CO; line at 1241.6 cm™! which has a depth of
7.5%. Taking into account the instrumental convolution, the op-
tical depth at the line center is about 0.5. The departure from the
optically thin regime is expected to induce an uncertainty which
needs to be quantified. In order to validate our method, we have
built a grid of spectra corresponding to a large range of para-
meters. We have modeled all the lines which have been used

in the present study (CO; at 1235.6 and 1241.6 cem~ !, HyO, at
1241.53 and 1241.61 cm™!, HDO at 2136.3 cm™!). We have
allowed for variations of the mixing ratio by a factor of 2, the
airmass from 1.0 to 2.5, and the lower atmospheric temperature
gradient by a factor of 2. The temperature contrast between the
surface temperature and the 7 (z = 0) temperature was allowed
to range from O to 30 K. Calculations show that, in all cases,
for both HyO, and HDO transitions, for a given mixing ratio,
the variation of the line depth ratio, computed with the differ-
ent models, is always less than 30%; this uncertainty is indeed
not negligible and must be kept in mind when interpreting the
maps.

3. H,0; mapping

On December 1, we observed the HyO, doublet around
1241 cm™!, previously used in Encrenaz et al. (2004) to retrieve
the HO, map. This doublet, at rest frequencies of 1241.53 and
1241.61 cm™!, respectively, has the advantage of bracketing the
weak CO; line at 1241.58 cm~ L, which can be used to retrieve
the [HoO,]/[CO;] ratio. The spectrum, however, looks differ-
ent from the one observed in June 2003 (Encrenaz et al., 2004)
because the Doppler shift is negative, while it was positive in
2003. As a result, there is no more contamination by the strong
telluric CH, absorption at 1241.8 cm™! (Fig. 1, to be compared
with Fig. 3 of Encrenaz et al., 2004).

Fig. 5 shows the TEXES spectrum in the same area as for
Fig. 1, corrected for the continuum slope (by adjusting the con-
tinuum on each side of each line) and compared to synthetic
models. It can be seen that the best fit is obtained for a H,O;
mixing ratio of 15 ppb, a value significantly lower than the
value retrieved in June 2003 in the region of maximum S/N
(Encrenaz et al., 2004); this region was located in the vicinity
of the sub-solar point, in the [10° N, 35° S] latitude range and
the [100°-150° W] longitude range. Note, however, that in June
2003 (before opposition) this area corresponded to the morning
side; in December 2005, after opposition, the maximum CO,
line depth (and hence the maximum sensitivity) is observed in
the evening side.

As shown in Fig. 5, there is a slight mismatch (by about
0.009 cm™!) of the position of the 1241.62 cm™! line, attributed
to HyO,. This effect was already observed in our previous
Encrenaz et al. (2004) analysis, and was also present on another
doublet component at 1234.05 cm™!. Because over half a dozen
H, O, transitions were identified, we think that these small dis-
crepancies do not question the H,O; identification. The offsets
might be due either to instrumental effects or to uncertainties in
the spectroscopic parameters of the vs HoO; band.

Fig. 6 shows the retrieval of the H>O, map. The map of the
H>0O, mixing ratio (Fig. 6b) is inferred from the ratio of the
mean depth of the two H>O; lines (Fig. 6a) by the CO; line
depth (Fig. 2). In Section 5, we discuss the comparison of the
H, 0, map with the predictions generated by the photochemical
model coupled with the LMD/GCM.

In order to validate our method further, we have selected
two other points in the map for which we have extracted the
EMCD thermal profile. The first one is the STP at the disk cen-
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Fig. 6. Retrieval of the HyO; mixing ratio map (December 1 data): (a, left) map of the H; line depth (average of the 1241.53 and 1241.61 cm™! lines); (b, right)
O, the H,O,/CO3 line depth ratio [(b)/(a)]. As shown in Fig. 5, an H, O, mixing ratio of 15 ppb corresponds to an HyO,/CO» line depth ratio of 0.13 (green area).
The SSP is indicated with a white dot. The longitude at the central meridian is 70(%15)° W. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

ter (75° W, 20° S), with an airmass of 1.0. The second one is
on the evening limb (15° W, 10° N) near the equator, with an
airmass of 2.5. For a HyO, mixing ratio of 15 ppb, the line
depth ratio is lower than the one in the selected area by 22% in
the first case, and by 6% in the second case. We thus confirm
the error analysis mentioned above (Section 2.2) and conclude
that our maps provide a measurement of the H,O, mixing ra-
tio within an accuracy better than 30%. Finally, as mentioned
in our previous work (Encrenaz et al., 2004), the mean verti-
cal mixing ratio inferred of HyO», as retrieved by our analysis,
is not really meaningful: most of photochemical models predict
a non-uniform mixing ratio with, near the surface, an effective
scale height smaller than the mean atmospheric scale height.
A more physical parameter is the column density inferred from
the mean mixing ratio. In the present case, a mixing ratio of
15 ppb corresponds to a column density of 3 x 1015 cm™2.

4. HDO mapping

As in the case of our earlier study (Encrenaz et al., 2005),
the water vapor map was retrieved from the mapping of a HDO
transition, assuming a constant D/H ratio over the martian disk.
This assumption is discussed in more detail below.

The HDO abundance was measured using two different tran-
sitions: (1) 1236.3 cm™! (November 30), and (2) 1240.0 cm™!
(December 1). The 1240.0 cm™! transition was already used in
the analysis of the 2003 data (Encrenaz et al., 2005). However,
in the present case, the negative Doppler effect shifts the line in
the close vicinity of a terrestrial HyO absorption line centered
at 1240 cm™!. Thus, we have not considered this transition in
our analysis.

The other HDO transition has a rest frequency of 1236.295
ecm~! and is doppler-shifted to a frequency of 1236.26 cm™!.
Its intensity, at standard temperature and pressure conditions,
is 3.84 x 1072* cmmolec™, and its energy level is 469 cm ™!
which, under martian conditions, corresponds to an intensity
about twice stronger the transition used in June 2003 (I =
2.42x 10724 cmmolec™!, E =577 cm™ ). Fig. 7 shows (a) the
raw spectra of the HDO transition (the CO; nearby transition
used for comparison is shown in Fig. 4), in the selected area
(same as in Fig. 1) as defined in Section 2.1, and (b) the fit of
the HDO line, ratioed to the nearby continuum, compared with
synthetic models. The atmospheric parameters (the same as de-
scribed in Section 2.2) allow us to fit also the 1235-cm™! CO»
line. It can be seen that the best fit is obtained for a HyO mix-
ing ratio of 150 ppm, which corresponds to a column density of
8.3 pr-um.

As in Encrenaz et al. (2005), we assume a constant HDO/
H,O mixing ratio of 5 times the terrestrial value, as derived by
Krasnopolsky et al. (1997). This assumption may be incorrect,
as fractionation effects are expected to be associated to water
condensation and sublimation, leading to a change in the D/H
ratio. These effects have been studied by Mumma et al. (2003),
Montmessin et al. (2005) and Novak et al. (2007). Montmessin
et al. (2005) have calculated the expected D/H ratio as a func-
tion of latitude and seasonal cycle. Their analysis shows that for
Ly =332°, between 60° S and 30° N latitudes, the D/H ratio is
between 4.8 and 5.0 times the terrestrial value. However, cal-
culations show a significant gradient of the D/H ratio between
mid-northern latitudes and the north pole, with values ranging
from 5 times down to 2.5 times the terrestrial value. The error
associated with our hypothesis is thus less than 4% for all lati-
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Fig. 7. (a, left) The raw TEXES spectrum at 1236.26 cm™! (HDO line). (b, right) The TEXES HDO line at 1236.3 cm™!, corrected for the Doppler shift and ratioed
to the nearby continuum, compared with synthetic models. Model parameters are described in the text. Black: TEXES data. Models: HDO = 100 ppm (green),
150 ppm (red), 200 ppm (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Retrieval of the H»O mixing ratio map (November 30 data): (a, left) map of the HDO line depth at 1236.3 em™L; (b, right) the HDO/CO; line depth ratio.
An HO mixing ratio of 150 ppm corresponds to an HDO/CO; line depth ratio of 0.3 (green area). The SSP is indicated with a white dot. The longitude at the
central meridian is 80(£15)° W. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tudes except at southern latitudes higher than 60° S, where our
values can be underestimated by as much as a factor 2.

The H>O mixing ratio map is retrieved using the same
method as for HyO», with the 1235-cm~! CO; line being used
for comparison. Fig. 8 shows (a) the map of the HDO line depth
and (b) the map of the HDO/CO> line depth ratio. The map of
the 1235-cm™! CO, line depth shows a behavior similar to that
of the 1241-cm™! CO; line (Fig. 2).

As in the case of the HyO, map (Section 3), we have mod-
eled the HDO and CO; spectra in the two other specific loca-

tions used for the November 30 data (the STP at [75° W, 20° S]
and the second point at [15° W, 10° NJ). As a result, the mix-
ing ratios calculated from the model are lower than our inferred
mixing ratios by 8% in the first case and 2% in the second case,
respectively. These departures are well within the 30% accuracy
mentioned above (Section 2.2).

5. Discussion

The season of our observations (Lg = 332°) is known to
be quite peculiar. For instance, during the previous martian
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], assuming an emissivity of 0.95; (b, right) the surface

temperature map predicted by the GCM for Lg = 330°-335°. The local hour at the central meridian is 12:00. The longitude of the central meridian is 60° W.

year (January 2004) the Thermal Emission Spectrometer (TES)
detected a raise of dust opacity just before this period. At
L =332°, this led to a relatively dusty atmosphere everywhere
between the south pole and about 30° N, with absorption dust
optical depth at 1075 cm~! scaled at 610 Pa around 0.4 (cor-
responding to a visible dust optical depth around 1). Unfortu-
nately, TES was no longer operational at the time of our obser-
vations. Dust observations performed with Themis aboard Mars
Odyssey (M.D. Smith, personal communication) suggests that
a similar event took place in November—December 2005, al-
though it was not as strong as the year before. Nevertheless, the
presence of airborne dust significantly warmed the atmosphere
which must have been devoid of water ice clouds during day-
time, as also suggested by the Themis data. In such conditions,
water vapor was not trapped in the lower atmosphere because
of condensation, and it is likely that H,O as well as HDO was
well mixed vertically. The water vapor column density is thus
simply linked to the H,O vertical mixing ratio.

5.1. Surface temperatures

The mapping of the surface temperature, from the contin-
uum measurement, is very straightforward and the two maps
obtained on November 30 and December 1 (Fig. 3) show a sim-
ilar behavior. The maximum surface temperature (Fig. 9a) is
observed at a latitude of about 40° S and at about the same lon-
gitude as the SSP.

Fig. 9b shows the surface temperature as predicted by the
LMD/GCM for Ly = 330°-335°. It can be seen that the loca-
tion of the maximum observed temperature (30 degrees south
of the SSP) is different from that predicted by the GCM. Sim-
ilarly, comparison with the TES observations at 2 pm obtained

at the same season the previous martian year (and with which
the GCM differs by less than 10 K everywhere) suggest that the
maximum surface temperature should be between 30° and 0° S
rather than between 55° and 25° S.

We also note that the observed TEXES continuum brightness
temperatures at 1241 cm™! are colder than the predicted surface
temperature (~290 K). This could be partly due to some uncer-
tainty in the absolute calibration of the TEXES data. However,
it is also likely that the brightness temperatures at 1241 cm™!
does not correspond to the kinetic surface temperature because
of (1) non-unit surface emissivity effect and (2) the absorp-
tion and emission of colder airborne dust particles. On the one
hand, according to TES measurements, the surface emissivity at
1240 cm™ !, is close to 0.95 rather than 1.0 (Smith et al., 2000).
Assuming a surface emissivity of 0.95, the inferred maximum
temperature is about 277 K. One the other hand, as mentioned
above, at the time of our observations, the martian atmosphere
was probably relatively dusty, with vertical absorption dust op-
tical depth at 1075 cm™! (measured by TES for the same L
over previous martian years) up to 0.4. The dust absorption is
thought to be weaker at 1241 cm™! but it is not negligible. As-
suming the dust optical single scattering properties from Forget
(1998), one can estimate that the absorption dust optical depth
7 at 1241 cm~! is about half the absorption at 1075 cm™!, and
that it could have reached 0.2. Assuming a surface temperature
of 280 K and a mean airborne dust temperature of 220 K, one
can estimate the order of magnitude of the apparent cooling ef-
fect of dust on brightness temperature at 1241 cm™! (scattering
is neglected): —3.5 K for t = 0.1, —7 K for t = 0.2, —10 K
for t =0.3, —13 K for t = 0.4, —16 K for v = 0.5. Values
above 7 = (.2 are shown to illustrate the cooling of dust for
oblique viewing angle and/or in low topography regions (higher
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Fig. 10. The HyO, mixing ratio as predicted by the GCM for conditions close
to our observations. The longitude at the central meridian is 60° W. The local
hour at the central meridian is 12:00.

air mass). One could add that, on the dayside, increasing the
dust opacity also tends to decrease the actual kinetic tempera-
ture of the surface because of the absorption of solar radiation
by the dust.

Can the effect of dust explain the disagreement in horizon-
tal distribution between our observations and both the GCM
predictions and the TES observations? That would require a rel-
atively dusty atmosphere north of 30° S and clearer conditions
southward in order to have a maximum of brightness tempera-
ture around 40° S rather than 20° S. We note that visible images
recorded in November and December 2005 report the appear-
ance of a dust event in the northern hemisphere above Chryse
on November 23, 2005; however such a localized event may
not have been sufficient to account for the temperature map ob-
served with TEXES.

5.2. H,O3 map

The H>0O; mixing ratio observed in December 2005 (L =
332°) is significantly lower than the one inferred in July 2003
(Ls = 206°), and its spatial distribution is very different. The
maximum value is about 15 ppb while it was 40 ppb in 2003;
its distribution is more or less spread over the disk in 2005,
with a clear minimum along a meridional stripe in the south-
ern hemisphere, while it peaked in a single location, close to
morning limb and equator, in 2003. The low value recorded in
2005 was also confirmed by Clancy (2006, private communica-
tion) who inferred an upper limit of 15 ppb from disk-integrated
submillimeter observations in November 2005.

Fig. 10 shows the H»O, map as expected from a photo-
chemical coupled with the LMD/GCM for the conditions of
our observations (Lgs = 330°-335°). The photochemical calcu-
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Fig. 11. The distribution of the water vapor mixing ratio, as predicted by the
GCM for conditions close to our observations. The longitude at the central
meridian is 60° W. The local hour at the central meridian is 12:00.

lations (Lefevre et al., 2004) have been adjusted (taking into
account the GCM parameters) in order to optimize the agree-
ment on the water vapor abundance between the GCM and the
TES and PFS/Mars Express data along the whole seasonal cycle
(Fouchet et al., 2007). The maximum value of H,O; predicted
by the GCM is about 30 ppb around [120° W, 40° S), while our
maximum, not far from this area ([90° W, 50° S] on the TEXES
map), is only 16 ppb.

While our 2003 observations were in a good agreement with
the GCM predictions, we are now, as in 2001, in a situation
where the observed H,O; abundance is lower than the predic-
tions. We note that our 3 data sets correspond to 3 different
seasons: the HyO, upper limit obtained in February 2001 was
derived at the time of northern solstice (Ls = 110°), while those
of June 2003 corresponded to southern solstice (Ls = 206°) and
the present ones are close to equinox (Ls = 332°). Regarding
the spatial distribution of the HyO, abundance, we note that the
model does exhibit a meridional stripe of lower intensity, as ob-
served in our data. However the contrast between this minimum
and its surroundings is about 25% at most in the model, while
it exceeds 50% in our observations. More theoretical work will
be needed to resolve the discrepancies between the models and
the observations.

5.3. H,O maps

Fig. 11 shows the expected distribution of the water vapor
mixing ratio, as predicted by the GCM (Forget et al., 1999;
Montmessin et al., 2004) under the conditions of our observa-
tions (Ls = 330°-335°). The GCM water cycle model used is
similar to the one described in Montmessin et al. (2004), al-
though in the simulations used here, the northern water ice polar
cap albedo and the clouds microphysics were slightly modified
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Fig. 12. The water vapor column density, normalized to the 6.1 mbar pressure
level, averaged over longitudes, observed by TES for L = 335° during MY24
(red curve) and MY26 (black curve). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

in order to match (within a few pr-micrometers) the recently
revised value of TES water retrieval (M.D. Smith, personal
communication) which are now in better agreement with Mars
Express observations (e.g., Fouchet et al., 2007). The mean
overall mixing ratio shown in Fig. 11 (about 160 ppm) is con-
sistent with our result.

However the spatial distribution of water vapor shows some
differences. The GCM map shows a enhancement in the south-
ern hemisphere, with a local maximum around 30° W. In con-
trast, we observe a maximum HO mixing ratio on the evening
side around 0°-20° S latitude. Spatial variations, presently not
predicted by the models and possibly associated with the local
hour, appear to be present in the observed water vapor spatial
distribution, and need to be understood and modeled.

Our results can be compared with previous space mea-
surements of the martian water vapor, either from Viking,
TES/MGS or Mars Express. The comparison, however, is lim-
ited by the fact that space data do not provide instantaneous
maps over the martian disk, but measurements along a given
meridian at constant local hour. In our model, an HO mixing
ratio of 150 ppm corresponds to a column density of 8.3 pr-um.
The Viking MAWD data, integrated over longitude, indicate a
very low water content (below 10 pr-um) for all latitudes at
Ly = 335°. The TEXES results indicate a higher content at
some locations (namely on the evening side), however they do
not give the longitude-integrated value of the water content.

Fig. 12 shows the latitudinal distribution of the water vapor
column density, normalized to a pressure of 6.1 mbar, extracted
from the revised TES database (Smith, 2004; Smith, personal
communication; Fouchet et al., 2007) for a solar longitude of
335°. Some latitudinal structure is shown, with two maxima
around 50°-70° S and 20°-30° M, higher than the Viking val-
ues. We see no evidence for these structures in our data. We
note also that the TES results show some differences with the
latitude distribution predicted by the GCM (Fig. 11). The dif-
ferences between the TES and Viking results, and between the

GCM and the observations, could possibly be attributed to in-
terannual variations.

A comparison can also be done with the results of OMEGA
and PFS aboard Mars Express. The Ly = 337° solar longitude
was observed early at the beginning of the mission (January
2004). Both OMEGA and PFS find, at the longitude of Olym-
pus Mons (133° W) and in the southern hemisphere, a mixing
ratio of about 100 ppb (corresponding to 5.5 pr-um; Melchiorri
et al., 2007; Fouchet et al., 2007). This is consistent with the
minimum value of the TEXES map observed in the central part
of the southern martian disk. We note, however, that the loca-
tions of the observations are different, as the longitude range of
Olympus Mons (around 130° W) was not in the TEXES field
of view in 2005.

5.4. Conclusions

The TEXES observations have allowed us to obtain quasi-
simultaneous maps of the surface temperature, H;O, and H;O.
The main conclusions of this study can be summarized as fol-
lows:

e Surface temperature maps are consistent during the two
nights. The maximum surface temperature, derived from
the 1241.4 cm™! continuum, is 277 K, taking into account
an emissivity of 0.95 at 1240 cm™!, which is lower that
the GCM predictions. In addition, the location of this max-
imum is at a higher southern latitude than expected from
the model; this effect remains to be understood and mod-
eled;

e The H,O, abundance is found to be lower than the GCM
prediction (as in February 2001), but its spatial distribu-
tion shows some similarities with the models; in particular,
there is evidence for a clear meridional stripe of minimum
abundance, which also appears, with less contrast, in the
GCM map;

e The water vapor map shows, as the one of hydrogen per-
oxide, longitudinal variations, with a maximum toward the
evening side, which was not predicted by the GCM. The
mean water vapor mixing ratio, however, is broadly con-
sistent with GCM predictions and with previous measure-
ments. A precise comparison with previous data sets is
however very difficult, because the space data were ac-
quired for a given longitude and at a given local time.

In summary, ground-based infrared mapping of Mars, at
high spatial and spectral resolution, is a valuable tool, fully
complementary with the space orbiter data. Indeed, these maps
provide us with instantaneous and simultaneous maps of H,O;
and H,O, which cannot be obtained from spacecraft, and are
important for studying possible diurnal effects and constraining
global circulation models.
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