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Abstract. Solar occultation observations of the Martian
atmosphere near the limb of the planet were performed
during the Phobos mission by means of the Auguste
infrared spectrometer in the ranges 2707-2740 and
5392-5272 cm” ' with a resolving power of = 1300. The
spectra exhibit features at 2710 and 2730 cm ' which
have not been identified previously. After applying a
set of corrections to the data and examining the spectra
of various molecules, we are led to conclude that the
best candidate for the above-mentioned features is for-
maldehyde (CH.O). It was observed in eight of the
nine successful occultation sequences. mainly between
8 and 20 km with an average mixing ratio of 0.5}
ppm (there are no good data below § km). The obser-
vations are performed in equatorial spring conditions.
The altitude distribution of formaldehvde reveals cor-
relation with the permanent haze opacity.

1. Introduction

The Martian atmosphere was studied with the Auguste
spectrometer during the Phobos mission using the solar
occultation technique. The instrument incorporated an
ultraviolet (u.v.) spectrometer (215-328 nm). a Fabrv-
Perot interferometer for 2 = 762 and 936 nm channels and
an infrared (i.r.) spectrometer for two narrow spectral
ranges centered at 3.7 and 1.9 gm in the first and second
orders of diffraction, respectively. The description of the
mmstrument and the data collected with the u.v. spectro-
meter and interferometer are discussed by Blamont er af.
(1991) : the preliminary analysis of the i.r. spectrometer
data is presented by Krasnopolsky ¢r af. (1989).

The principal objective of the i.r. part of the experiment
was the simultaneous observation of the HDO and H-O
band absorptions at 2720 cm ' (3.7 um) and 5340 cm !
(1.9 um). The determination of the vertical profile of the
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water vapor mixing ratio is discussed in a paper by Kras-
nopolsky et al. (1991), hereafter referred to as WVP.
The data of the first order (3.7 um region) were strongly
affected by instrumental effects and were used for obtain-
ing information on continuous absorption. which led to
conclusions about the properties of dust (Korablev ¢7 «l..
1993). Here we present a further analysis of the data in
the 3.7 ym range obtained after incorporating appropriate
instrumental corrections.

The problems with the Sun-tracking system prevented
the u.v. spectrometer line of sight from reaching altitudes
lower than 30-40 km. The relative offset of the i.r. optical
axis, however. allowed us to probe down to 8-10 km. Nine
successful observations in the i.r. were completed at sunset
from 20 February to 26 March 1989, from a circular orbit
with a radius of 9670 km and spacecraft to imb distance
of 9050 km. The latitudes of the tangential point within
this period varied from ~3 to 20 . and the aerocentric
solar longitude L, which is a measure of the Martian
seasons varied from 1.5 to 18, i.e. the observations were
performed at the beginning of the Martian spring in the
equatorial latitudes. The relevant information about the
observational sequences is summarized in Table 1.

Table 1. Observational sequence information

Longitude

Sequence Date U.T. L. ¢ at sunset
2212211 20.02.89  16:36:58 1.6 =3 55 .2

2360639 7.03.89 01:04:24 8.7 6.8 44 25
2362251 7.03.89 17:17:20 9.0 7.2 280 .8

2412311 12.03.89 17:36:55 1.6 10 .6 237 45
2440723  15.03.89 01:48:24 12 .8 2.2 337 .65
2441524 15.03.89  09:50:03 3.0 2.5 94 95
2450728 16.03.89 01:53:30 13 .2 12.9 329 .25
2510753 22.03.89 02:19:20 16 .1 17.0 277 .35
2560316 26.03.89 21:41:24 18 .5 20 .3 16l .1

Note. The sequence identification designates spacecraft time in
days, hours and minutes, e.g. 221422"1 1™, L_ is aerocentric solar
longitude ; ¢ is latitude
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2. The instrument, and data reduction

The i.r. spectrometer and its calibration are discussed in
WVP: certain details, relevant to instrumental effects. are
presented here. A common telescope and Sun-tracking
system were used for the entire Auguste spectral unit. The
instrument pointing system provided tracking of the solar
disk center with an accuracy of 30 sec arc outside the
atmosphere : tracking in the dusty atmosphere suffered
from an error in the pointing software. The Sun-tracking
and related problems are considered in papers by Blamont
et al. (1991) and Chassefiere ¢r al. (1992). The telescope
is 4 50 mm Cassegrain type with a focal length of 750 mm.
To avoid the need for beamsplitting. the fields of view of
each of the spectrometers were offset from each other. The
field of view of the i.r. spectrometer was designed to be
offset by 8.6 min arc from the solar disk. but the pointing
problems mentioned above led to an increase of this offset
and consequently only = 70% of the aperture was illumi-
nated (see WVP and Chassefiere er a/.. 1992). The spectro-
meter field of view is 1.5 min arc which corresponds to a
spatial resolution of x4 km at the limb from a given orbit.

An intermediate lens and a system of mirrors form an
image of the Sun on the instrument slit. The shit of 110 um,
a toroidal grating with 300 lines per mm and a detector are
placed on a Rowland circle with a radius of §3 mm. A
mechanical chopper of 2.5 kHz frequency for synchronous
detection is placed before the slit. The electrically cooled
48 element PbSe photoresistor detector array has 16 pixels
in the first-order spectrum, covering the spectral range of
2740-2707 cm~ ' (3.7 um). and 20 pixels in the second-

um). Pixel size is 140 x 125 pm with a 10 ym offset. The
separation of difftaction orders was provided by filters
placed just above the detector sapphire window. In order
to avoid stray light problems and mixing of the difiraction
orders, the joint between the two filters was shielded by a
black material that resulted in 12 central pixels being out
of use.

The instrument’s resolving power calculated theo-
retically, taking into account the slit width,is £/AZ = 1870.
Chromatic aberration in the optical path (see WVP) and
an aberration of the toroidal grating reduce this value to
= 1700. Since the width of a pixel is close to that of
the slit, a spectrum focused at the detector has a spatial
resolution of the same order as the pixel width (0.125 mm).
Hence. the pixel function should be studied carefully. To
do this we performed laboratory microprobe measure-
ments which provided a chart of the sensitivities in differ-
ent points of the pixcl for a detector of the same type.
Based on these data we assumed the pixel spectral
response function to be a trapezoid with a baseline of
0.9A/ and 4 top of 0.8A4. where A/ is the average width
of the pixel. Thus there is significant separation between
the spectral response of adjacent pixels. which may cause
reduction and even loss of narrow spectral features located
between the pixels. The resulting resolving power of the
instrument. taking into account the detector geometry and
the sampling problem. is found to be of the order of
x 1300.

In calibrations done at ground level. the instrument was
adjusted so that the HDO absorption feature (2720 cm - n

O. 1. Korablev ¢t al.: Formaldehyde in the Martian atmosphere

was located at pixels 7-8 (see WVP, Section 3). It results
in a dispersion relationship

v, = k{2736.0—2.044n4+0.002n°) cm ', (N

where k is the diffraction order, » is the pixel number
and v, corresponds to the center of the pixel. A small
displacement of the grating during the launch was sus-
pected by WVP, hence the constant term in equation (1)
was corrected to be 2740.75 for measurements from Mar-
tian orbit, according to the position of the CO, absorption
peak. Updated studies of the second-order spectra con-
sidering the sampling problem and the individual non-
linearity of pixels, which affects the shape of the CO,
absorption feature. show that the correction of the con-
stant term should be smaller (and closer to calibration
data):

v, = k(2738.25—-2.044n+0.002n") cm . (2)

The difference between equation (2) and the refationship
given in WVP is 1.2 pixels. Fortunately this difference
does not significantly affect the appearance of spectra near
pixels 31, 32 used in WVP for the determination of the
water vapor mixing ratio profile: the conclusions of the
WVP are thus still valid.

The main defects of the spectra observed in the 3.7 um
region which need correction are the diversity in non-
linearity of individual pixels and a periodical distortion of
spectra with a period of three pixels associated with the
variation in detector temperature.

Due to aerosol extinction, the measured flux decreases
during the occultation sequence. Thus, the nonlinearity of
the detector and, primarily. the diversity of nonlinearity in
individual pixels prevents reliable analysis of weak relative
absorptions. The nonlinearity of the PbSe detector was
studied during the ground calibrations of the spectro-
meter. These measurements allowed us 1o approximate
the mean nonlinearity using only two parameters, with a
power law providing the best fit (see Korablev et al..
1992). No credible data on the nonlinearity of each
particular pixel were available. Certain observational
sequences with highly disturbed Sun-tracking indicate an
increase in the measured flux by a factor of 1.6. During
these sequences the spectrometer field of view entirely
encompassed the solar disk and an unattenuated flux was
monitored. Comparing this flux with that observed with
normal Sun-tracking we obtain an in-flight calibration.
Resulting corrections for the various signal attenuations
are presented in Fig. | : the details are given in Appendix
A.

Figure 2 shows five occultation spectra of 12 March
1989 ; it shows raw data and the effect of corrections. A
transmission interval chosen for illustration purposes in
this paper corresponds to a part of the occultation curve
where the spectral features can be distinguished, the effect
of introduced corrections is significant, and signal to noise
ratio is reasonably good.

The data corrected for the individual pixel nonlinearity
exhibit periodical structure (Fig. 2b). It might seem sur-
prising, because the nonlinearity correction (see Fig. 1)
shows no evidence of periodicity. However, the periodical
deformation with a period of three pixels can always be
seen when the detector temperature of the measured spec-
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Fig. 1. Nonlincarity corrections for each pixel in the first diffrac-
tion order for three values of signal attenuation (7 is the hori-
zontal optical depth)

trum differs from that of the reference one. The nature of
the periodical deformation of the first-order spectra is still
not finally understood. No atmospheric constituent within
the given spectral range shows evidence of this periodicity.
The effect reveals an apparent correlation with the tem-
perature of the detector ; however. the relationship is com-
plicated. The cooling of the sensitive elements 1s provided
by a three-stage Peltier-type cooler down to a temperature
that is 100 C below that of the instrument (=20 C). No
means of temperature stabilization was available, so that
during the short (10-15 min) periods of observations when
the instrument was switched on. a significant change in

Data corrected for
detector’'s non—linearity

Raw data seguence

443

the temperature of the detector occurred. The duration of
an oscillation sequence at the Martian orbit was typically
less than 30 s (tangential descent velocity of ~2 kms™ '),
and heating of the sensitive elements during this period
amounted to 0.1-0.3°C.

The electrical system of the i.r. spectrometer includes
48 channel amplifiers multiplexed by three groups of 16
channels each, distributed over three hybrid units. Each
group is equipped with a synchronous detector and inte-
grator. The arrangement of circuits connecting the detec-
tor and the amplification units resulted in the signal from
each of three subsequent pixels being accumulated sim-
ultaneously. 1.e. the measurement of a spectrum begins
with pixels 1--3, then 4-6, etc.

The origin of the periodical deformation is associated
with the use of three different synchronous detectors for
the subsequent pixels: certain properties of the PbSe
detector should also contribute. The temperature trend
leads to the change of the resistance of pixels and. then,
to phase shifts in the entry preamplifier’s circuits. The
shifts affect the three synchronous detectors which are not
perfectly identical. and the sensitivities of the subsequent
measuring channels are hence slightly different. It is not
clear why the periodical distortion is significant for the
first order of diffraction. but it is weaker by two orders of
magnitude in the second order. The flux at the detector
is almost equivalent for both diffraction orders and the
preamplifiers used for the two parts of the detector are the
same.

For the case shown in Fig. 2, three-period distortion is
unexpectedly concealed by the pixels’ nonhinearity. The
amplitude of this error is of the same order as the effect
of nonlinearity and it is necessary to correct it also. The
description of the correction algorithm is given in Appen-
dix B.

Processed data
and synthetic spectra
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3. The average spectrum

The average first-order spectrum obtained after a set of
corrections described above 1s presented in Fig. 3. ltis a
result of averaging of the nine successful observational
sequences (~ 100 spectra) after appropriate corrections
have been applied (see Section 2). We have done no pre-
liminary selection of spectra : however. the beginning and
the end of an occultation were removed in order to
increase the signal to noise ratio. Each spectrum 1s also
corrected to remove continuum absorption and nor-
malized to unity. We assumed that the continuum absorp-
tion was described by a straight linc within the given
spectral range. The mean tangential altitude is = 17 km.
The error bars of the mean spectrum include random noise
of the detector (= 0.2%) and the residual uncertainties of
corrections which are colicctively esiimated to be =
(see Appendices A and B). The correction errors are not
the same for different pixels.

The mean spectrum shown in Fig. 3 demonstrates two
main features: an absorption above 2729 ¢cm ' and an
absorption at 2710 ¢m . These features can be found
readily in almost all the spectra measured below 20--25
km. Formaldehvde may be considered as a potential can-
didate to explain thesc absorption features.

A number of strong CH-O hnes (intensities ~ 10
em ~ molec 'em ') can be found in the spectroscopic
data banks.e.g. HITRAN near 2710 and below 2730 ¢m !
{Rothman ¢ «l.. 1987). Calculations were first done using
the HITRAN database. and integrating along the path of
several atmospheric layers (so as o reproduce the geo-
metrical conditions of observations). and taking into
account the profile and overlapping of spectral lines.

Though the positions of two of the most distinct fea-
tures in the observed mean spectrum agree with those in
the synthetic spectrum. the shape of the mean spectrum
differs from the modeled one. Laboratory spectroscopy
measurements by Nakagawa et ¢l (1976) indicate that a

0
70
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number of weak CH.O lines in the region close to 2700
cm ! are not consistent with those given in the HITRAN
database [the data of GEISA (Chedin er «l., 1986) and
HITRAN databases almost coincide]. Our study of this
problem by means of laboratory Fourier spectroscopy
at atmospheric pressure confirmed this discrepancy. The
investigation of the spectrum of formaldehyde is trouble-
some because of 1ts tendency to easy polymerization. The
most thorough analysis of the formaldehyde i.r. spectrum
was carried out by Brown and Hunt (1978) and Brown e¢
al. (1979). The spectral line parameters tabulated in these
works also reveal a discrepancy with the databases. A
large number of weak lines corresponding to high
rotational states is missing in the databases. e.g. within
the range of our interest (2710-2730 cm ') HITRAN
indicates = 80 lines of the x 350 lines indexed by Brown
et al. (1979). Thus we used the data from Brown er al.
(1979) for the simulation of the synthetic spectrum. The
missing spectral lines in the databases led to an over-
estimation of formaldehyde abundance in our earlier pres-
entations (Korablev ¢r «f.. 1992).

Two synthetic spectra computed with the data from
Brown e7 al. (1979} are shown in Fig. 3 along with the
observed mean spectrum. They reflect the mixing ratios
of CH.O of 0.3 and I ppm and they are for a tangential
altitude of 17 km. corresponding to the average height
of the mean spectrum. The synthetic spectra match the
measured mean spectrum reasonably well, excluding,
however, the spectral region above 2730 cm ' (pixel 3),
perhaps due to the still-questionable synthetic spectrum.

The modcling of the synthetic spectra was done by
applving an atmospheric model with temperatures lower
than those in the COSPAR Reference Atmosphere (Seiff.
1982). We assumed the following temperature profile
based on the water vapor profile described in WVP:
T(z=0km)=210K, 7(25 km) = 170K and T(50 km)
= 147K (the gradient is constant between the indicated
points). The infinite resolution spectra computed are
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then convolved with the function of spectral response of
the instrument. including both the resolution of the
spectrometer and the pixel spatial response as discussed
in Section 2.

A weak absorption at 2720-2723 cm ! exhibited in the
synthetic spectrum is due to the HDO absorption band
3.68 um. The mean spectrum gives infirm evidence of this
band at 2720 cm ' ; the absorption. however, is less than
0.5%. which is within the error bars of the mean spectrum.
Sometimes it is more prominent in individual spectra. Low
absorption in the HDO band observed in the first order
of diffraction 1s in accord with very dry conditions in the
cquatorial atmosphere. The synthetic spectrum is com-
puted for the water vapor profile measured in the second
order of diffraction (WVP) and the D/H ratio equal to
&> 10 * (Bjoraker ef al.. 1989). A number of weak for-
maldehvde lines in the region 2715-2725 cm ' could also
mask the HDO absorption feature. Therefore. our
measurements can only provide an upper limit of HDO
abundance. giving D'H < 5x 10 ". that is, close to the
value of 6 x 10 * obtained by Owen er af. (1988) and to the
Kuiper Airborne Observatory measurements (Bjoraker e1
al.. 1989).

Methane (CH,) has a system of nearly equidistant
absorption features in our spectral range. The upper himit
of methane 1s 3.7 ppm (Horn ¢r af.. 1972) and results in
an absorption ~0.5%. The distance between the CH,
featuresat 2712and 2727 cm ' is lower than that between
the observed features: hence. CH, cannot be a candidate
to explain them. Other minor constituents of the Martian
atmosphere with absorption bands in the spectral range
in question. such as O,, N-O and CO- isotopes. have no
distinet features.

4. Vertical distribution

Although the individual spectra do not have large signal
to noise ratios. it 1s still possible to make an estimation of
the absorption at different altitudes. assuming for-
maldehyde to be the absorber. A simple two-dimensional
synthetic model 1s constructed to study the altitude dis-
tribution. The CH.O mixing ratio is assumed to be con-
stant with altitude. To determine the altitude we used the
altitude vs time dependence suggested by Blamont er «f.
(1991). modified below =13 km as discussed in WVP,
The synthetic spectra of atmospheric absorption were
computed as discussed in Section 3. The set of svnthetic
spectra related to different altitudes and CH-O mixing
ratios is generated to obtain a spectrum which best fits the
observed spectrum. This approach provides simultancous
reduction of the occultation profiles. The slope in observed
spectra (see Fig. 2) is due to the continuous absorption
caused by aerosols. It is fitted using u stratght line which is
deseribed by two additional tfree parameters in the model.

Four profiles obtained using the above method are
shown n Fig. 4. Significant features atiributed to CH,O
can only be measured below an altitude of 20 km. The
upper point of the identification of the absorptions is closc
to the upper boundary of the permanent haze layer.
Moreover, a correlation can be found between the
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formaldehyde mixing ratio and slant optical thickness
profiles.

For the long path provided by the occultation geometry,
the strongest CH.O rovibrational transitions, which
might be responsible for the features near 3.7 um. should
be saturated and overlap one another. However non-
saturated wings of the lines are mainly still of the Doppler
shape. Thus. the curve of growth of absorption in a spec-
tral channel which covers up to dozens of lines flattens for
formaldehyde mixing ratios more than ~3 ppm. There-
fore. any small spectrum deformation due to noise or
systematic errors might significantly affect the retrieved
mixing ratio. Consequently. CH,O mixing ratios which
cxceed the level of =3 ppm are less reliable.

The error bars of the profiles correspond to a one-¢
confidence level. For certain measurements. only lower or
upper limits are available. The evaluation of the error
bars includes the above-mentioned random noise of the
detector and the residual correction errors. The relative
uncertainty of 1-2% in absorption for the simultaneous
fit of all 16 pixels considered results in uncertainty of up
to an order of magnitude for the mixing ratio.

In all. eight altitude profiles of CH.O are available. The
sequence 2360639 (Fig. 4b) shows an increased for-
maldehyde amount in comparison with the others. The
sequence 2362251 is influenced strongly by the Sun-track-
ing perturbations, and the handling of individual spectra,
is not possible in this case.

The mixing ratios of formaldehyde retrieved with the
above assumptions. along with the lower and upper limits,
are plotted in Fig. 5a. The average lower and upper limits
are shown in Fig. Sb. The atmospheric absorber is thus
detected mainly below 25 km with levels of 0.1-2 ppm.
The average profile changes from x~0.15 ppm at 25 km to
x~ | ppm below 15 km. The lowest altitude of sounding is.
x8 km.

5. Discussion

Assuming formaldehyde to be responsible for the dis-
cussed absorption features, the vertical integration of the
profiles retrieved in eight occultation sequences results in
the column densities of CH-O given in Table 2. The mixing
ratios averaged over the altitude range above the lowest
sounded altitude are also presented. From Table 2 the
mean  column density of CH.O is found 10 be
(3.5°1") x 10"* ¢cm * with the mean mixing ratio above 8
km of 0.5" {§ ppm. The error bars arc computed by height
integration of the average lower and upper limit profiles
(Fig. 5b). A strong asymmetry of the error bars is caused
by the nonlinearity of the curve of growth for saturated
lines as discussed in Section 4.

Beer ¢t al. (1971) measured the spectra of Mars from
the McDonald Observatory in the range 2500-3500 cm !
with a 0.58 cm ' resolution and found. in some cases.
unidentified spectral features. Adequate spectroscopic
databases did not exist 20 years ago. and the nature of
these features was not understood. Comparing Beer's
mean spectrum of Mars with the synthetic spectra com-
puted for a combined effect of absorption in the terrestrial
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and Martian atmospheres and for a formaldehvde-con-
taining Martian atmosphere (sce Fig. 6). we can conclude
that some of Beer's unidentified features could be attri-
buted to CH.O. Comparison with the svnthetic spectra
can give a rough estimate of the formaldehyde mixing
ratio as ~ 0.3 ppm.

According to Owen and de Bergh (personal com-
munication. 1992) the set of data obtained at Mauna Kea
3.6 m telescope in a wide spectral range near 3 um with a
resolution of 0.03 em ' shows no evidence of formalde-
hyde. The upper limit is 0.3 ppm. which is in reasonable
agreement with our data. However, the lines of HDO
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absorption band 3.68 pm which are not observed in our
data (see Section 3) are clearly seen in the data by Owen
et al. (1988). The mean water vapor abundance is = 10
precipitated pm for near-equatorial and mid-latitudes
(Jakosky, 1985). Owen er «f. (1988) found from their data
the value of 3 prec. yam of H.O on Mars. Our measure-
ments in the second order of diffraction (1.87 ym H.O
band) resulted in a verucal profilc of water vapor in the
altitude range of 10-40 km. If we assume H.O is well
mixed below 10 km (Davies. 1979). then the aluitude pro-
file from WVP yields an abundance of 8 prec. pm.
However, above 10 km we observed a steep decrease of
the water vapor profile. The abundance of H-O calculated
with our altitude profile varies from 0.4 prece, um above
15 km to 0.1 prec. gm above 20 km. Thus. the meun
first-order spectrum (Fig. 3) corresponds to extremely

Table 2. Total column values of Tormaldehvde obtained by
height integration ot its profiles above the alttude =y, which is
the low border of sounding. Mixing ratios of CH.O computed
above this altitude are also indicated tsurlace pressure supposed
to be 6 mbar)

Column densiy Mixing ratio

~hor

Scquence (km) (<10 em ) {ppm)
2212211 14 2.9 0.6
2360639 10 13.1 1.7
2412311 14 1y .3
2440723 I 14 0.2
2441524 8 4.5 0.5
2450728 11 2.1 0.3
2510753 14.5 0.33 0.1
2560316 i3 0.3 0.15

dry atmospheric conditions and our observations did not
detect HDO.

Formaldehyde also exhibits an absorption band system
in the u.v. with continuous absorption between 260 and
360 nm. Assuming an absorption cross-section. o =
2.6x10 " em*® at 300 nm (DeMore er «l.. 1987). an
absorption of 1.5% results for the quantity of CH.O
deduced in this paper, taking an air mass factor of 3 for
observations from the Earth. Therefore formaldehyde is
not expected to be detected by u.v. spectrometers which
have been used to study Mars. Likewise. the u.v. part of
the Auguste solar occultation spectrometer would also
miss the CH,O detection. because u.v. measurements were
not performed at altitudes lower than =~ 35 km.

The mechanism responsible for the formation of CH-O
on Mars needs investigation. Next. we just summaurize our
present understanding of the problem. It is surmised that
the carly Earth atmosphere which is in some sense similar
to the present atmosphere of Mars should contain for-
maldehyde as its most abundant trace constituent (Bar-
Nun and Chang, 1983). In the present Earth’s atmosphere.,
formaldehyde 1s formed readily on oxidation of methane.
The rate constant of the process 18 approximately
7x 10 "“em's 'L Inaddition toits loss due to photolysis,
formaldehyde can also be removed by OH radicals, with
arateconstantof about 10 ""em?s ', Although methane
has not yet been detected on Mars, and conventional
models do not predict it 1t is nevertheless instructive to
estimate the required methane abundance for the observed
ppm level of formaldehyde. The simple pathway just
described would require methane of the order of 1%, a
quantity too large to have escaped detection so far. We
conclude. therefore, that some other mechanism must be
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Fig. 6. A spectrum of the Martian atmosphere observed from the Earth by Beer ¢r af. (1971} (curve
2y with the corresponding reference spectrum (curve 1). In the same scale the synthetic speetra of
extra-terrestrial formaldehyde computed for mixing ratios of 1 and 10 ppm and reproducing the
observational conditions is presented (curve 3) with the synthetic spectra of the Earth's atmosphere
to simulate more correctly the reference one (curve 4). The arrows indicate the absorption features
not identified by Beer ¢7 o/ and. coinciding with that of CH.O. the cross marks a strong feature at
2747 em ' which can also be attributed to formaldehyde

responsible for the formation of formaldehvde on Muars.
The thermochemical equilibrium mixing ratio of CH.O
is also small. about 10 '". with mixing ratio fio =
Tx10 * fy.=5x10 7 and thermodynamic constants
from Westley ¢r af. (19911 Thermochemical equilib-
rium 18, however, not u good assumption in the Martian
atmosphere. Another possibiity involves reactions which
can possibly occur in the relatively dry atmosphere.
Specifically. the reactions are as follows:
H+CO - HCO+hy.

Kk, =
HCO+0O. - CO+HO..

ka=33x10 “exp(—140'T)
HCO+HO, -» CH,0+0O,.

I’\'g = 5x H} i

19

10 Mexp(—1366/T)

{rate constants are taken from Westley er «fl. (1991)].

Photolysis 1s the dominant loss mechanism for for-
maldehyde in the daytime on Mars. and the “average”
rate of photolysis. J. is 2x 10 * s ', or an “average”
photochemical lifctime of approximately 13 h. With the
above chemical pathways. the following expression for the
CH .0 mixing ratio is obtained :

f(’n_,u = L.Jfcok [H] (1 4k,[0.]/k:[HO,)).

Thisexpression viclds 3 x 10 < for the formaldehyde mix-
ing ratio on Mars. This is fur too low in comparison with
the observed ppm level for this species. For photo-
chemically active spectes. such as formaldehyde, however,
the davtime average value calculated here may not be
indicative of abundances throughout the day and night,
and especially for the terminator to which the solar occul-
tation measurements correspond.

Therefore. the simple chemical models could yield very
low formaldehyde mixing ratios. However, more soph-
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isticated models might explain the observations by taking
into account gas phase reactions only. According to a
recent study by Moreau er al. (1992) the model. which is
an improvement over their curlier two-dimensional model
of the Martian atmosphere (Moreau ef af., 1991) suggests
that it is possible to maintain a steady-state mixing ratio
of 0.1-0.2 ppm in the Martian equatorial region. The
model includes about 30 reactions responsible for organic
chemistry, and accounts for dust suspended in the atmos-
phere which reduces the uw.v. flux. The source of the for-
maldehyde formation in the model is methane. with the
assumed mixing ratio at the surface of 3 ppm.

The altitude profiles show a strong correlation of CH,O
with the permanent haze layer. Dust is therefore suspected
to contribute 1o the formuldehyde formation. Tt might be
shielding of the photolyzing u.v. radiation. or possibly the
heterogeneous (gas—solid) chemistry. The u.v. irradiation
should play a principal role in these interactions. The
formation of complex organic compounds in the labora-
tory has been reported. e.g. according to Muchin (per-
sonal communication, 1991), laboratory experiments
demonstrate the formation of CH.O on u.v. irradiation
of a CO- and H,O mixture in the presence of magnetite
particles. conditions close to those in the Martian atmo-
sphere.

Since our measurements are for the equatorial region.
the planetary average mixing ratio of CH,O might be
smaller by a factor of 3 or more. Temporal behavior of
the formaldehyde abundance shows a considerable
decrease by the end of the observational cycle. Thus, the
higher values of CH,O at the ppm level (e.g. in sequence
2360639), may be related to the variability in dust opacity,
solar activity, etc. It is thus conceivable that the above-
mentioned ground-based measurements averaged over the
entire planetary disk could miss the detection of CH.O.

Formaldehyde is a first step in the formation of complex
organic compounds and its detection can be important
for the problem of prebiotic chemistry on Mars. for the
planning of future planetary spacecraft missions and
future Earth-based spectroscopic observation of the red
planet.
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Appendix A
Nonlinearity correction

The study of the i.r. spectrometer nonlinearity during the ground
calibrations resulted in the power law (Korablev er al.. 1993):

1 F FAY
= _|[1-B| . . (A1)
In ['n ['n/

where F is the solar flux, I is the spectrometer rate, F, and
I, correspond to the unattenuated signal. and the numerical
parameters are B = 0.042 and M = 1.32. For relative measure-
ments the nonlinearity correction increascs with the attenuation
of the signal:

1-BTY

T =T -

. A2
g (A2)

Tand T, arc observed and corrected transmittances.

The individual nonlincarity of pixels is handled as a small
modification to the general law (A2). The analysis of obser-
vational sequences with disturbed Sun-tracking is given by
Chasscficre er al. (1992). We found sequence 2302235 1o be the
most beneficial in studying the individual nonlinearity. It dem-
onstrates the best stability of solar flux in two stationary pos-
itions of the ficld of view at the solar disk : the first corresponds
to regular pointing. and in the second the entire field of view is
lighted (sce Fig. A1). During this sequence the sounded altitudes
exceed 85 km and the gascous absorptions (except CO,) are
negligible.

Comparing the shape of spectra at the two parts of the occul-
tation curve (Fig. A1) we found that the increase of signal is
dissimilar for different pixels. A spectral slope may occur in
irregular pointing conditions when the spectrometer slit is par-
tially lighted. see Korablev er al. (1993a). However, the mea-
sured flux varies irregularly from pixel to pixel with an amplitude
reaching 8% . Therelore. the difference of spectra at the increased
part of the occultation curve from the linear function (1o account
for the spectral slope mentioned ubove) reflects the effect of
individual nonlincarity. We accepted the following approxi-

maton :
TRy
l~('( )
"\ R

ANV

T =T, (A3)

! /T‘\l'
(1)
R

NI

Fig. Al. An occultation scquence 2302235 demonstrating a steep
increase of the measured flux
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Here R, = 1.695 is the mean signal ratio of the two parts of the
occultation curve and the corrections C, arc chosen to fit the
difference of spectra at the increased part from the straight line.

The uncertainty of the power law parameters defined in the
calibrations is ~3.5%. The accuracy of the linear regression of
spectra at the increased part of the occultation curve is 2%.
The error of factors C, is determined by these two values. The
resulting uncertainty should be scaled according to attenuation
for each mcasurement. according to the general nonlinearity
law (A2). For slant optical depths relevant to the detection of
formaldehvde the errors of nonlinearity correction are 0.5-1%.

Appendix B
Periodical correction

We assume that a svstematic error which needs correction results
in the periodical lincar transformation of the signal with the
period of three pixels. The inverse transformation suppressing
the error is therefore also periodical and proportional. It can be
expressed as follows:
=T +p). k=(—1)mod3+1,

where p, are the correction parameters. & = 1. 2. 3. If we fix the
mean transmittance in the group ol three consequent pixels, the
inverse transformation is determined by two free parameters.

The contribution of periodical deformation can be evaluated
with a discrete Fourier transform. In order to isolate a Fourier
component related to the three-period structure we use the 15-
point Fourier transform. and the l6th pixel is withdrawn (it
is partly shaded. see Scction 2). All spectra corrected for the
nonlincarity exhibit a distinct featurc at the fifth Fourier com-
ponent. as shown in Fig. Bl. We vary the parameter p, to find
the tnverse transformation suppressing this component (see Fig.
BI).

Itis interesting to trace the behavior of the derived corrections
through the occultation (Fig. B2). Thev are negligible at the
upper part of the occultation curve where the detector tempera-
tures of measured and reference spectra are almost the same.
The corrections p, derived independently for each measurement
form a fairly smooth curve confirming that they are scensible.

ti

e

Fig. B1. The result of 15-point discrete Fourner transform of a
spectrum measured in sequence 2412311 before (bars) and after
{squares) periodical correction procedure. The Fourier trans-
form of the relevant synthetic spectrum is also shown (circles)
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Fig. B2. The parameters of periodical correction p, with error
bars vs spectrum number in sequence 2412311
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The regularity is lost beyond a certain point. This region cor-
responds 1o the lowest part of occultation with the slant optical
thickness of 5 or more, where no absorptions can be identified
due to the lower signal to noise ratio.

To find the error of the periodical correction we estimate how
the suppression of the fifth harmonic in the Fourier transform
affects the data. This harmonic calculated for the synthetic
spectrum, corresponding to the detected mixing ratio of for-
maldchyde can be considered as the measure of the uncertainty.
These uncertainties are shown in Fig. B2 as crror bars. The same
errors { x 1% arc applied to the observed spectra.

Conclusively. the main sources of crrors of the first-order
spectra used for the identification of formaldehyde are the
residual errors of periodical and nonlinearity correction (= 1%
and =0.5%. respectively) and the random noise of the detector
{ = 0.02%). The error bars of the mean spectra (Fig. 1) consist
of the three forms of errors handled as independent.



